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FOREWORD

"STRUCTURES TO RESIST THE EFFECTS OF ACCIDENTAL EXPLOSIONS"
Revision 1

Revision 1 is a significant change to this tri-Service manual. It supersedes' 7

Change 1 of 17 March 1971 and provides design criteria for a wide assortment
of construction materials. Blast resistant capacities of selected, pre-
engineered facilities and suppressive shields are now formally recognized.
Significant changes are made in design criteria for stirrups. Single leg
stirrups with 135 degree bends are permitted for rotations up to eight degrees
for Category 2 protection. Membrane stresses are recognized for the reserve
strength they provide as dynamic rotations increase. Capacities and design
procedures for blast resistant windows are addrersed.

Many individuals contributed to this manual and all such contributions are
appreciated. Contributions from Mr. Norval Dobbs, Dr. Wilfred Baker and
Dr. Thomas Zaker are particularly worthy of note.

Design procedures in this manual are recognized by DOD 6055.9-STD, "Ammuniti.oi-
and Explosives Safety Standards" and are intended for use in the design and
analysis of protective constructions intended to control the effects of
accidental explosions. The design procedures provide a basis for quantitative
protection against propagation of explosions, damage to facilities, and loss
of life. Nevertheless, in a work of this magnitude it is expected that there
may be points which require further verification or modification as a result
of future tests and experience. Recommendations for change or comments with
regard to the usefulness of the manual may be submitted tot

Chairman
Department of Defense Explosives Safety Board
2461 Eisenhower Avenue
Room 856C, Hoffman Building #1
Alexandria, VA 22331-0600

REPRODUCTION AUTHORIZATION/RESTRICTIONS

This manual has been prepared by or for the Government and, except to the
extent indicated below, is public property and not subject to copyright.

Reprints or republications of this manual should include a credit substantial-
ly as follows: "Joint Departments of the Army, the Navy, and the Air Force,
Structures to Resist the Effects of Accidental Explosions, TM 5--1300/NAVFAC P-
397/AFR 88-22."

If 'he reprint or republication contains copyrighted material, the credit
should also state: "Anyone wishing to make further use of copyrighted materi-
al, by itself and apart from this text, should seek necessary permission
directly from the proprietors."
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CHAPTER 1

INTRODUCTION

INTRODUCTION

i-1. Purpose

The purpose of this manual is to present methods 'of design for protective
construction used in facilities for developmuant, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

1-2. objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can tie prevented and to provide

'~ protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete. and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.*6(4) Establish guidelines for siting explosive facilities to obtain
maximum~ cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragiu~nt perforation.

1-3. Background

For the iZirst 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-

* ~ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accident-al Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual,

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such

* W concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and It is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

The dtasign techniques set forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

1-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpor'a. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in o-,.der that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds Eor close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the deqign procedures are applicable for explosive quantities in the order of
500,000 pounds Which is the maximum quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Amimun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials,

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for0
specific applications.

1-2
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Computer programs, which are consistent with procedures and techniques con-
'2 tained in the manual, have been appzoved by the apprcpriate representative of

the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available throu~gh the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information 'and Analysis Center
Wright Patterson Air Force Base

0ý Ohio 45433
Attn: AFFDL/FBR

@ 1If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

1-5. Format

'This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter 1 Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.

1-3
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CHAPTER CONTENTS

1-6. General

This chapter presents a qualitative description of an explosive protective
system, and addresses acceptor system tolerances, and the basis for structural
design.

SAFETY ,ACTIO

1-7. Safety Factor

Simplifications leading to safety conservative structural designs are made in
the design procedures of this manual. However, unknown factors can still
cause an overestimation of a structures capacity to resist the effects of an
explosion. Unexpected shock wave reflections, construction methods, quality
of construction materials, etc., vary for each facility. To compensate for
such unknowns it is recommended that the TNT equivalent wei&ht be increased by
20 percent. This increased charge weight is the "effective charge weight" to
be used for design. Departures from this recommendation must be approved by
the responsible agency.

All charts pertaining to explosive output in this manual are for readings at

sea level.

EXPLOSION PROTECTION SYSTEM

1-8. System Components

1-8.1. General

Explosive manufacturing and storage facilities are constructed so that they
provide a predetermined level of protection against the hazards of accidental
explosions. These facilities consist of three components: (1) the donor
system (amount, type and location of the potentially detonating explosive)
which produces the damaging output, (2) the acceptor system (personnel,
equipment, and "acceptor" explosives) whtch requires protection, and (3) the
protection system (protective structure, structural components or distance)
necessary to shield against or attenuate the hazardous effects to levels which
are tolerable to the acceptor system. The flow chart in Figure I-1 briefly
summarizes the protective system and relates the individual components to each
other.

1-8.2. Donor System

The donor system includes the type and amount of the potentially detonating
explosive as well as materials which, due to their proximity to the explosive,
become part of the damaging output. The output of the donor explosive
includes blast overpressures (hereafter referred to as blast pressures or
pressures), primary fragments resultirg from cased explosives and secondary
fragments resulting from materials in the immediate vicinity of the donor
explosive. Other effects from the donor include ground shock, fire, heat,
dust, electromagnetic pulse, etc. For the quantities of explosives considered
in this manual, blast pressures constitute the principal parameter governing
the design of protective structures. However, in some situations, primary

1-4
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and/or secondary fragments and ground shock may assume equal importance in the
planning of the protection system. The other effects mentioned a-re usually ofW concern in specific types of facilities, and their influence on the overall
design can usually be met with the use of standard engineering design proce-
dures. Except for very large quantities of explosives, ground shock effects
will usually be small and, in most cases, will be of concerni when dislodging
of components within the protective structure is possible.

The chemical and physical properties of the donor explosive determine the
magnitude of the blast pressures whereas the distribution of the pressure
pattern is primarily a function of the location of the donor explosive rela-
tive to the components of the protective facility. The mass-velocity proper-
ties of the primary fragments depe-ad upon the properties of the donor explo-
sive and the explosive casing, while, for secondary fragments, their mass-
velocity properties are functions of the type of fragment materials (equip-
ment, frangible portions of the structuire, etc.), their relative position to
the donor explosive, and the explosive itself.

The explosive properties, including the molecular structure (monomolecular,
bimolecular, etc.) of the explosive, shape and dimensional characteristics,
and the physical makeup (solid, liquid, gas) of the charge. determine the
limitation of the detonation process. These limitations result in either a
high-. or low-order detonation. With a high-order detonation, the process is
generally complete and results in the maximum pressure output for the given
type and amount of material. Or. the other hand, if the detonation is incom-
plete with the initial reaction not proceeding through the material mass, then

* ~, a large quantity of the explosive is consumed by 11aflagration and the blast
pressure is reduced.

~Primary fragments are produced Ly the explosion of a cased donor charge. They
result from the shattering of a container which is in direct contact with the
explosive material. The container may be the casing of conventional muni-
tions, the kettles, hoppers, and other metal containers used in the manufac-
ture of explosives, the metal housing of rocket engines, etc. Primary frag-
ments are characterized by very high initial velocities (in the order of
thousands of feet per second), large numbers of fragments, and relatively
small sizes. The heavier fragments may penetrate a protective element depend-

:1717ing upon its composition and thickness. The lighter fragments seldom achieve
perforation. However, in certain cases, primary fragments may ricochet into
the protected area and cause injury to personnel, damage to equipment, or
propagation of acceptor explosives. For protection against primary fragments,
sufficient structural mass must be provided to prevent full penetration, and
the configuration of the components of the protective facility must prevent
fragments from ricocheting into protected areas.

Secondary fragments are produced by the blast wave impacting objects located
in the vicinity of the explosive source. At these close distances, the
magnitude of the shock load is very high and objects can be broken up and/or
torn loose from their supports.

Pieces of machinery, tools, materials such as pipes and lumber, parts of the
structure (donor structure) enclosing the donor explosive, large pieces of
equipment, etc. may be propelled by the blast. Secondary fragments are0 characterized by large sizes (up to hundreds of pounds) and comparatively low
velocities (hundreds of feet per second). These fragments may cause the same

1-5
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damage as primary fragments, that is, injury to personnel, damage to equipment
or detonation of acceptor explosives. However, protection against secondary
fragments is slightly different than for primary fragments. While preventing
perforation by primary fragments is important, secondary fragments pose addi-
tional problems due to their increased weight. The protective structure must
be capable of resisting the large impact force (momentum) associated with a

* large mass travelling at a relatively high velocity.

1-8.3. Acceptor System

The acceptor system is composed of the personnel, equipment, or explosives
that require protection. Acceptable injury to personnel or damage to equip-
ment, and sensitivity of the acceptor explosive(s), establishes the degree of
protection which must be provided by the protective structure-. The type and
capacity of the protective structure are selected to produce a balanced design
with respect to the degree of protection required by the acceptor and the
hazardous output of the donor.

Protection in the Limmediate vicinity of the donor explosive is difficult
because of high pressures, ground shock, fire, heat, and high speed fragments
generally associated with a detonation. Protection can be afforded through
the use of distance and/or protecti,'e gtrulcttres. Personnel may be subjected
to low blast pressures and/or small ground motions~ without direct injury.
However, injury can be sustained by falling and impacting hard surfaces,

In most explosive processing facilities, equipmenit is expendable and does not
require protection. Equipment which is very expensive, difficult to replace
in a reasonable period of time, and/or must remain functional to insure the
continuous operation of a vital service may require protection. The degree of
protection will vary depending upon the type and inherent strength of the
equipment. In general, equipment and personnel are protected in a similar
manner. However, equipment can usuaily sustain higher pressures than person-
nel, certain types of equipment may be able to withstand fragment impact
whereas personnel can not, and lastly, equipment can sustain larger shock
loads since it can be shock isolated and/or secured to the protective struc-
ture.

The degree of protection for acceptor explosives range from full protection to
allowable partial. or total collapse of the protective structure. In order to
prevent detonation, sensitive acceptor explosives must be protected from blast
pressures, fragment impact, and ground shock whereas "insensitive" explosives
may be subjected to these effects in amounts consistent with their tolerance.
The tolerances of explosivas to initial blast pressures, structural motions,
and impact differ for each type of explosive material with pressure being the
lesser cause of initiation. Impact loads are the primary causes of in~itiation
of acceptor explosives. They include primary and secondary fragment impact as
well as impact of the explosive against a hard surface in which the explosive
is dislodged from its support by pressure or ground shock and/or propelled by
blast pressures.

1-6
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PROTECTION CATEGORIES

1-9. Protection Categories

For the purpose of analysis, the protection afforded by a facility or its
com~ponents can be subdivided into four protection categories as described
b.3low:

1. Protection Category 1 - Protect personnel against the uncontrolled
release of hazardous materials, including toxic chemicals, active radiologicalS and/or biological materials; attenuate blast pressures and structural motion
to a levLl consistent with personnel tolerances; and shield personnel from
primary and secondary fragments and falling portions of the structure and/or

equpmlientr; famn ipcbatpesue n tucua epne

2. Protection Category 2 - Protect equipment, supplies and storedI. Poeto Category 3 - Prevent communication of detonation by
fragent, hih-bastpressures, and structural response; and.

4. PotecionCategory 4 -Prevent mass detonation of explosives as a
resut o suseqentdetonations produced by communication of detonation
beteentw adoinngareas and/or structures. This category is similar to

Category 3 except that a controlled communication of detonation is permitted

between defined areas.

1-8
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ACUiPTOR SYSTEM'S TOLERANCES

!10. Protective Systems

1-10.1. Prctective Structures

iterscnnal, equipment or explosives are protected from the effects of an
accidental explosion by the following means: (1) sufficient distance between
th0 donor. and acceptor systems to attenuate the hazardous effects of the donor
to a level tolerable to the acceptor, (2) a structure to directly protect the
accertcr system from the hazardous output of the donor system, (3) a structure
to fully contain or confine the hazardous output of the donor system, and (4)
a com-inAtion of the above means. While large distances may be used to

employAd when limited area is available. In general, separation distances are
used as a means of attenuating the hazardous effects of the donor to a level
which makes the design of a protective facility feasible, practical and cost
effective.

Protective structures can be classified as shelters, barriers or containment
structures. Protection is provided by each structure in three distinct
manners. Shelters are structures that fully enclose the acceptor system with
hardened elements. These elements provide direct protection against the
effects of blast pressures, primary and secondary fragments and ground shock.
Containment structures are buildings which fully or near fully enclose the
donor system with hardened elements. They protect the acceptor system by
confining or limiting the damaging output of the donor system. A barrier acts
as a shield between the donor and acceptor systems. They attenuate the
damaging output of the donor system to a level which is tolerable to the
acceptor system.

Shelters are fully enclosed structures and are used to protect personnel from
injury, prevent damage to valuable equipment, and prevent detonation of sensi-
tive explosives. The exterior of the structure is composed of hardened
elements which must be designed to resist the effects of blast pressures and
both primary and secondary fragment impact and the interior must be arranged
to shock isolate the acceptor system. Entrances must be sealed by blast doors,
and depending upon the amount of usage and/or the potertial explosive hazard,
may also require blast locks (an entrance containing a blast door followed by
a second blast door; one of which is always closed). Other openings required
for facility operations, such as ventilation paovages, equipment access
openings, etc., may be sealed by blast valves or blast shields. Design
criteria for these protective closurej are governed by their size and location
and the magnitude of the blast pressure and fragment effects acting on them.
Small openings may be permitted if the magnitude and rate of pressure buildup
within the structure is tolerable to the occupants and contents of the shel-
ter. Specific provisions may also be necessary to insure that partitions,
hung ceilings, lighting fixtures, equipment, mechanical and electrical fix-
tures, piping, conduits, etc., are not dislodged as a result of structure
motions or leakage pressures and become a hazard to the building's occupants
and contents.

Barriers are generally used to prevent propagation of explosions. They act as
a shield between two or more potentially detonating explosives. Their main
purpose is to stop high speed fragments from impacting acceptor explosives.

1-9_ _--
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In addition, they reduce secondary fragments striking the acceptor. They can
also reduce blast pressures in the near range (at a distance up to ten times
barrier height) but have little or no effect on the far range. Barriers can
be either barricades (revetted or unrevetted earth barricades), simple canti-
lover walls, etc., or cubicle-type structures where one or more sides and/or
the roof are open to the atmosphere or enclosed by frangible elements. Igloos
(earth covered magazines), below ground silos, and other similar structures
with ope~n or frangible surfaces can also be classified as barriers. They are
usually used in storage, manufacturing, or processing of explosives or explo-
sive materials. The explosives are usually located close to the protective
element. Consequently, the barrier is subjected to high intensity blast loads
and the acceptor explosive is subjected to comparatively high leakage pres-
sures.

Containment structures are generally used for high hazard operations and/or
operations involving toxic materials. These operations must be remotely
controlled since operating personnel should not be located within the struc-
ture during hazardous operation. All entrances must be sealed with blasit
doors. -Other openings required for fa,'.lity operations such as ventilation
passages, equipment and/or product a--;s openings, etc., must be sealed by
blast valves or blast shields. For operations not involving toxic materials,
blast pressures may be released to the atmosophere. However, this pressute
release must be controlled both in magnitude and direction either by mechani-
cal means (through blast valves cr shields) or by limiting the size of the
openings and/or directing the leakage pressures to areas where personnel,
equipment and acceptor explosives will be protected.

The various components of a protective facility must be designed to resist the
effects of an explosion. The exterior walls and roof are the primary protec-
tive elements. These elements are said to be "hardened" if they are designed
to resist all the effects associated with an explosion (blast pressures,
primary and secondary fragments, structure motions). On the other hand, a
blast resistant element is designed to resist blast pressure only. While a
blast resistant element is not designed specifically to resist fragments, the
element has inherent fragment resistance properties which increases with
increasing blast resistant capabilities. In many parts of this manual, the
term "blast resistant" is used siynonymously with "hardened."

1-10.2. Containment Type Structures

The first three protection categories can apply to structures classified as
containment structures when these structures are designed to prevent or limit
the release of toxic or other hazardous materials to a level consistent with
the tolerance of personnel. These structures generally are designed as donor
structures and can resist the effects of "close-in" detonations (detonations

4 occurring close to the protective structures). Added protection is accom-
*/ plished by minimizing the pressure leakage to the structures exteriors, by

preventing penetration to the exterior of the F~tr-cture by primary fragments
and/or formation of fragments from the structure itself. Quite often, con-
tainment structures may serve as a shelter as described below. Procedures for
designing reinforced concrete containment structures are ~ontained in Chapter
4. A design ratio of weight to volume of W/V < .15 lb/fti is a practical
range for reinforced concrete containment structures.
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O 1-10.3. Shelters

The first three protection categories apply to shelters which provide protec-
tion for personnel, valuable equipment, and/or extremely- sensitive explosives.
Shelters, which are usually located away from the explosion, accomplish this
protection by minimizing the pressure leakage into a structure, providing
adequate support for the contents of the structure, and preventing penetration
to the interior of the structure by high-speed primary fragments, and/or by
the impact of fragments formed by the breakup of the donor structure. Protec-
tion against the uncontrolled spread of hazardous material is provided by
limiting the flow of the dangerous materials Into the shelter using blast
valves, filters, and other means. Procedures for designing concrete and
structural steel buildings are contained in Chapters IV and V, respectively.

1-10.4. Barriers

Although the first three protection categories of protection can be achieved
with the use of a shelter, the last two protection categories (para. 1-9)
pertain to the design of barriers where protection of explosives from the
effects of blast pressures and impact by fragments must be provided. For the
third protection category, the explosion must be confined to a donor cell,
whereas in the fourth protection category, propagation between two adjoining
areas is permitted. However, the communication of detonation must not extend
to other areas of the facility. This situation may arise in tho event of the
dissimilarity of construction and/or explosive content of adjacent areas.
Procedures for designing reinforced concrete barriers are contained in Chapter
4.

1-11. Human Tolerance

1-11.1. Blast Pressures

Human tolerance to the blast output of an explosion is relatively high.
However, the orientation of a person (standing, sitting, prone, face-on or
side-on to the pressure front), relative to the blast front, as well as the

* shape of the pressure front (fast or slow rise, stepped loading), are signifi-
cant factors in determining the amount of injury sustained. Shock tube and
explosive tests have indicated that human blast tolerance varies with both the

* magnitude of the shock pressure as well as the shock duration, i.e., the
pressure tolerance for short-duration blast loads is significantly higher than
that for long-duration blast loads.

Tests have indicated that the air-containing tissues of the lungs can be
considered as the critical target organ in blast pressure injuries. The
release of air bubbles from disrupted alveoli of the lungs into the vascular
system probably accounts for most deaths. Based on present data, a tentative
estimate of man's response to fast rise pressures of short duration (3 to 5
ins.) is presented in Figure 1-2. The threshold and severe lung-hemorrhage

* pressure levels are 30 to 40 -psi and above 80 psi, respectively, while the
threshold for lethality due to lung damage is approximately 100 to 120 psi
(Table 1-1). On the other hand, the threshold pressure level for petechial
hemorrhage resulting from long-duration loads may be as low as 10 to 15 p si,
or approximately one-third that for short duration blast loads. Since surviv-
al is dependent on the mass of the human, the survival for babies will be
different than the survival for small children which will be different from

.............. .



TM 5-1300,/NAVFAC P-397/AFR 88-22

that for women and men. These differences have been depicted in Figure 1-2
which indicates that the survival scaled impulse depends on the weight of the
human. It is recommended that 11 lb. be used for babies, 55 lb. for small
children, 121 lb. for adult women and 154 lb. for adult males.

A direct relationship has been established between the percentage of ruptured
eardrums and maximum pressure, i.e., 50 percent of exposed eardrums rupture at
a pressure of 15 psi for fast rising pressures while the threshold of eardrums
rupture for fast rising pressure is 5 psi. Temporary hearing loss can occur
at pressure levels less than that which will produce onset of eardrum rupture.
This temporary hearing loss is a function of the pressure and impulse of a
blast wave advancing normal to the eardrum. The curve which represents the
case where 90 percent of those exposed are not likely to suffer an excessive
degree of heating loss, is referred to as the temporary threshold shift. The
pressures referred to above are the maximum effective pressures, that is, the
highest of either the incident pressure, the incident pressure plus the
dynamic pressures, or the reflected pressure. The type of pressure which will
be the maximum effective depends upon the orientation of the individual
relative to the blast as well as the proximity of reflecting-surfaces and the
occurrence of jetting effects which will cause pressure amplification as the

L blast wave passes through openings. As an example, consider the pressure
level which will cause the onset of lung injury to personnel in various
positions and locations. The threshold would be 30 to 40 psi reflected
pressure for personnel against a reflector any position), 30 to 40 psi
incident plus dynamic pressure; 20 to 25 ps would be the incident pressure
plus 10 to 15 psi dynamic pressure for perE iel in the open, either standing
or prone-side-on, and 30 to 40 psi incident pressure for personnel in the open
in a prone-end-on position.

However, the above pressure level assumes that an individual is supported and
will not be injured due to being thrown off balance and impacting a hard and
relatively non-yielding surface. In this case, pressure levels which humans
can withstand are generally much lower than those causing eardrum or lung
damage. For this case, one publication has recommended that tolerable pres-
sure level of humans not exceed 2.3 psi which is higher than temporary thresh-
old shift of temporary hearing loss (Figure 1-3) and probably will cause
personnel, which are located in the open, to be thrown off balance.

Structures can be designed to control the build-up of internal pressure,
however, jetting effect produced by pressure passing through an opening can
result in amplification of the pressures at the interior side of the opening.
The magnitude of this increased pressure can be several times as large as the
maximum average pressure acting on the interior of the structure during the
passage of the shock wave. Therefore, openings where jetting will occur
should not be directed into areas where parsonnel and valuable equipment will
be situated.

1-11.2. Structural Motion

It is necessary that human tolerance to two types of shock exposure be consid-
ered:

1. Impacts causing body acceleration/deceleration, and
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2. Body vibration as a result of the vibratory motion of the struc-
ture.

If a subject is not attached to the structure, he may be vulnerable to impact
resulting from collision with the floor due to the structure dropping out
beneath him and/or the structure rebounding upward towards him. However, the
more pla-usible means of impact injury results from the subject being thrown
o.'f balance because of the horizontal motions of the structure, causing him to
be thrown bodily against other persons, equipment, walls and other hard
L.urfaces.

Studies have indicated that a probable safe impact tolerance velocity is 10
fps. At 18 fps there is a 50 percent probability of skull fracture and at 23
fps, the probability is nearly 100 percent. This applies to impact with hard,
flat surfaces in various body postures. However, if the line of thrust for
head impact with a hard surface is directly along the longitudinal axis of the
body (a subject falling head first), the above velocity tolerance does not
apply since the head would receive the total kinetic energy of the entii,ý body
mass. Impacts with corners or edges are also extremely critical even at
velocities less than 10 fps. An impact velocity of 10 fps is considered to be
generally safe for personnel who are in a fairly rigid posture; therefore,
greater impact velocities can be tolerated if the body is in a more flexible
position or if the area of impact is large.

The effect of horizontal motion on the stability of personnel (throwing them
otf balance or hurling them laterally) depends on the body stance and posi-
tion, the acceleration intensity and duration,' and the rate of onset of the
acceleration. An investigation of dat~a concerning sudden stops in automobiles

W ~and passenger trains indicates that personnel can sustain horizontal accelera-
tions 1Lt's than 0.44 g without being thrown off bal~ance. These accelerations
have durations of several seconds; hence, the accelerations considered in this
manual required to throw personnel off balance are probably greater because of
their shorter durations. Therefore, the tolerable horizontal acceleration of
0,50 g required to provide protection against ground-shock effects resulting
from nuclear detonations should be safe for non-restrained personnel (stand-
ing, sitting, or reclining).

If the vertical, downward acceleration of the structure is greater than 1 g,
relative movement between the subject and the structure is produced. As the
structure drops benea~th him, the subject begins to fall until suc'i time that
the structure slows down and the free falling subject overtakes and impacts
with the structure. The impact velocity is equal to the relative velocity
between the structure and the subject at the time of impact, and to assure
safety, it should not exceed 10 fps.

To illustrate this vertical impact, a body which free falls for a distance
equal to 1.5 feet has A terminal or impact velocity of approximately 10 fps
against another stationary body. If the impacted body has a downward velocity

of2fps at the time of impact, then the impact velocity between the two

Basdie on the available personnel vibration data, the following vibrational

tolerances for restrained personnel are considered acceptable'. 2g for- less
than 10 Hz, 5& for 10-20 Hz, 7g for 20-40 Hz, and lOg above 40 Hz. However,
the use of acceleration tolerances greater than 2g usually requires restrain-
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ing devices too elaborate for most explosive manufacturing and testing facili-
ties.

1-11.3. Fragments

Overall, human tolerance to fragment impact is very low; however, certain
protection can be provided with shelter type structures. Fragments can be
classified based on their size, velocity, material and source, i.e.:

1. Primary fragments, which are small, high-speed missiles usually
formed from casing and/or equipment located immediately adjacent
to the explosion,and

2. Secondary fragments, which are generated from the breakup of the
donor building, equipment contained within the donor structure
and/or acceptor buildings which are severely damaged by an explo-
sion.

Discussion of human tolerance of both of these types of fragment overlap,
since the basic differences between these fragments are their size and veloci-
ty. Impact of primary fragments can be related to an impact by bullets.where
the fragment is generally small, usually of metal and traveling at high

Q" velocities. A great deal of research has been conducted for the military;
however, most of the data from these tests is not available. Some fragment-
velocity penetration data of humans has been developed for fragment weights
equal to or less than 0.033 pounds, and indicates that, as the ratio of the
fragment area to weight increases, the velocity which corresponds to a 50
percent probability of penetrating human skin will increase. This trend is0
illustrated in Table 1-2 where the increase in velocity c'incides with the
increase of area of the fragment.

Secondary fragments, because they have a large mass, will cause more serious
injuries at velocities significantly less than caused by primary fragments.
Table 1-3 indicates the velocity which corresponds to the threshold of serious
humani injury. As mentioned in 1-11.2 above, the impact of a relatively lprge
mass with a velocity less than 10 fps against a human can result in serious
bodily injury. Also, the impact of smaller masses (Table 1-3) with higher
velocities can result in injuries as severe as those produced by larger
masses. See applicable Safety Manual for fragment criteria.

1-12. Equipment Tolerance

1-12.1. Blast Pressur's

Unless the equipment is of the heavy-duty type (motor, generators, air han-
idlers, etc.), equipment to be protected from blast pressures must be housed in
shelter-type structures similar to those required for the protection of

* personnel. Under these circumstances, the equipment will be subjected to
blast pressures which are permitted to leak into the shelter through small
openings. If the magnitude of these leakage pressures is minimized to a level
consistent with tha required for personnel protection, then in most cases

= protection from the direct effects of the pressures is afforded to the equip-
ment. However, in some instances, damage to the equipment supports may occur
which, in turn, can result in damage to the equipment as a result of falling.
Also, if the equipment is located immediately adjacent to the shelter open-
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ings, the jetting effects of the pressures entering tbe structure can have
adverse effects on the equipment. In general, equipment should be positionedW away from openings and securely supported. However, in some cases, equipment
such as air handling units must be positioned close to the exterior openings.
In this event, the equipment must be strong enough to sustain the leakage
pressures (pressures leaking in or out of openings) or protective units such
as blast valves must be installed.

1-12.2. Structural Motion and Shock

Damage to equipment can result in failures which can be~divided into two
classes; temporary and permanent. Temporary failures, often called "malfunc-
tions," are characterized by temporary disruption rf normal operation, whereas
permanent failures are associated with breakage, resulting in damage so severe
that the ability of the equipment to perform its intended function is impaired
permanently or at least over a period of time.

The capacity of an item of equipment to withstand shock and vibration is
conventionally expressed in terms of its "fragility level" which is defined as
the magnitude of shock (acceleration) that the equipment can tolerate and
still remain operational. The fragility level for a particular equipment item
is dependent upon the strength of the item (frame, housing, and compo-aents)
and, to some extent, the nature of the excitation to which it is subjected.
An equipment item may sustain a single peak acceleration due to a transient
input load, but may fail under a vibration-typeipthvn h aepa
acceleration amplitude. Also the effects of the occurrence of resonance may
be detrimental to the item functioning. For these reasons, fragility data
should be considered in connection with such factors as the natural frequen-
cies and damping characteristics of the equipment and its components, as well
as the characteristics of the input used to determine the tolerance as com-
pared to the motion of the structure which will house the equipment.

The maximum shock tolerances for equipment vary considerably more than those
for personnel. To establish the maximum shock tolerance for a particular
item, it is necessary to perform tests and/or analyses. Only selected items of
equipment have been tested to determine shock tvlerances applicable for
protection from the damage which may be caused by structural motions.

Most of this data resulted from tests to sustain ground-shock motions due to a
nuclear environment, which will have a duration considerably longer than that

11AZ associated with a HE explosion. However, the data which are available con-
4 cerning shock effects indicate strength and ruggedness or sensitivity of

equipment. These data, which are based primarily on transportation and
conventional operational shock requirements, indicate that most commercially
available mechanical and electrical equipment are able to sustain at least
3g's, while fragile equipment (such as electronic components) can sustain
approximately l.5g's.

The above tolerances are safe values, and actual tolerances are, in many
cases, higher than 3g's, as indicated in Table 1-4. However, the use of such
acceleration values for particular equipment require verification by shock

ýVP testing with the induced motions (input) consistent with exp~ected structural, motions.
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The above tolerances are applicable to equipment which is mounted directly to
the sheltering structure. For the equipment to sustain shock accelerations in
the order of magnitude of their tolerances, the equipment item must be "tied" S
down to the structure, that is, the equipment stays attached to the structure
and does not impact due to its separation. In most cases, shock isolation
systems will be needed to protect the equipment items. The shock isolation
systems will consist of platformu which are supported by a spring assembly for
large motion and/or cushioning material when the motions are small. These
systems should be designed to attenuate the input accel~erations to less than
lg in order that separation between the equipment and siipport system does not
occur. If the spring systems are designed to be "soft" (less than 1/2 g)
then, depending on the mass of the equipment, vibratory action of the system
could occur due to individuals walking on the platforms.

1-12.3. Fragments

Susceptibility of an item of equipment to damage from fragment impact depends
upon the ruggedness of its components, its container', if any, and upon the
size and velocity of the fragment at the time of impact.

Some heavy equipment (motors, generators, etc.) may sustain malfunctions as a
result of the severing of electrical or mechanical connections, but seldom are
destroyed by the impact of primary fragments. On the other hand, this heavy

* equipment can be rendered useless by secondary fragment impact. Fragile
equipment (electronic equipment, etc.) will generally be inoperable after the
impact of either primary or secondary fragments. The impact force and pene-
tration capability of light fragments may perforate sensitive portions of
heavy equipment (fuel tank of generators, etc.). Low-velocity light fragments 0
seldom result in severe damage. These fragments usuallj ricochet beyond the
equipment unless the, component part of the equipment it strikes is glass or
other fragile material, in which case, some damage may be inflicted.

Although the damage to the equipment of a structure can be great as a result
of falling or flying debris, the increased cost of strengthening walls and
other portions of the protective shelter is usually not warranted unless
personnel or acceptor charge protection is also required and/or the cost of
the equipment item lost exceeds the increased construction costs. Even in
this latter situation, a probability analysis of the occurrence of an incident
should be made prior to incurring additional construction costs.

1-13. Tolerance of Explosives

1-13.1. General

The tolerances of explosives to blast pressurc, structural motion, and impact
by fragments differ for each type of explosive material an~d/or item. General-
ly, fragment impact is the predominant cause of detonation propagation.

1-13.2. Blast Pressures

Except in regions of extremely high pressure, most explosive materials are
insensitive to the effects of blast pressures. In many instances, however,
the secondary effects, such as dislodgement of the explosive from its support
and propulsion of the explosive against hard surfaces, can result in a possi- 0
ble detonation depending upon the tolerance of the explo~sive to impact.

1-16

(0



TM 5-1300/NAVFAC P-397/AFB. 88-22

Results of several different types of sensitivity tests (drop test, card gap
tests, friction tests, etc.) are presently available which will aid in the
establishment of the tolerances of most explosive materials to impact.

1-13.3. Structural Motions

Structural motion effects on explosives are similar to the impact eftects
produced by blast pressures. The movement of the structure tends to dislodge
the explosive from it's support, resulting in an impact of the explosive with
che floor or other parts of the structure. The distance the explosive falls
and ii.s sensitivity to impact and friction determine whether or not propaga-
tion occurs.

1-13.4. Fragments

Although blast pressures and structural motions can produce explosive propaga-
Z tion, the main source of communication of explosions is by fragments, princi-

pally primary fragments from the breakup of the donor charge casing, fragmgents
produced by the fracture of equipment close to the explosion, disengagement of
interior portions of the structure, and/or failure of the structure proper.

In recent years, an extensive test. program has been performed which has
provided a significant amount of information regarding explosive propagation
by primary fragment impact. This program was conducted primarily to determine
safe separation criteria for bulk explosives and munitions, mainly for the
design and operation of conveyance systems. The individual test programs were
predicated upon given manufacturing operations where improved safety criteria
would lessen the probability of a catastrophic event. Individual test pro-
grams were performed in two stages, exploratory and confirmatory, where the
safe separation was determined during the exploratory phase and confirmation
was established on a 95 percent confidence level.

A typical test set-up is illustrated in Figure 1-4, while the results of the
various test programs are listed in Table 1-5 for bulk explosives and in Table
1-6 for munitions. These Tables list the bulk explosives and munition types,
the configurations examined and the established safe separation distances.
For all items/configurations examined, unless specified, the test conditions
were: 1) in free air (without tunnels), 2) open spaced (no shields), 3) in a
vertical orientation, and 4) measured edge-to-edge. Inspection of Tables 1-5
and 1-6 reveal that minimum safe separation distances have not been estab-
lished for some of the items listed. If specific safe separation distances
are required, as will be for other items not listed, further tests will be
required. A detailed compilation of the items and test procedures and mothods
are listed in the bibliography.

Several testing methods have beci developed to determine the sensitivity of
explosives to impact by secondary fragments. In one series of tests which
utilized a catapult method for propelling approximately 70 pounds of concrete
fragments, sand and gravel rubble, against lightly cased Composition B accep-
tor explosives indicated a boundary velocity on the order of approximately 400
fps. A second series of tests, which propelled concrete fragments as large as
1000 pounds against 155 mm projectiles (thick steel wall projectile), indi-
cated that the projectile would not detonate with striking velocities of 500
fprojeThils withe thin walrserie floicunnels whicheptonaiteds uponsimpatin wit the
psojethils latte test sellrises alsonnclude ahcceptornitems cponsispatin oft 155
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concrete. Another series of fragment testing included the propelling of large
concrera fragments against thin wall containers with molten explosive simulat-
ing typical melt-pour kettles in a loading plant. In all cases, the contents
of the simulated kettle detonated. Although the results of these test series
indicated that thick wall containers of explosive will prevent propagation,
while thin wall containers will not, the number of tests performed in each
series was relatively few. Additional tests are required to determine the
extent that the variation of container thickness has on the magnitude of the
mass/velocity boundary established to date.

Ie
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Figure 1-4 Example of safe separation tests
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Table 1-1 Blast Effects in Man Applicable to Fast-Rising Air Blasts of Short
Duration (3-5 ms.)

Maximum Effective
Critical Organ or Event Pressure (psi)*

Eardrum Rupture
Threshold 5
50 percent 15

Lung Damage:
Threshold 30-40
50 percent 80 and above

' Lethality
Threshold 100-120
50 percent 130-180

Near 100 percent 200-250

* Maximum effective pressure is the highest of incident pressure,
"incident pressure plus dynamic pressure, or reflected pressure.

Table 1-2 50 Percent Probability of Penetrating Human Skin

Threshold
Ratio of Fragment Fragment Area Based on Velocity Energy

area/weight (ft 2 /lb) 0.033 lb. fragment weight (ft 2 ) (fps) (ft-lb.)

0.03 .00099 100 5
0.10 .00330 165 14
0.20 .00660 250 32
0.30 .00990 335 58
0.40 .01320 425 93
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Table 1-3 Threshc'l of Serious Injury to Personnel Due to Fragment
Impact

Fragment

Critical Organ Weight (lbs.) Velocity(fps) Energy (ft-lb.)

Thorax >2.5 10 4
0.1 80 10
0.001 400 2.5

Abdomen and limbs >6.0 10 9
0.1 75 9
0.001 550 5

Head >8.0 10 12
0.1 100 16
0.001 450 3

Table 1-4 Examples of Equipment Shock Tolerances

Equipment Peak Accelerations

Fluorescent light fixtures (with lamps) 20 to 30g

Heavy machinery (motor, generators,
transformers, etc. > 4,000 ibv.) 10 to 30g

Medium-weight machinery (pumps, condensers,
AC equipment, 1,000 to 4,000 lbs.) 15 to 45g

Light machinery (small motors <1,000 lbs.) 30 to 70g
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4
Table 1-5 Safe Separation Distance (bulk explosives)

Bulk fExplosive Test Configuration Safe
Explosive Weight (ibs) Separation (ft)

Composition 10 Rubber buckets in tunnel 6.0
A-5 15 Aluminum buckets in tunnel 20.0

Composition --- Flake, depth on 15 inch Serpentix .17 (1)
B conveyor

2.5 Riser scrap:2 pieces 1.5
2.5 4 pieces 3.0
2.5 2 pieces within funnels 2.0
2.5 4 pieces within funnels 3.0
60 Cardboard container in tunnel 12.0
60 Plastic buckets 12.0 (2)

Composition 35 Aluminum buckets in tunnel 20.0 (2)
c-4 50 Aluminum buckets in tunnel 25.0 (2)

Cyclotol 60 Aluminum box in tunnel & 0.38-in 24.0
(75/25) Kevlar shield.

60 Cardboard box in tunnel. 18.0

Guanidine 20 DOT-21C-60 Containers with tops on 3.8
Nitrate 40 DOT-21C-60 Containers with tops on 4.8

80 DOT-21C-60 Containers with tops on 5.5

Nitro- 25 DOT-21C-60 Containers with tops on 5.5
Guanidine 50 DOT-21C-60 Containers with tops on 7.0
(Powder) 450 DOT-21C-60 Containers with tops on 16.0

TNT, Type I --- Depth on 2-foot Serpentix conveyor .08 (1)
Flake

55 Cardboard box 12.0
168 Aluminum tote bin, 60.0

w/steel fiberglass in tunnel
168 Aluminum tote bin in wooden tunnel 50.0

(1)Depth of material at which propagation is prevented is less than or
equal to the value shown.

(2)Minimum distance tested. Actual safe separation distance less than
or equal to that indicated. Further tests required to establish minimum sale
separation distance.
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Table 1-6 Safn Separation Distance (munitions)

Safe
Munition Test ConfiguraLlon Separation (ft)

8-inch M106 Single round with 3-inch 1.0
HE Projectile diameter aluminum bar shield

8 inch M509 Single round with "VEE" shield 2.7
HE Projectile Figure l-5a)

155 mm M107 Single round with one-inch thick 1.5
HE Projectile aluminum or 1/2-inch thick steel

plate shield

24 per pallet 110.0

155 mm M483 Single round with MS shield (Fig. 1-5b) 0
HE Projectile

155 mmn M795 Single round 15.0
HE Projectile
(TNT, TYPE 1)

105 mm Ml 16 per pallet 30.0
HE Projectile

16 per pallet, with funnel and 20.0
3/4-inch thick steel plate shield

105 mm M456 Primed cartridge cases 0
HEAT-T Projectile

Single round with 3-inch diameter 1.6
aluminum bar shield

Single round, horizontal with 0.91
3-inch diameter aluminum bar shield

81 mm M374A2E1 Single round with 1/4-inch thick Lexan 0.73 (1)
HE Cartridge plate extension to 2-inch thick

aluminum brick shield
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Table 1-6 (Cont'd.)

I Safe
Munition Test Configuration Separation (ft)

81mm M374 Single round 2.0
HE Projectile

Single round with 2-inch thick 0.73 (1)
aluminum brick shield

72 per pallet 31.0

30 mm XM789 2 each. PBXN-5 pellets 0.08
HEDP Projectile

Shell body with 2 pellets 0.08

Loaded body assembly 0.08

Heated loaded body assembly 0.25

Fuzed nrojectile 0.25

25 mm XM792 Type I pellets 0.08
HEI-T Cartridge

Type II pellets 0.04

Loaded body assembly 0.17

Fuzed projectile 0.17

Complete cartridge 0.17

BLU-63 A/B Hemispheres 0.04
Bomblet

Hemispheres in fixtures 0

Hemispheres, 16 per traý 0

Bomblet 0.17
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0
Table 1-6 (Cont'd.)

Safe
Munition Test Configuration Separation (ft)

BLU-97/B 16 per pallet with 1/2-inch 4.0
Submunition thick aluminum plate shield

16 per pallet with "airflow" shield 5.0
(1/2-inch thick aluminum plates,
cut in open "picket fence" design
with one plate's spaces covered by
the second plate's columns).

Single bomblet with either 100% 0.75
or 75% shield (1/2-inch thick
aluminum plate).

M42/M46 GP Single grenade 0.17
Grenades
(w/o fuzes)

64 per tray 7.0

768 per carrier, in tunnel 40.0

8 per M483 Ring Pack 1.0

15 per M509 Ring Pack 1.5

32/64 per single/dual 0

cluster tray

M56 Mine Single mine 0.50 (1)

2-mine canister 0.50 (1)

M74AP and Single mine with 3-inch thick 0.25
M75 ATAV aluminum brick shield
mines(w/o fuzes)

(1) Minimum distance tested. Actual safe separation distance less than or
equal to that indicated. Further tests required to establish minimum
safe separation distance.

0
1-28



TM 5-1300/NAVIFAC P-397/AFR 88-22

BASIS FOR STRUCTURAL DESIGN

0 1-14. Structural Response

1-14.1. General

Dynamic response criteria to be used in the design of a protective structure
and its elements depend on: (1) the properties (type, weight, shape, casing,
etc.) and location of the donor explosive, (2) the sensitivity (tolerance) of
the acceptor system, and (3) the physical properties &ad configuration of the
protective structure. In many situations, the acceptor system will control
the overall required structural response.

1-14.2. Pressure Design Ranges

1-14.2.1. General

An engineering analysis of the blast pressure and fragments associated with
high explosive detonations acting on protective structures must be made to
describe the response of the protective structures to donor output, The
response to thcn blast output is expressed in terms of design ranges according
to the pressure intensity, namely, (1) high pressure, and (2) low pressure. As
subsequently shown, these. design ranges are related to the relative location
of the protective structure to the explosion.

1-14.2.2. High-Pressure Design Range

At the high-pressure design range, the initial pressure acting on the protec-
tive structure are extremely high and further amplified by their r.eflections
on the structure. Also the durations of the applied loads are short, particu-
larly where complete venting of the explosior~ products of the detonation

occurs. These durations are also short in c'vJparison to the response time
(time to reach maximum deflection) of the individual elements of the struc-

rang ca, i cetai caesbe designed for the impulse (area under the
presuretim cuveChater2) rather than the peak pressure associated with

loner urtio blstpressures. If the acceptor system is comprised exclu-
sivey o exlosiestheprotective donor structure may be permitted t:o
exced icipentfaiureandproduce "post failure" fragments provided that

the fragmrent velocities are less than that which will initiate detonation of
acceptor charges. This latter range of response is referred to as the "brit-
tie mode of failura.11

In the event personnel and/or expensive equipment is being protected or where
containment type structures are providing the protection, then incipient
failure design is not permitted. Here, the effects of the high pressure and
the long duration pressures associated with contained products of the explo-
sion must be accounteu for in determining the protective structure response.

Fragments associated with the high-pressure range usually consist of high
velocity missiles associated with casing breakup or acceleration of equipment

-- positioned close to the explosion. For acceptors containing explosives, the
velocities of primary fragments which penetrate the protective structure must
be reduced to a level below the velocity which will cause detonation of the
acceptor charges. For personnel or expensive equipment, the possibility of
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fragment impact on the acceptor must be completely eliminated. Also associ-
ated with the "close-in" effects of a high-pressure design range are the
possible occir rence o. spalling of concrete elements. Spalling is generally
associated with the disengagement of the concrete cover over reinforcement at
the acceptor side of a protective element. Spalling can be a hazard to person-
nel and sometimes to equipment but seldom will result in propagation of
explosion of an acceptor system.

1-1.4.2.3. Low-Pressure Design Range

Structures subjected to blast pressures associated with the low-pressure range
sustain peak pressures of smaller intensity than those associated with the
high-pressure range. However, the duration of the load can even exceed the
response time of the structure. Structural elements designed for the low-
pressure range depend on both pressure and impulse.

In cases where the peak pressure is relatively low and the explosive charge is
very large (several hundred thousand pounds of explosive) the duration of
blast pressures will be extremely long in comparison t:o those of smaller
explosive weights. Here the structure responds primarily to the peak pressure
in a manner similar to those structures designed to resist the effects of
nuclear detonations. This latter case, although seldom encountered, is some-
times referred to as the "very low-pressure range."

Since the low-pressure design range is involved in the design of shelter type
structures, donor fragmentation is of concern. Secondary fragments formed
from the break-up of donor structures can produce minor damage to a shelter.

These fragments generally have a large mass but their velocities are generally
;Iqeý much less 2.hqn those of primary fragments.

1-14.3. Analyzing Blast Environment

:; •ip Although each design pressure range is distinct, no clear-cut divisions
between the ranges exist; therefore, each protective structure must be ana-
lyzed to determine its response.

Structural response depends on design and load. Three possible dusigns,
resulting in three distinct resistance- time responses are illustrated in
Figure 1-6. Curve A represents the resistance-time function of an element
which responds to the impulse; the time to reach maximum deflection is very
long in comparison to the load duration. The low-pressure range is repre-
sented by Curve B where the element's response depends on both pressure and
i mpulse. Here and dependent on design, the response time of an element can be
less than, equal to, or greater than the load duration (Figure 1-6). Curve C
illustrates the very low-pressure design range where the element responds to
pressure. The required peak resistance is in the order of magnitude of the
peak pressure, while the duration of the load is extremely long compared to
the time to reach maximum deflection. Although the required maximum resis-
tance will vary in comparison to the peak pressure, the variation will be
slight and, in general, the required maximum resistance of an element to
resist l.ong duration loads will be only slightly larger (5 to 10 percent) than
the peak pressure.

A Figure 1-7 indicates semi-quantitatively the parameters which. define the

design ranges (including the very low range) of an element, along with the
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approximate relationship between the time to reach maximum deflection and the
load duration.

It was indicated earlier that the design range of an element is related to the
location of the element relative to the explosion. For the quantity of explo-
sives considered in this manual, an element designed for the high-pressure
range is usually situated immediately adjacent to the explosion, and its
exposed surfaces facing the explosion are oriented normal or nearly normal to
the propagation of the initial. pressure wave (Figure 1-8, cases I through IV).
On the other hand, elements which are located close to the explosion and are
positions parallel to the path of the wave propagation may respond to the
blast effects associated with the low pressure design range. Elements located
close to a detonation seldom respond solely to a peak pressure.

Certain elements of a protective structure located a distance from the explo-
sion may respond to the impulses (high-pressure range) even though they are
located at the low-pressure range while other structures located near the
explosion will respond to the low-pressure design range. In the former case,
the structure will not containL personnel or expensive equipment and will
primarily serve as a barrier structure. In the latter case, the structure
will serve as a shelter (Case I, Figure 1-8).
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g ~acceleration due to gravity (ft/sec 2)

i unit positive impulse (pssi-m,-)

s unit scaled impulse for use in figure 1-.2 (psi-ms/1bl/3)

p pressure (psi)

tm time at which maximum deflection occurs (mns)

to durationi of positive phase of blant pressure (mns)

V volume of containmient struc~ture (fd3

Wh weight of human being (lbs)

W charge weight (lbs)
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CHAPTER 2

BLAST, FRAGMENT, AND SHOCK LOADS

Y• INTRODUCTION

2•-1, Purpose

The purpose of t0is manual is to present methods of design for protective
construction used in facilities for developuint, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

2-2. Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
"protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

(2) Proviua methods for calculating the dynamic response of structural
elements including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

W (4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

2-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed cr reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual. was based on extensive research and
development programs which permitted a more reliable approach to cuzrent and
future design requirements. Since the original publication of ihis manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual,

Modecn methods for the manufacture and storage of explosive materials, which
incluade many exotic chemicals, fuels, and propellants, requi.re less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design

methods to provide the required structural protection.0

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are give. to provide
the strength and duct-ility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and smaall-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

2-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protectivc design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

( This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000

i'W pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maxim~um quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Ammun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarlly directed toward the response of structural steel and reinforced
concrete elaments to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick bloc~cs, and plastics, as
well as the 11ast attenuating and mass effects of soil are contemplated. The
results of thezie. tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for

specific applications.0
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Computer programs, which are consistent with procedures and teclniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safrty Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 454:33
Attn: AIFFDL/FBR

If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

2-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter I Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS

2-6. General

This chapter contains the procedures for determining explosive output and

associated structure loadings, fragment effects, and the structural motion
effects associated with accidental explosions. These procedures are contained
in the following sections: Sections 2-8 through 2-15 deals with the loadings
associated with the blast phenomena. These data include, in addition to the
determination of the effect of the explosive output, methods for determining
blast loads acting on the exterior of and within structures. Sections 2-16
through 2-19 cover the formation of fragments which can be projected by an
explosion and include both primary and secondary fragments effects. Sections
2-20 to 2-24 present the method for determining the structural motions, in-
cluding both ground and air shock effects.

2-
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EXPLOSION EFFECTS

2-7. Effects of Explosive Output

In the design of protective structures to resist the effects of accidental
explosions, the principal effects of the explosive output to be considered are
blast overpressures (hereafter referred to as blast pressures or pressures).
fragments generated by the explosion and the shock loads produced by the shock
wave transmitted through the air or ground. Of these three parameters, the
blast p.-essures are usually the governing factor in the determination of the
structure response. However, in some situations, fragments and/or shock loads
may be just as important as the pressures in determining the configuration of
the facility.

Although the quantitative data presented pertain to the blast output of bare
trinitrotoluene (TNT) spherical or hemispherical charges considered as point
source explosions, and other explosives which have beent specifically tested.
These data can be extended by appropriate m~eans including testing to include
other potentially mass-detonating materials (solid, liquid, or gas) of varying
shape.

IO
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BLAST LOADS

2-8. Blast Phenomena

2-8.1. General

Bare, sulid explosives must detonate to produce any explosive effect other
than a fire. The term detonation refers to a very rapid and stable chemical
reaction which proceeds through -the explosive material at a speed, called the
detonation velocity, which is supersonic in the unreacted explosive. Detona-
tion velocities range from 22,000 to 28,000 feet per second for most high ex-
plosives. The detonation wave rapidly converts the solid or liquid explosive

4 into a very hot, dense, high-Vressure gas, and the volume of this gas which
had been the explosive material is then the source of strong blast waves in
air. Pressures immediately behind the detonation front range from 2,700,000
to 4,900,000 psi. Only about one-third of the total chemical energy available
in most high explosives is released in the detonation process. The remaining
two-thirds is released more slowly in explosions in air as the detonation
products mix with air and bu~rn. This afterburning process has only a slight
effect on blast wave properties because it is so much slower than detonation.

The blast effects of an explosion are in the form of a shock wave composed of
a high-intensity shock front which expands outward from the surface of the ex-
plosive into the surrounding air. As the wave expands, it decays in strength,
lengthens in duration, and decreases in velocity. This phenomena is caused by
spherical divergence as well as by the fact that the chemical reaction is com-
pleted, except for some afterburning associated with the hot explosion prod-
ucts mixing with the surrounding atmosphere.

As the wave expands in air, the front impinges on structures located within
its path and then the entire structure is engulfed by the shock pressures.
The magnitude and distribution of the blast loads on the structure arising
from these pressure~s are a function of the following factors: (1) explosive
properties, namely type of explosive material, energy output (high or low or-
der deL~nation), and weight of explosive; (2) the location of the detonation
relative to the protective structures; and (3) the magnitude and reinforcement
of the pressure by its interaction with the ground barrier, or the structure
itself. The first of these three factors are discussed in Sections 2-8.2 and
2-9 below and the latter two factors are discussed throughout the remainder of
this section.

2-8.2. Explosive Materials

Explosive materials may be classified according to their physical state: sol-
ids, liquids, or gases. Solid explosives are primarily high explosives; how-

6 ~ ever, other materials such as flammable chemicals and propellants may also be
classified as potentially explosive materials. Liquid and gaseous explosives
encompass a wide variety of substances used in the manufacture of chemicals,
fuels, and propellants. The blast pressure environment produced will vary not
only among the different materials but may also differ for a particular mate-
riaL. Such factors as methods and procedures used in manufacturing, storage,
and handling, in addition to specific individual physical and chemical charac-
teristics, may alter the blast effects of an explosive material.
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The blast effects of solid materials are best known. This is particularly
true for high-explosive materials. The blast pressures, impulses, durations,
and other blast effects of an explosion have been well established. These ef-
fects are contained in this chapter.

Unlike high-explosive materials, other solid, liquid, and gaseous explosive
materials will exhibit a variation of their blast pressure output. An explo-

sion of these materials is in many cases incomplete, and only a portion of the
total mass of the explosive (effective charge weight) is involved in the deto-
nation process. The remainder of the mass is usually consumed by deflagration
resulting in a large amount of the material's chemical energy being dissipated
as thermal energy which, in turn, may cause fires or thermal radiation damage.

2-9. TNT Equivalency

The major quantity of blast effects data presented in this manual pertains to
the blast pressures output of bare spherical TNT explosive. These data can be
extended to include other potentially mass-detonating materials (Class 1.1) by
relating the explosive energy of the "effective charge weight" of those mate-
rials to that of an equivalent weight of TNT. In addition to the energy out-
put, other factors may affect thae equivalency of material compared to TNT.
These factors include the materi~al shape (flat, square, round, etc.), the numi-

t IA ber of explosive itcems, explosiv;e confinement (casing, containers, etc.), and
the pressure z.ange being considered (close-in, intermediate or far ranges).
These other factors will be discussed later in this manual.

For blast resistant design, the effects of the energy output on explosive ma-
terial, of a specific shape, relative to that of TNT, of similar shape, can be
expressed as function of the heat of detonation of the various materials as

7- follows:

d

WE -WEXP 2-1

Hd
HTNT

where

-E effective charge weight

WEp -weight of the explosive in question

d
HEP- heat of detonation of explosive in question

f d
HTNT - heat of detonation of TNT

The heat of detonation of some of the more commonly used explosives are listed
in Table 2-1.

The above equation for the effective charge weight is related primarily to the
blast output associated with the shock effects of unconfined detonations (Sec-
tion 2-13). The effective charge weight produced by the confinement effects
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of explosions (Section 2-14) will differ. These differences will be discussed
later in this manual.

2-10. Blast-Loading Categories

Blast loads on structures can be divided into two main groups based on the
confinement of the explosive charge (unconfined and confined explosions) and
can be subdivided based on the blast loading produced witLin the donor struc-
ture or acting on acceptor structures. These blast loading categories are il-
lustrated in Figure 2-1. Figure 2-1 gives the six blast loading categories
possible. Figure 2-1 also shows the five possible pressure loads associated
with the blast load categories, the location of the explosive charge which
would produce these pressure loads, and the protective structures subjected to
these loads.

The blast load categories and the resulting pressure loads listed in Figure 2-
1 are qualitatively and, quantitatively defined below and in subsequent sec-
tions, respectively.

2-10.1. Unconfined Explosion

2-10.1.1. Free Air Burst Explosion

An explosion, which occurs in free air, produces an initial output whose shock
wave propagates away from the center of the detonation, striking the protec-
tive structure without intermediate amplification of ita; wave.

2-10.1.2. Air Burst Explosion

An explosion which is located at a distance from and above the protective
structure so that the ground reflections of the initial wave occur prior to
the arrival. of the blast wave at the protective structure. As used in this
manual, an air burst is limited to an explosion which occurs at two to thr3e
times the height of a one or two-story building.

2-10.1.3. Surface Burst Explosion

A surface burst explosion will occur when the detonation is located close to
or on the ground so that the initial shock is amplified at the point of deton-
ation due to the ground reflections.

2-10.2. Confined Explosion

2-10.2.1. Fully Vented Explosion

A fully vented explosion will be produced within or immediately adjacent to a
barrier or cubicle type structure with one or more surfaces open to the at-wo-
sphere. The initial wave, which is amplified by the nonfrangible portions of
the structure, and the products of detonation are totally vented to the a~zmo-
sphere forming a shock wave (leakage pressures) which propagates away from the
structure.
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2-10.2.2. Partially Confined Explosion, A partially confined explosion will be produced within a barrier or cubicle
type structure with limited size openings and/or frangible surfaces. The ini-
tial wave, which is amplified by the frangible and nonfrangible portion of the
structure, and the products of detonation are vented to the atmosphere after a
finite period of time. The confinement of the detonation products, which con-
sist of the accumulation of high temperatures and gaseous products, is associ-
ated with a buildup of quasi-static pressure (hereafter referred to as gas
pressure). This pressure has a long duration in comparison to that of the
shock pressure.

2-10.2.3. Fully Confined Explosions

Full confinement of an explosion is associated with either total or near total

* containment of the explosion by a barrier structure. Internal blast loads
J.1 will consist of unvented shock loads and very long duration gas pressures

which are a function of the degree of containment. The magnitude of the leak-
age pressures will usually be small and will only affect those facilities im-

A mediately outside the containment structure.

2-11. Blast Loading Protection

Protection of personnel and valuable equipment (acceptor system) will usually
involve protective shelters located away from the detonation. Their design
may involve one or more of the following blast-loading categories: free-air
burst, air burst, surface burst, an" exterior or leakage pressures from either
vented or partially confined explosions. These shelters are usually enclosed
buildings located at pressure ranges of a few hundred pounds per square inch
(psi) or less. Depending on the shelter design pressures, these structures
can be either above, below, or at ground surface. In this manual, primary
consideration is given to above-ground shelters. Howesver, some consideration
is given in Chapter VI regarding shelters positiuned at other locations. For
the third type of pressure loading of Figure 2-1 (interior shock pressure),
protection is required when the shelter is located immediately adjacent to the
explosion. The reflected pressure there may be in thousands of psi, but with
pressure duraRtions usually small, The acceptor portion of such an explosive
system may include other explosive materials and/or personnel. The structure
associated with the fifth pressure-loading type is a containment type building
and is usually used to prevent escape of toxic chemicals, radiological and/or
biological materials, or to limit blast pressures at the exterior to a level
consistent with personnel protection.

Of the six categories, those from air bursts are seldom encountered and the
free air burst is the least likely to occur. The possibility of such blast
environments exists where potentially explosi~ve materials are stored at
heights adjacent to or away from protective structures such as in manufactur-
ing (process or storage tanks) or missile sites. In the latter, the rocket
propellant would be a source of explosive danger to the ground crew and con-
trol facilities.

The other four blast-loading categories can occur in most explosive manufac-
turing and storage facilities. In such installations, transportation of ex-
plosive materials between buildings either by rail, vehicle, or in the case of
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liquid or gases, through piping, is a possibility. Also, storage and handling
of explosives within buildings are common occurrences.

Although the blast-loading categories can be separated and classified individ-
ually, no clear-cut limits differentiate each category. In most explosive
facilities, the various blast environments will overlap, Lnd judgement should
be used in the application of the following recommendations for determining
the blast parameters consistent with the various blast-loading categ.ries.

2-12. Blast-Wave Phenomena

The violent release of evergy from a detonation converts the explosive materi-
al into a very high pressure gas at very high temperatures. A pressure front
associated with the high pressure gas propagates radially into the surrounding
atmosphere as a strong shock wave, driven and supported by the hot gases. The
shock front, termed the blast wave, is characterized by an almost instan-
taneous rise from ambient pressure to a peak incident pressure Poe (Figure 2-
2).

'his pressure increase or shock front travels radially from the burst point
with a diminishing shock velocity U which is always in excess of the sonic ve-
locity of the medium. Gas molecules behind the front move at lower flow .ve-
locities, termed particle velocities u. These latter particle velocities are
associated with the dynamic pressures, whose maximum values are denoted qo' or
the pressures formed by the winds produced by the passage of the shock front.
"As the shock front expands into increasingly larger volumes of the medium, the
peak incident pressures at the fronts decrease and the durations of the pros-
sures increase. Those parameters which vary as the peak incident pressure
varies are presented in Figure 2-3.

At any point away from the burst, the pressure dirturbance has the shnpe shown
4-• in Figure 2-2. The shock front arrives at a give,& location at time tA and,

"after the rise to the peak value, Pso the incident pressure decays to the am-
bient value in time to which is the positive phase duration. This is followed
by a negative phase with a duration to that is usually much longer than the
positivo phase and characterized by a negative pressure (below ambient pres-
sure) having a maximum value of P " as well as a reversal of the particle
flow. The negative phase is usuaffy less important in a design than is the
positive phase, and its amplitude Ps" must, in all cases, be less than ambient
atmosphere pressure po. The incident impulse density associated with the
blast wave is the integrated area under the pressure-time curve and is denoted
as i for the positive phase and i - for the negative phase.

An additional parameter of the blast wave, the wave length, is sometimes re-
quired in the analysis of structures. Thc positive wave length Lw+ is that
length at a given distance from the detonation which, at a particular instant
of time, is experiencing positive pressure. The negative wave length Lw is
si.milarly defined for negative pressures.

ey' The above treatment of the blast wave phenomena is general. In &iubsequent
sections of this chapter, the magnitude of the various parameters is presented
depending upon the category of the detonation as previously described: free
air burst, surface burst, exterior or leakage pressures, or interior or high
pressure blast loading.
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2-13. Unconfined Explosions

2-13.1. Free Air Burst

When a detonation occurs adjacent to and above a protective structure such
that no amplification of the initial shock wave occurs between the explosive
source and the protective structure, then the blast loads acting on the struc-
ture are free-air blast pressures (Fig. 2-4).

As the incident wave moves radially away from the center of the explosion, it
will impact with the structure, and, upon impact, the initial wave (pressure
and impulse) is reinforced and reflected (Fig. 2-5). The reflected pressure
pulse of Figure 2-5 is typical for infinite plane reflectors.

When the shock wave impinges on a surface oriented so that a line which de-
scribes the path of travel of the wave is normal to the surface, then the
point of initial contact is said to sustain the maximum (normal reflected)
pressure and impulse. Figure 2-6 presents the ratios of the normal reflected
pressures to the incident pressures as a function of the incident
pressures.

The peak pressure and impulse patterns on the structure vary with distance
from a maximum at the normal distance RA to a minimum (incident pressure)
where the plane of the structure's surface is perpendicular to the ahock
front. The positive phase pressures, impulses, durations, and other parame-
ters of this shock environment for a spherical TNT explosions are given in
Figure 2-7 versus the scaled distance (Z - R/WI/ 3 ).

The smallest scaled distance of 0.136 ft/lbI/ 3 represents the radius of the
spherical TNT explosivL and, therefure, represents the surface of the explo-
sive. Some parameters have been extrapolated to the charge surface which are
shown as dashed portions of the curves, These dashed curves represent an up-
per limit of scatter in experimental data and variation in theoretical predic-
tions, giving for design purposes conservative limits for these parameters.

j In some blast loading situations, negative blast wave parameters (Fig. 2-8)
are needed to predict the loading-time function of the blast wave acting on a
structure. This is particularly true in flexible type protective structures
(usually steel-frame structures) where the overall motion of the structure
will be affected by the phasing of the blast loads acting on the various
structure surfaces. The effects of the negative phase parameters are usually
not important for the design of the more rigid type structures (reinforced
concrete).

4I The curves presented in Figures 2-7 and 2-8 which give the blast wave parame-
ters as a function of scaled distance, extend only to a scaled distance Z -
100 ft/lbI/. For most protective structures, or even light structures, dam-
age is relatively superficial beyond this scaled distance, consisting at most
of broken windows or deformation of light panels or blow-out walls. But, the
curves are also not extended beyond these levels because the blast wave prop-
erties start to be seriously affected by atmospheric conditions so that over-,. pressures are very much less or very much more than the *ideal" parameters
transmitted through a homogeneous atmosphere.
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In the low pressure region, the pressure varies as a function of sound veloc-
ity with altitude above the ground surface. At very far distances from an ex-
plosion (Z- 1000 ft/1b1 / 3 , tLe peak pressures (really sound pressures at these
levels) can be ten times greater or more than ten times less than the ideal
pressures for a homogenous atmosphere.

Even with enhancement caused by real atmospheric conditions (also called blast
focusing), the pressures are still quite low and structural damage should be
superficial. If it is necessary to predict such low levels, one should obtain
and study more detailed reports listed in the bibliography.

The variation of the pressure and impulse patterns on the surface of a struc-
ture between the maximum and minimum values is a function of the angle of in-
cidence This angle is formed by the line which defines the normal distance RA
between the point of detonation and the structure, and line R (slant distance)
which defines the path of shock propagation between the center of the explo-
sion and any other point in question on the structure surface (Fig. 2-4).

The effects of the angle of incidence on the peak reflected pressure Pra and
the reflected impulse ira are shown in Figures 2-9 and 2-10, respectively.
The figures are plots of the angle of incidence versus the peak reflected
pressure or the reflected impulse as a function of the scaled normal distance
between the charge and the surface in question. The usual load condition in-
volves the ground surface and, therefore, this normal scaled distance is re-
ferred to as the scaled heigbt of charge above the ground (Hc/Wl/ 3 ). All oth-
er blast parameters are obtained from Figures 2-7 and 2-8 for the scaled slant
distance R/WI/ 3 to the point in question.

2-13.2. Air Burst

The air burst environment is produced by detonations which oc4...r above the
ground surface and at a distance away from the protective structure so that
the initial shock wave, propagating away from the explosion, impinges on the
ground surface prior to arrival at the structure. As the shock wave continues
to propagate outward along the gruund surface, a front known as the Mach front
(Fig. 2-11) is formed by the interaction of the initial wave (incident wave)
and the reflected wave. This reflected wave is the result of the reinforce-
ment of the incident wave by the ground surface.

Some variation of the pressures over the height of the Mach front occurs, but
for design purposes, this variation can be neglected and the shock considered
as a plane wave over the full height of the front. The blast parameters in
the Mach front are calculated at the ground surface. The pressure-time varia.-
tion of the Mach front (Fig. 2-12a) is similar to that of the incident wave
except that the magnitude of the blast parameters are somewhat larger.

The height of the Mach front increases as the wave propagates away from the
center of the detonation. This increase in height is referred to as the path
of the triple point and is formed by the intersection of the initial, reflect-
ed, and Mach waves. A protected structure is considered to be subjected to a
plane wave (uniform pressure) when the height of the triple point exceeds the
eight of the structure. The scaled height of the trip e point HT/W versus
caled ground distance ZG and scaled charge height Hc/W / is plotted in Fig-
ire 2-13.
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if the height of the triple point does not extend above the height of the
structure, then the magnitude of the applied loads will vary with the height
of the point being considered. Above the triple point, the pressure-time var-
iation consists of an interaction of the incident and reflected incident wave
pressure:3 resulting in a pressure-time variation (Fig. 2-12b) different from
that of the Mach incident wave pressures. The magnitude of pressures above
the triple point is smaller than that of the Mach front. In most practical
design situations, the location of the detonation will be far enough away from
the structure so as not to produce this pressure variation. An exception may
exist for multistory buildings even though these buildings are usually located
at very low-pressure ranges where the triple point is high.

In determining the magnitude of the air blast loads acting on the surface of
an above-ground protective structure, the peak incident blast pressures in the
Mach wave acting on the ground surface immediately before the structure are
calculated first. The peak incident pressure Pra is determined for this roint
from Figure 2-9 using the scaled height of charge above the ground Hc/W/3 and
the angle of incidence a.

A similar procedure is used with Figure 2-10 to determine the impulse ira of
the blast wave acting on the ground surface immediately before the structure.
An estimate of the other blast parameters may be obtained from Figures 2-7 and
2-8 by setting the values of Pra and ira equal to the values of the peak inci-
dent pressure Pso and incident impulse is of the mach wave, respectively. The
scaled distances corresponding to Pso and is are determined from Figure 2-7.
The scaled distance corresponding to Ps0 is used to obtain values of Pr, Pso

U, Lw/W and Lw'/WI/3 while the scaled distance corresponding to i.
i /used to obtain values of ir, is" ir-r, to/Wl/" and to0 /W/.

2-13.3. Surface Burst

A charge located on or very near the ground surface is considered to be a sur-
face burst. The initial wave of the explosion is reflected and reinforced by
the ground surface to produce a reflected wave. Unlike the air burst, the re-
flected wave merges with the incident wave at the point of detonation to form
a single wave, similar in nature to the mach wave of the air burst but essen-
tially hemispherical in shape (Fig. 2-14).

The positive phase parameters of the surface burst environment for hemispheri-
cal TNT explosions are given in Figure 2-15 while the negative phase parame-
ters are given in Figure 2-16. A comparison of these parameters with those of
free-air explosions (Fig. 2-7 and 2-3) indicate that, at a given distance from
a detonation of the same weight of explosive, all of the parameters of the
surface burst environment are larger than those for the free-air environment.

As for the case of air bursts, protected structures subjected to the explosive
output of a surface burst will usually be located in the pressure range where
the plane wave (Fig. 2-14) concept can be applied. Therefore, for a surface
burst, the blast loads acting on structure surface are calculated as described
for an air burst except that the incident pressures and other positive phase
parameters of the free-field Fhock environment are obtained from Figure 2-15,
and theoretical negative phase blast parameters are shown in Figure 2-16.
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As for the case of an air burst, the curves presented in Figures 2-15 and 2-16
which give the blast wave parameters as a function of scaled distance, extend
only to a scaled distance Z - 100 ft/1bI/ 3 (see section 2-13.1).

Blast parameters for explosives detonated on the ground surface other than
hemispherical TNT are listed in Table 2-2. These explosives include both un-
cased and cased high explosives, propellants and propelling charges as well as
pyrotechnic mixtures. The various shapes of the explosive materials are given
in Figure 2-17. The blast parameters for the various explosives are illus-
trated in Figures 2-18 through 2-49. For each explosive materia considered,
the peak incident pressure Pso and scaled incident impulse is/Wl/ 3 is present-
ed as a function of the scaled ground distance ZG - RG/WI/ 3 from the point of
detonation. The charge weight W is equal to the actual weight of the explo-
sive material under consideration increased by the required factor of safety
(20 percent).

An estimate of the blast parameters other than incident pressure and impulse,
may be obtained from Figures 2-15 and 2-16. The scaled ground distance corre-
sponding to the incident pressure Psis used to obtai., the values of Pro Pso-

Pr' tA/W%/ 3  Lw1/3 and Lw '/W . In addition, this scaled ground dis-
tance ZG- R0 /W/ is used to calculate the equivalent TNT design charge
weight W for pressure using the actual ground distance RG. The absolute val-
ues of the scaled blast parameters are obtained by multiplying the scaled val-
ues by the equivalent TNT design charge weight.

The scaled ground distance corresponding to the incident impulse requires a
graphical solution. The point corresponding to the scaled incident impulse
and scaled ground distance for the explosive material in question is plotted
on Figure 2-15. A 45 degree line is drawn through this point. The point
where the line intersects the scaled impulse curve corresponds to the scaled
impulse and scaled ground distance for the equivalent TNT charge. This scaled
ground distange is then used to obtain the values of ir/ 1/ 3 , is 3 ir
/Wl/3' to/Wl/3 and to0 /Wl/3. In addition, this scaled ground distance and the
actual ground distance is used to calculate the equivalent TNT design charge

weight for impulse. The absolute values of the scaled blast parameters are
obtained by multiplying the scaled values by the equivalent TNT design charge
weight.

It may be noted that the above data for explosives other than TNT is limited
to surface bursts with container shapes indicated in Figure 2-17. This data
should not be extrapolated for scaled distances less than those indicated on
Figures 2-18 through 2-49. In addition, the blast pressure and impulse for
propellants and, in particular, the pyrotechnic mixtures were obtained from
tests which utilized booster charges to initiate the explosive material.
Therefore, the blast parameters for both of these materials should be consid-
ered as upper limits.

2-13.4. Multiple Explosions

When two or more explosions of similar material occur several milliseconds
apart, the blast wave of the initial explosion will propagate ahead of thewaves resulting from the subsequent explosions, with the phasing of the propa-
gation of these latter waves being governed by the initiation time and orien-
tation of the individual explosives. If the time delay between explosions is
not too large, the blast waves produced by the subsequent explosions will
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eventually overtake and merge with that of the initial detonation. The dis-
tance from the explosion at which this merger occurs will depend on: (1) the
magnitude of the individual explosions, (2) the time delays between the initi-
ation of the explosions, (3) the separation distances between and orientation
of the explosives, and (4) obstructions between the explosives themselves and
other obstructions between the explosives and other parts of the facLlity
(buildings, walls, barricades, terrain, etc.) which will distort, hinder, and
generally interfere with wave propagation.

The pressure time relationships associated -'ilth the wave propagation will de-
pend upon the interaction of the individual waves themselves. After all the
waves have merged, the pressures associated with the common or merged wave
will have a pressure-time relationship which is similar to that produced by a
single explosion (Fig. 2-12). However, at closer distances to the explosion,
the pressure-time relationship will be more closely represented by a pressure-
time curve with multiple peak pressures (similar to that occurring aLove the
triple point (Fig. 2-12)). The multiple peak pressures represent th interac-
tion as the various waves reach the point in question. At distances even
closer to the explosion, the time history of the pressures acting on the
ground surface may consist of a series of completely separat.A blast '.oads.
This loading condition is a result of the arrival of the suhb.equent last
waves at a particular point during or after the occurrence of the nelative
phase pressures producpd by the initial wave at that point.

The latter pressure-time relationship is probably most likel 3 to occir at high
pressures close to the explosions while the multiple peak pr-ssure pvlse is
normally associated with low pressures at far distances. However, ir. many in-
stances, the multiple peak pressure pulse will occur at hig1h pressures, in
particular where the individual explosives are positioned close together,
e.g., in a cubicle or other storage facility.

2-14. Confined Explosions

2-14.1. Effects of Confinement

When an explosion occurs within a structure, the peak pressures associated
with the initial shock front (free-air pressures) will be extcemely high and,
in turn, will be amplified by their reflections within the structure. In ad-
dition, and depending upon the degree of confinement, the effects of the high
temperatures and accumulation of gaseous products produced by the chemical
process involved in the explosion will exert additional pressures and increase
the load duration within the structure. The combined effect of these pres-
sures may eventually destroy the structure unless the structdre is designed to
sustain the effects of the internal pressures. Provisions for venting of
these pressures will reduce their magnitude as well as their duration.

The use of cubicle-type structures (Fig. 2-50a) or other similar barriers with
one or more surfaces either sufficiently frangi.ble or open to the atmosphere
will provide some degree of venting depending on the opening size. This type
of structure will permit the blast wave from an internal explosion to spill
over onto the surrounding ground surface, thereby, significantly reducing the
magnitude and duration of the internal pressures. The exterior pressures are
quite often referred to as "leakage" pressures while the pressures reflected
ard reinforced withi" the structure are termed interior "shock pressures"
The pressures associated with the accumulation of the gaseous products and
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temperature rise are identified as "gas" pressures. For the design of Lost
fully vented cuibicle type structures, the effects of the gas pressure may be

neglected.

Detonation in an enclosed structure with relatively small openi%ý. 'Fig. 2-
50b) is associated with both shock and gas pressures whose magnitudes are a
maximum. The duration of the gas pressure and, therefore, the impulse of the
gas pressure is a function of the size of the opening. It should be noted
that the onset of the gas pressure does not necessarily coincide with the on-
set of the shock pressure. Further, it takes a finite length of time after
the onset for the gas pressure to reach its maximum value. However, these
times are very small and, for design purposes of most confined structures,
they may be treated as instantaneous.

The term "frangible" pertains to those elements of a protective structure
which fail and whose strength anid mass are such as to reduce the amplification
of the shock pressures and the confinement of the explosive gases. To reduce
the amplification of the shock pressures, frangible elements must fail so as
to relieve quickly the interior pressures acting on those surfaces and mini-
mize their reflection to the nonfrangible elements of the structure. Blast
tests of glass panels nave shown that a true frangible material does not exist
and that some reflection of the initial blest pressures may be expected from
very weak and light elements. Further, the buildup of gas pressures is a func-
tion of the ratio of the weight of the charge to the volume of the confining
structure and the venting area. As stated, this pressure buildup will not be-

gin until sometime after the onset oft the shock pressures. Therefore, an ele-i ment which is not considered frangible for the shock pressure may be frangible
for gas pressures.

In addition to being dependent upon the physical properties of an element,
frangibility will also be a function of the magnitude of the applied blast
loads arid, therefore, a function of the quantity of explosive being contained
and the distance from the frangible element. Although frangibility is imper-
fectly understood and difficult to measure, in general, it can be assumed that
if a closure's resistance to outward motion is equal to or less than 25 pounds
per square foot of surface area. the resistance can be neglected since the
time to reach failure is practically zero. In this case, frangibility can be
stated solely in terms of the weight (inertial force) of the vent area clo-
suire. For resistances greater than 25 psf, the evaluation of frangibility
must include -the effects of resistance in addition to the weight of an ele-
ment. The combined effects of the inertial force and the resistance can be
accounted for by performing a dynamic analysis and determining the time to

rT "..reach failure. However, if the blast pressure is very large in comparison to
the resistance of the element, the effects of the resistance can be neglected
without introducing significant errors. Therefore, it is advantageous to use

_R vent closures that are light and inherently weak and/or weakly supported; such
as, corrugated metal decking supported on steel joists, metal panels for
walls, plexiglass or thin fiberglass panels supported by wnod or lightweight

-Z, steel frames or gypsum board panels.

41 In the following paragraphs of this section, a simple cantilever barrier as
well as cubicle-type and containment type structures will be discussed. The
cubicles are assumed to have one or more surfaces which ire open or frangible
while the containiment structures are either totally enclosed or have small
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size openings. The effects of the inertia of frangible elements of these
structures will be discussed in subsequent sections.

2-14.2. Shock Pressures

2-14.2.1. Blast Loadings

When an explosion occurs within a cubicle or containment-type structure, thepeak pressures as well as the impulse associated with the shock front will beextremely high and will be -mplified by the confining structure. Because ofthe close-in effects of the explosion and the reinforcement of blast pressures
due to the reflections within the structure, the distribution of the shock
loads on any one surface will be nonuniform with the structural surface clos-
est to the explosion subjected to the maximum load.

An approximate method for the calculation of the internal shock pressures hasbeen developed using theoretical procedures based on semi-empirical blasc data
and on the results of response tests on slabs. The calculated average shock
pressures have been compared with those obtained from the results of tests of
a scale-model steel cubicle and have shown good agreement for a wide range of
cubicle configurations. This method consists of the determination of the peak
pressures and impulses acting at various points of each inteiior surface and
then integrating to obtain the total shock load. In order to simplify the
calculation of the response of a protective structure wall to these applied
loads, the peak pressures and total impulses are assumed to la uniformly dis-
tributed on the suriace. The peak average pressure and the total average im-
pulse are given for any wall surface. The actual distribution of the blastloads is highly irregular, because of the multiple reflections and time phas-
ing and results in localized high shear stresses in the element. The use of
the average blast loads, when designing, is predicated on the ability of the
element to transfer these localized loads to regions of lower stress. Rein-
forced concrete with properly designed shear reinforcement and steel plates
exhibit this characteristic.

The parameters which are necessary to determine the average shock loads arethe structure's configuration and size, charge weight, and charge location.
Figure 2-51 shows many possible simple barriers, cubicle configurations, and
containment type structures as well as the definition of the various parame-
ters pertaining to each. Surfaces depicted are not frangible for determining
the shock loadings. The effects of frangibility will be discussed later.

Because of the wide range of required parameters, the procedure for the deter-mination of the shock loads was programmed for solutions on a digital comput-
er. The results of these calculations are presented in Figures 2-52 through
2-100 for the average peak reflected pressures Pr and Figures 2-101 through 2-
149 for the average scaled unit impulse iw . These shock loads are pres-
ented as a function of the parameters defining the configurations presented in
Figure 2-51. Each illustration is for a particular combination of values ofh/H, l/L, and N reflecting surfaces adjacent to the surface for which the
shock loads are being calculated. The wal! (if any) parallel and opposite to
the surface in question has &;negligible contribution to the shock loads for
the range of parameters used and was therefore not considered.

The general procedure for use of the above illustrations is as follows:
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1. From Figure 2-51, select the particular surface of the structure
which conforms to the protective structure given and note N of adjacent re-
flecting surfaces as indicated in parenthesis.

2. Determine the values of the parameters indicated for the selected
surface of the structure in Item ' above and calculate the following quanti-
ties:

h/H, l/L, L/H, L/RA, and ZA - R/W 1 / 3 .

3. Refer to Table 2-3 for the proper peak reflected pressure and im-
pulse charts conforming to the number of adjacent reflected surfaces and the
values of l/L and h/H of Item 2 above, and enter the charts to determine the
values of Dr and ir/W3/3 .

In most cases, the above procedure will require interpolation for one or more
of the pa:ameters which define a given situation, in order to obtain the cor-
rect average reflected pressure and average reflected impulse. Examples of
this interpolation procedure are given in Appendix 2A.

Because of the limitations in the range of the test data and the limited num-
ber of values of the parameters given in the above shock load charts, extrapo-
lation of the uata given in Figures 2-52 through 2-149 may be required for
some of the parameters involved. However, the limiting values as given in the
charts for other parameters will not require extrapolation. The values of the
average shock loads corresponding to the values of the parameters, which ex-
ceed their limiting values (as defined by the charts), will be approximately
equal to those corresponding to the limiting values. The following are recom- Ak
mended procedures which will be applicable in most cases for either extrapola-
tion or establishing the limits of impulse loads corresponding to values of
the various parametcr which exceed the limits of the charts:

1. To extrapolate beyond the limiting values of ZA, plot a curve of
values of Pr versus ZA for constant values of L/RA, L/H, h/H and
l/L. Extrapolate curve to include the value of Pr corresponding
to the value of ZA required. Repeat similarly for value of
ir/Wl/ 3 .

2. To extrapolate beond the limiting values of J/RA, extrapolate the
given curve of pr versus L/RA for constant values of ZA, L/H, h/H
and l/L to include the value of Pr corresponding to the value ofL/RA required. Repeat this extrapolation for value of ir/W/3

3. Values of p. and iril corresponding to values of L/H greater
than 5 shall be taken as equal to those corresponding to L/H - 6
for actual values of ZA, h/H, and I/L but with a fictitious velue

of L/RA in which RA is the actual value and L is a fictitious val-
ue equal to 5H.

4. Values of Pr and ir/WI/3 corresponding to values of I/L less than
0.10 and greater than 0,75 shall be taken as equal to those corre-
sponding to l/L - 0.1.0 and 0.75, respectively.

5. Values of Pr and ir/Wl/ 3 corresponding to values of h/H less than
0.10 and greater than 0.75 shall be taken as equal to those corre-
sponding to h/H - 0.10 and 0.75, respectively.
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A computer program is available which executes the interpolatioa procedure us.
in& numerical tables equivalent to Figure 2-52 through 2-149. Availability of
this program is listed in Section 2-4.

A protective element subjected to high intensity 6Sock pressures may be de-
signed for the impulse rather ý.han the pressure pulse only if the duration of
the applied pressure acting on the element is short in comparison to its re-
sponse time. However, if the time to reach maximum displacement is equal to
or less than three times the load duration, then the pressure pulse should be
used for these cases. The actual pressure-time relationship resulting from a
pressure distribution on the element is highly irregular because of the multi-
ple reflections and time phasing. For these cases, the pressure-time rela-
tionship may be approximated by a fictitious peak triangular pressure pulse.
The average peak reflected pressure of the ,ulse is obtained from Figures 2-52
through 2-100 and the average impulse from Figure 2-101 through 2-149 and a
fictitious duration is established as a function of the reflected pressure Pr
and impulse ir acting on the element.

to - 2 ir/Pr 2-2

The above solution for the average shock load does not account for increased
blast effects produced by contact charges. Therefore, if the values of the
average shock loads given in Figures 2-52 through 2-149 are to be applicable,
a separation distance between the element and explosive must be maintained.
This separation is measured between the surface of the element and the surface
of either the actual charge or the spherical equivalent, whichever results in
the larger normal distance between the element's surface and the center of the
explosive (the radius of a spherical TNT charge is r - 0.136 W1 / 3 ). For the
purposes of design, the following separation distances are recommended for
various charge weights:

Weight of Explosive (lb) Separation Distante

up to 500 1.0
501 to 1,000 1.5

1,001 to 2,000 2.0
2,001 to 3,000 2.5

above 3,000 3.0

The above separation distances do not apply to floor slabs or other similar
structural elements placed on grade. However, a separation distance of at
least one foot should be maintained to minimize the size of craters associated
with contact explosions.

It should be noted that these separation distances do not necessarily conform
to those specified by other government regulations; their use in a particular
design must be approved by the cognizant military construction agency.

Average shock loads over entire wall oi. roof slabs were discussed above.
An approximate method may be used to calculate shock loads over surfaces other
than an dntire wall. These surfaces might include a blast door, panel,
column, or other such items found inside any shaped structure.

The method assumes a fictitious strip centered in front of the charge having a

width equal to the normal distance RA and a height equal to that of the struc-
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ture. This is the maximum representative area that may be considered. Aver-
age shock loads can be determined on entire area or any surface falling within
the boundaries of the representative area.

The procedure for determining the shock loads consists of partitioning the
surface under consideration into subareas. These subareas do not need to be
the same size. The angle of incidence te the center of each subarea is calcu-
lated. The reflected pressure and scaled impulse are determined for each sub-
area using Figures 2-9 and 2-10 respectively. A weighted average with respect
to area is taken for both pressure and scaled impulse.

Both the pressure and the impulse are multiplied by a factor of 1.75 to ac-
count for secondary shocks. Idealized duration is calculated using Equation
2-2.

2-14.2.2. Frangibility

A frangible element, as defined here, is an element that exhibits a resistance
to internal shock loads equal to or less than 25 pounds per square foot and
will undergo significant displacement during the loading time of the shock
pressures and, thereby, reduce the effects of the shock pressures acting on
both the frangible panel itself and reflections to other elements of the
structure.

The following are design procedures for determining the magnitude of applied
shock pressures which will contribute to the displacement of the frangible el-

ement:

(1) Determine the peak average reflected pressure Pr and average im-

pulse ir acting on the frangible element assuming that the element
is rigid (Figures 2-52 through 2-149).

(2) Calculate the unit weight of the frangible element and divide this
weight by the sixth root of charge weight, WF/W 1 / 6 .

(3) Determine the fictitious scaled distance Z from Figure 2-7, which
ccrresponds to the average impulse determined in Step 1.

(4) Determine the value of the factor fr, of average impulse by using
the value of WF/WI/ 6 from Scte 2 and the fictitious scaled dis-
tance of Step 3 and utilizing Figure 2-150, contributing to the
translation of the frangible element (may require interpolation).

(5) Calculate the value of the average impulse contributing to the
translation of the frangible element by multiplying the values of
ir and fr of ste-is 1 and 4 respectively.

(6) Contribute the value of the peak average pressure to the transla-
tion of the frangible element that is assumed to be equal to the
value of Pr of Step 1.

The step by step procedure for determining the shock loads being reflected
from a frangible element to an adjacent element is to:
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(1) Determine the average peak reflected pressure Pr and the average
reflLcted impulse ir acting on the element in question, assuming
that the adjoining frangible element will remain in place (figs.
2-52 through 2-149).

(2) DAtermine the average impulse acting on the element in question
assuming that the adjoining frangible element is removed (figs. 2-
52 through 2-149).

(3) Subtract the average impulse determined in Step 2 from the average
impulse determined in Step 1.

(4) Calculate the unit weirht of the frangible element and divide this
weight by the sixth root of the charge weight, 'A/WI/ 6 .

(5) Calculate the normal scaled distance Z between the center of the
charge and the surface of the frangible element.

(6) Utilize Figure 2-150 to determine the value of the fraction fr of
the average impulse reflected to the element in question using the
scaled weight density and scaled distance of Steps 4 and 5, re-
spectively (may require interpolation).

(7) Determine the magnitude of the impulse lcad reflected to the ele-
ment in question from the frangible element by multiplying the
value of the average impulse of Stop 3 by the value of fr of Step
6.

"8) Determine the total impulse load acting on the element in question
by adding the impulse loads determined in Steps 2 and 7.

(9) Calculate the peak average reflected pressure of the shock loads
acting on the element in question making it equal to the value of
Pr of Step 1.

In Lhe above procedure, it is assumed that the frai-gible element will remain
intact while being displaced away from the structure. If the element fails
while being translated, then the portion of the shock pressure impulse dis-
placing the element as well as that portion of the impulse being reflected to
other elements will be reduced because of additional venting area produced by
the element's "break up".

2-14.2.3. TNT Equivalency

The shock loads presented in Figure 2-52 through 2-149 pertain to the blast
effects of bare spherical TNT explosives and must be extended to include other
potentially mass-detonating materials. However, only a limited amount of
testing has been performed to determine the TNT equivalency of confined explo-
sives. Therefore, as an interim procedure, it is suggested that the determin-
ation of shock pressures for confined explosives other than TNT utilize equiv-
alencies based on Equation 2-1.

The above relationship assumes that the explosive in question is a bare charge
and spherical in shape. If the charge is not spherical, then it is suggested
that the explosive be subdivided into several segments which will have approx-
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imately equal dimensions and that the raflected impule for any segment be
calculated, as previously discussad, The reflected impulse of the total
charge is then determihied by multiplying the impulse of the individual seg-
ments by the total number of segments. The peak average reflected pressure is
calculated by assuming the tctal charge as having a spherical shape. The im-
pulse load for multiple explosives is obtained in a similar manner except that
the locations of the individual charges are considered in calculatIng their
individual impulse load. The impulse load of the total charge is determined
by adding together the individual impulse loads. The average peak reflected
pressure is calculated using the total weight of the explosive located at the
centioid of the individual charges.

The explosive casing will have an effect on the magnitude of the shock pres-
sures. These effects are dependent on the properties of the casing s'Lch as
material, thickness, shape, etc. A review of a limited amount of surface det-
onated test data has indicated that the effects of the casing are not severe
and, therefore, for design purposes it is recommended that casing effec;ts be
neglected.

2-14.2.4. Multiple Explosions

The blast pressures an•d impulse loads, acting on -arious elements of cubicle
or other similar structures, xhich ave produced by multipie exFlos4 ons, will
usually differ from those produced by a siugle explosion of the same amount of
expicsives.

Although the magnitude of the total combined impulse produced by the aoultiple
explosions will usually be larger than that ),rodluced by the single explosion,
the damage tc a protective element duo to tU impulse of the multiple detona-
ticn may be either greater, equal to, or less than t'.at produced by the im-
pulse of the single explosion. For a gA.ven lota.. impulse, the degree of dam-
age to a protective element will be defined uy the duration of the entire load
relative to the response time of the element (time to reach maximum deflec-
tion).

A minimum amount of theoretical and experimental data ir available concerning
the degree of damage sustained by structural elements due to multiple explo-
sions. However, results of response tests of reinforced concrete slabs have
indicated that if the total combined duration of the blast loads produced by
simultaneously or near simultaneously exploded charges is equal to or less
than one-third the response time (time to reach maximum deflection) of the el-
ement, then the total combined impulse acting on the element can be estimated
by i-umeiically adding the impulse loads produced by the individual explosions.
However, if the total combined duration of the blast loads is greater than
one-third the response time, the actual pressure-time relationship of the coma-
bined loads approximated by a fictitious peaked triangular pressure ?ulse
(similar to that of a single explosion) should be considered. The blist loads
produced Py charges that are iiot simultIaneously or near simultaneously explod-
ed may be considered as two or more impulse loads, two or more pressure-time
loads, or a combination of impulse and pressure-time loads depending on the
time delay and the duration of the individual loads compared to the response
time of the element. A load or group of loads should be tLrEated as an impulse
load if the duration (one load or the combined duration of two or more loads)
of the leading is less than one-third the time interval between the on-set of
the load or group of loads and the response time of the member.
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ThG duration of the blast loads due to multiple explosions may be approximated
by considering the interrelationship between (a) the time intervals between
individual explosions , (b) arrival times of the blast waves of the individual
explosions at the element and (c) the fictitious duration of the pressure load
from individual explosions. Because of the many variables involved, a rela-
tionship cannot be given to obtain the duration of the blast loads due to mul-
tiple explosions. Each situation will require a series of computations in-
volving the time increments outlined above.

2-14.3. Gas Pressures

2-14.3.1. Blast Loadings

When an explosion occurs within a ronfined area, gaseous products will accumu-
late and a temperature within the structure will rise, thereby forming blast
pressures whose magnitude is generally less than that of the shock pressure
but whose duration is significantly longer. The magnitude of the gas pres-
sures as well as their durations is a function of the size of the vent open-
ings in the structure. For very small openings or no openings at all, the du-
ration of the gas pressures will be very long in comparison to the fundamental
periods of the structure's elements and, therefore, may be considered as a
long duration load similar to that associated with a nuclear event.

These conditions usually occur in total or near containment type structures.
In the former, the internal blast pressures must be contained because of the
presence of toxic or other harmful materials in the structure. In near con-
tainment structures, the leakage of pressure flow out of the structure usually
must be limited because of either personnel or frrngible structure are located
immediately adjacent to the donor structure. In other cases, however, open-
ings in structures may be quite large, thereby minimizing the products' accum-
ulation and limiting the temperature rise, hence producing gas pressures with
limited duration or no duration at all. The structures without gas pressure
buildup are referred to as fully vented structures.

A typical pressure-time record at a point on the interior surface of a par-
g- ~

tially vented chamber is shown in Figure 2-151. The high peaks are the multi-
ple reflections associated with shock pressures. The gas pressure, denoted as
p is used as the basis for design and is a function of the charge weight and
tLe contained net volume of the chamber.

Figure 2-152 shows an experimentally fitted curve based upon test results of
partially vented chambers with small venting areas where the vent properties
ranged between:

0 : Af/V 2 / 3 S 0.022 2-3

The values of A and Vf are the chamber's total vent area and free volume which
is equal to the total volume minus the volume of all interior equipment,
structural elements, etc. The maximum gas pressure, P., is plotted against
the charge weight to free volume ratio.

Figures 2-153 throufh 2-164 p:ovide the relationship of the gas pressure
scaled impulse iW /3as a function of the charge weight to free volume ratio
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W/Vf, scaled value of the vent opening A/Vf 2 / 3 , the scaled unit weight of tOe
cover Wf/W 3/3 over the opening, and the scaled average reflected impulse
ir/W/ 3 of the shock pressures acting on the frangible wall (Section 2-14.2.2)
or a non-frangible wall with a vent opening. (The curves in fimu~es 2-153
through 2-164 for WF/W1/ 3 - 0 were obtained from data with A/Vf / • 1.0. Ex-
trapolated values, for which there ig less confidence, are dashed. Curves for
WF/W > 0 are not dashed at A/Vf2/ > 1.0 because they are not strongly de-
pendent on the extrapolated portion of the curve for WF/W 0. Even light-
weight frangible panels displace slowly enough that the majority of the gas
impulse is developed before significant venting (A/Vf 2/ 3 > 1) can occur.) For
a full containment type structure the impulse of the gas pressure will be in-
finite in comparison to the response time of the elements (long duration
load). For near containment type structures where venting is permitted
through vent openings without covers, then the impulse loads of the gas pres-
sures are determined using the scaled weight of the cover equal to zero. The
impulse loads of the gas pressures corresponding to scaled weight of the cover
greater than zero relates to frangible covers and will be discussed later.
The effects on the gaz pressure impulse caused by the shock impulse loads will
vary. The gas impulse loads will have greater variance at lower shock impulse
loads than at higher loads. Interpolation will be required for the variation
of gas impulse as a function of the shock impulse loads. This interpolation
can be performed in a manner similar to the interpolation for the shock pres-
sures.

A computer program is available which executes the interpolation procedure.
Availability of this program is listed in Section 2-4.

The actual duration and the pressure-time variation of the gas pressures is
net required for the analysis of most structural elements. Similar to the
shock pressures, the actual pressure-time relationship can be approximated by
a fictitious peak triangular pulse. The peak gas pressure is obtained from
Figure 2-152 and the impulse from Figures 2-153 through 2-164 and the ficti-
tious duration is calculated from the following:

tg - 2 ig / Pg 2-4

Figure 2-165a illustrates an idealized pressure-time curve considering both
the shock and gas pressures. As the duration of the gas pressures approach
that of the shock pressures, the effects of the gas pressures on the response
of the elements diminishes until the duration of both the shock and gas pres-
sures are equal and the structure is said to be fully vented.

J a chamber is relatively small and/or square in plan area then the magnitude
of the gas pressure acting on an individual element will not vary significant-
ly. For design purposes the gas pressures may be considered to be uniform on
all members. When the chamber is quite long in one direction and the explo-
sion occurs at one end of the structure, the magnitude of the gas pressures
will initially vary along the length of the structure. At the end where the
explosion occurs, the peak gas pressure is P 1 (Fig. 2-165b) which after a fi-
nite time decays to P- 2, and finally decays ýo zero. The gas pressure P_2 is
based on the total vo ume of the structure and is obtained from Figure 2-152
while the time for this pressure to decay to zero is calculated from Equation
2-4 where the impulse is obtained from Figures 2-153 through 2-164 again for
the total volume of the structure. The peak gas pressure Pgl is obtained from
Fi9ure 2-152 based on a pseudo volume (Fig. 2-165b) whose length is equal to
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its widch and the height is the actual height of the structure. The time t_
for Lhe gas pressure to decay from P 1 to P 2 is taken as the actual length of
the structure minus the width divideg by the velocity of sound (1.12 fpms).
At the end where the explosion occurs, the peak gas pressures (Pgl, Figure 2-
165b) will be a maximum and, after a finite time, they will decay to a value
(P,2, Figure 2-165b) which is consistent with full volume of the structure;
af er which they will decay to zero, The magnitude of the peak gas pressures
(Pgl) may be evaluated by utilizing Figure 2-152 and a pseudo volume whose

lengt is equal to its width and the height is he actual height of the cham-
ber. The length of time tp between the two peak gas pressures may be taken as
the length minus the width of the structure divided by the velocity of sound
(i fpms).

2-14.3.2. Frangibility

Similar to shock pressures, an element can bb considered frangible if it is

designed such that its resistance to internal blast forces does not exceed 25
psf and that it will undergo significant displacement during the shock and gas
loading phases. Figures 2-153 through 2-164 present the method for determin-
ing the gas pressure impulse acting on the interior surfaces of the donor
structure. These impulse loads will vary as the mass of the cover over the
vent opening varies; that is, the heavier the vent opening cover, the larger
the gas pressure impulse. Like the vented structures, the internal gas pres-
sure impulse loads produced by a frangible cover must be interpolated as a
function of the shock pressure impulse loads.

2-14.3.3. TNT Equivalency

The data presented in Figure 2-152 and Figures 2-153 to 2-164 are for TNT only
and must be extended to include other potentially mass-detonating materials.
Similar to the shock pressures, only a limited amount of data is available re-
garding the TNT equivalency of confined explosions and in partic'ular the ef-
fects produced on gas pressures. It has been suggested that the TNT equiva-
lency of explosives relating to gas pressures is a function of both the heat
of detonation as well as the heat of combustion, while for the shock pros-
sures, the TNT equivalency is a function of the former only. A relationship
has been developed based on a limited amount of testing as follows:

c d d
S[HExP - HEXP] + HEXP

WE - WEXP 2-5

c d d
0 [11TNT - HTNT] + HTNT

where
WE - effective charge weight for gas pressure

c

HTNT - heat of combustion of TNT

c
HEXP heat of combustion of explosive in question
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4' - TNT conversion factor (Figure 2-166)

JHTNd heat of detonation of TNT

HEXP - heat of detonation of explosion in question

WEXP - weight of explosive in question

M Gan pressures will be increased becduse of casings, in particular, if the cas-
ing is combustible. Since only unrelated data are available concerning the
effects on gas pressures by the casing, a method of compensating for these ef-
fects is to adjust the heat of combustion of the given explosive material in
Equation 2-5 to account for the heat of combustion of the casing material.
This adjustment should be made by chemically combining the heat of combustion
of the explosive and casing.

2-14.3.4. Multiple Explosions

The gas pressure produced by the release of the gaseous products of multiple
explosions in a confined area may be approximated by considering the explosion
to be produced by a single explosive whose weight is equal to the combined
weights of the individual charges. This approximation is accurate if the in-
dividual charges are positioned in the immediate vicinity of one another and
if near simultaneous detonation of the individual charges occurs. If the in-
dividual charges are not close to one another and/or positioned at one endAM
of the structure, the magnitude of the gas pressures will initially vary along
the length or width of the structure. This variation may be determined in a
manner similar to that described in Section 2-14.3.1.

2-14.4. Leakage Pressures

2-14.4.1. Introduction

When an explosion occurs inside a vented chamber, shock prcssures escape to
the outside along with venting of the gas pressures. Trailing shocks overrun
and coalesce with the lead shock at some distance to form a single diverging
shock wave. Close to the structure, the blast pressures are affected by the
structure itself as' the shock pressures spill around the edges of the struc-
ture and form highly turbulent vortices. At further distances, this effect is
no longer present and the shock pressure decreases with increasing distances.
The leakage pressures are enhanced In the direction of venting (front) and re-
duced to the side and rear. The enhancement of pressures in the front and re-
duction of pressures to the side and rear are less extreme as the distance
away from the structure is increased.

The blast environment outside of cubicle containing fully and partially vented
explosions is presented in this section. Pressures and impulses acting on the
ground surface are provided as a function of distance fr~om the explosion, di-
rection (front, side, back) relativ3 to the vent opening in the structure, ar-
ea of the vent opening and volume of the structure. For design purposes, the
remaining blast parameters corresponding to the pressure and impulse acting on
the ground surface may be obtained from Figure 2-15 and 2-16 in exactly the
same manner as a surface burst of an explosive other than TNT.
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Explosions in three and four wall cubicles are considered, Three wall cubi-
cles are fully vented structures. The blast environment is furnished for ci.b-
idles with or without roofs. Four wall cubicles with a vent ope-'iing located
either in the roof or one wall are considered. The size of the vent opening
is varied from that of a fully venteJ cubicle thr:ough a full range of partial-
ly vented structures.

The data presented is based on tests in which the vent openings were complete-
ly open. There were no frangible covers over the vent area which might inhib-
it the pressure flow. Vent openings in protective structures are normally
covered with frangible panels for weather protection, separation of opera-
tions, etc. These panels will affect the leakage pressures. However, it is
assumied that these frangible panels will reduce the shock pressures leaking
through the opening to a greater extent than the increase in the internal gas
pressure buildup. Therefore, use of this data will predict conservative leak-
age pressures from cubicles with frangible covers.

2-14.4.2. Fully Vented Three Wall Cubicles

For cubicle-type structures where fuJl venting is provided through the frangi-
ble or open portion of the structure, the resulting blast wave exterior of the
cubicle will be appreciably modified as compared to an unbarricaded detona-
tion. As the blast wave propagates out from the center of the explosion, the
shock frint will collide with the interior surfaces of the structure. These
collisions will reflect and reinforce the initial loads (pressure and im-
pulse). Eventually these pressures will spill over and around the blast
walls, and in the event of rapid collapse of frangible walls, through the
structure to the surrounding area. The exterior pressures will not initially4 have a definite shock front but will, at some distance from the structure,
shock-uip with frontal pressures similar to those produced by a surface burst.
The pressure distance gradients away from the explosion will vary in all di-
rections. This variation is defined by the uonfiguration (shape, openings,
etc.) of the protective structure containing the explosion.

A series of tests have been performed on three wall cubicle type structi:nes
illustrated in Figure 2-167. Cubic and rectangular three wall cubicles with
and without a roof were tested. The results indicated that several parameters

were important:

(1) Direction. Three directions illustrated in Figure 2-i67 are con-
sidered. The direction normal to the open wall is called the
front. The directions perpendicular to the front normal are
called the sides. The direction opposite the normal to the open
wall is called the back. The blast pressures out the front are
greater than that to the side which, in turn, are greater than
that to the back.

(2) Structure geometry. Differences were found in the blast environ-
ment depending upon whether the shape of the structure was cubic
or rectangular. This was true for pressure and impulse measure-
ments to the side and back, and only impulse to the front. There
were no differences in pressure out the front for the cubicle and
rectangular structures. The difference in pressures to the side
and back occur only close to the structure. Far from the struc-
ture, there is no effect on pressure in any direction due to
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structure shape. However, impulse does not converge with distance
for differences in cubicle shape.

(3) Charge weight to volume ratio W/V and distance. The ratio W/V
does not have an effect on the pressure to the front of any cubi-
cle. There is an effect of W/V on pressure to the side and back
of all cubicles, but only close to the structure. For a partic-
ular W/V, the pressure is affected differently for a cubic or rec-
tangular structure. Thus, the effect on pressure close in depends
both on structure size and W/V. But, for further out, neither af-
fect the pressures. For all values of Z, there is a measured ef-
fect of W/V on impulse.

(4) Venting through the roof. For any direction, cubicle shape, and
W/V value, there are differences in blast pressure and impulse
based solely on whether or not venting could occur through the
roof.

(5) Scaled distance Z. Both blast pressure and scaled impulse are af-
fected by scaled distance from the explosion. This parameter is
not independent of other factors.

The pressure variation in the front, side, and back direction of any three
wall cubicle without a roof is given in Figure 2-168 while for a three wall
cubicle with a roof the pressure variation is given in Figure 2-169. Dae to
interferences from the side and back walls which cause complex vortices near
the structure and coalescence of shock waves in close, there is a maximum
pressure produced in the side and back directions. These pressures are a
function of the charge weight to cubicle volume ratio, W/V, and the configura-
tion of the cubicle. The maximum peak pressure in the side or back direction
of three wall cubicles with or without a roof are given in Figure 2-170.

The scaled peak positive impulse in the front, side, and back direction of
three wall cubicles is given in Figures 2-171 through 2-182. The scaled im-
pulse is given as a function of scaled distance from the explosion for various
values of charge weight to structure volune ratio. The curves are presented
in two groups; three wall cubicles without roofs and then cubicles with rcofs.
For each direction, the impulse is given for explosions in cubic and rectang-
ular cubicles, respectively.

2-14.4.3. Partially vented four wall cubicles - vent opening in roof

Four wall cubicles with a vent openings located in the roof will produce blast
pressures on the ground surface which are symmetric about the vent opening.
Leakage pressures were determin.ýd for a below ground cubicle with its roof
flush with the ground surface (Fig. 2-183a). Figure 2-183b shows the abcve-
ground four wall cubicle. The vent opening was centrally located in the roof,
and various vent areas were considered. The blast pressure was determined to
be a strong function of the vent area divided by the structure volume to the
two-thirds power (A/V 2/ 3 ) and the scaled distance, and a very weak function of
the charge weight to volume ratio W/V which can be ignored with negligible er-
ror.

Anh

The leakage pressures resulting from an explosion in a partially vented below-
ground cubicle with a vent opening in its roof is given in Figure 2-184, and
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the impulse is given in Figure 2-185. The scaled ground distance as indicated
in Figure 2-183a is used in these charts for the below-ground structures.

Figures 2-184 and 2-185 may also be used to determine the pressure and impulse
acting on the ground surface for above-ground four wall cubicles (Fig. 2-
183b). For an above-ground structure, the shock front must travel a longer
distance than a below-ground structure. Therefore, the scaled distance that
must be used in Figures 2-184 and 2-185 is approximated by the addition of the
slant and horizontal distances indicated in Figure 2-183b.

The figures are useful in selecting the degree of venting required to limit
leakage pressures outside roof-vented four wall cubicles to a specified safe
level at safe given distance. From a knowledge of the pressure and impulse on
the ground surface, the blast load acting on a structure may be obtained from
the procedures given in this report. Thus, an adjacent structure may be de-
signed to resist; a blast load resulting from a given vent opening or the vent
opening may be varied to suit the capacity of an adjacent structure.I' 2-14.4.4. Partially vented four wall cubicle - vent opening through wall

Leakage pressures resulting from an explosion in a. partially vented four wall
cubicle where the vent opening is located in a wall (Fig. 2-186) have not been
documented. These leakage pressures have a variation in direction similar to
a three wall cubicle with a roof and a variation with vent opening similar to
a roof vented four wall cubicle. Extrapolation of the data for these types of
cubicles have resulted in Figures 2-187 through 2-189. These figures present
a reasonable estimate of the pressures produced in the front, side, and back
directions (Fig. 2-186). In addition to direction, these pressures are a
function of scaled distance and the vent area divided by the volume to the
two-thirds power (A/V**(2/3)).

2-15. External Blast Loads on Structures

2-15.1. General

The blast loading on a structure caused by a high-explosive detonation is de-
pendent upon several factors:

(I) The magnitude of the explosion.
(2) The location of the explosion relative to the structure in ques-

tion (unconfined or confined),
(3) The geometrical configuration of the structure.
(4) The structure orientation with respect to the explosion and the

ground surface (above, flush with, or below the ground).

The procedures presented here for the determination of the extern;l blastI loads on structures are restricted to rectangular structures positioned above
the ground surface where the structure will be subjected to a plane wave 'hock
front. The procedures can be extended to include structures of other shapes
(cylindrical, arch, spherical, etc.) as well as structures positioned at and
below the ground surface.

2-29



TM 5-1300/NAVFAC P-397/AFR 88-22

2-15.2. Forces Acting on Strcoture

The forces acting on a structure associated with a plane shock wave are depen-
dent upon both the peak pressure and the impulse of the incident and dynamic
Iressures acting in the free-field. The peak pressures and impulses associ-
ated with the free-field shock wave have been prejentod for various explo-
sives.

For aach pressure range there is a particle or wind velocity associated with
the blast wave that causes a dynamic pressure on objects in the path of the
wave. In the free field, these dynamic pressures are essentially functions of
the air density and particle velocity. For typical conditions, standard ra-
lationships have been established between the peak incident pressure (PSO),
the peak dynamic pressure (q.), the particle velocity, and the air density be-
hind the shock front. The magnitude of the dynamic pressures, particle velac-
ity and air density Is solely a function of the peak incident pressure, and,
therefore, independent of the explosion size. Figure 2-3 gives the values of
the parameters versus the peak incident pressure. Of the three parameters,
the dynamic pressure is the most important for determining the loads on struc-
tures.

For design puiposes, it is necessary to establish the variation or decay of
both the incident and dynamic pressures with time since the effects on the
structure subjected to a blast loading depend upon the intensity-time history
of the loading as well as on the peak intensity. The form of the incident
blast wave (Fig. 2-190) is characterized by an abrupt rise in pressure to a
peak value, a period of decay to ambient pressure and a period in which the
pressure drops below ambient (negative pressure phase).

The rate of decay of the incident and dynamic pressures, after the passage of
the shock front, is a function of the peak pressure (both positive and nega-
tive phases) and the size of the detonation. For design purposes, the actual
decay of the incidental pressure may be approximated by the rise of an equiva-
lent triangular pressure pulse. The actual positive duration is replaced by a
fictitious durati.on? which is expressed as a function of the total positive im-
pulse and peak pressure:

tof - 2i/p 2-6

The above rei..tionship for the equivalent triangular nulse is applicable to
the incident as well as the reflected pressures; however, in the case of the
latter, the value of the pressure and impulse used with Equation 2-6 is equiv-
alent to that associated with the reflected wave. The fictitious duration of
thLe dynamic pressure may be assumed to be equal to that of the incident pres-
sure.

For determining the pressure-time data for the negative phase, a similar pro-
cedure as used in the evaluation of the idealized positive phase may be util-
ized. The equivalent negative pressure-time curve will have a time of rise
equal to 0.25 to whereas the fictitious duration tot is given by th.a triangu-
lar eqAivalent pulse equation:

tof - 2ii/p 2-7
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where i" and p- are the total impulse and peak pressure of the negative pulse
of either the incident or reflected waves. The effects of the dynamic pres-
sure in the magazine phase region usually may be neglected.

Since the fictitious duration of the positive phase will be smaller in magni-
tude than the actual duration, a time gap will occur between the fictitious
duration and the onset of the negative phase. This time gap, which is illus-
trated in Figure 2-190, should be maintained in an analysis for consistency of
the onset of the various load phasings.

2-15.3. Above-Ground Rectangular Structure Without Openings

2-15.3.1. General

For any given set of free-field incident and dynamic pressure pulses, the for-
ces imparted to an above-ground structure can be divided into four general
components: (a) the force resulting from the incident pressure, (b) the force
associated with the dynamic pressures, (c) the force resulting from the re-
flection of the incident pressure impinging upon an interfering surface, and
(d) the pressures associated with the negative phase of the shock wave. The
relative significance of each of these components is dependent upon the geo-
metrical configuration and size of the structure, the orientatiun of the
structure relative to the shock front, and the design purpose of the blast
loads.

The interaction of the incident blast wave with a structure is a complicated
process. To reduce the complex problem of blast to reasonable terms, it will
be assuned that (a) the structure is generally rectangular in shape, (b) the
incident pressure of interest is 200 psi or less, (c) the structure being
loaded is in the region of the Mach stem, and (d) the Mach stem extends above
the height of the building.

2-15, .2. Front Wall Loads

For a rectangular above-ground structure at low pressure ranges, the variation
with time on the side facing the detonation (front face) when this side is
parallel to the shock front (normal reflection) is illustrated in Figure 2-
191a. At the moment the incident shock front strikes the front wall, the
pressure immediately rises from zero to the normal reflected pressure, Pr'
whi.ch is a function of the incident pressure (Fig. 2-15). The clearing time,
tc, required to relieve the reflected pressure is
represented as:

4S
te - 2-8

(1 + R) Cr

where
S - clearing distance and is equal to H or W/2 (Fig. 2-191a) whichever

is the smallest

H - height of the structure

R - ratio of S/G where G i½ equal to H or W/2 (Fig. 2-191) whichever
is larger

2-31

EL|



TM 5-1300/NAVFAC P-397/AFR 88-22

Gr - sound velocity in reflectrd region (Fig. 2-192)

The pressure acting on the front wall after time tc is the algebraic sum of
the incident pressure P. and the drag pressure CDq or:

P - Ps+ CDq 2-9

The drag coefficient CD gives the relationship between the dynamic pressure
and the total translational pressure in the direction of the wind produced by
the dynamic pressure and varies with the Mach number (or with the Reynold's
number at low incident pressures) and the relative geometry of the structure.
A value of CD-I for the front wall is considered adequate for the p.essure
ranges considered in this manual. At higher pressure ranges, the above pro-
cedure may yield a ficUitious pressure-time curve because of the extremely
short pressure pulse durations involved. Therefore, the pressure-tCme curve
constructed must be checked to determine its accuracy. The comparison is made
by constructing a second curve (dotted triangle as indicated in Fig. 2-191a)
using the total reflected pressure impulse ir from Figure 2-15 for a normal
reflected shock wave (Fig. 2-191a). The fictitious duration trf for the nor-

AU 1a' reflected wave is calculated from:

trf - 2 ir /Pr 2-10

where Pr is the peak normal reflected prc-•ure (Fig. 2-15). Whichever curve
(Fig. 2-191a) gives the smallest value of the impulse (area under curve), that
curv7e should be used in calculating the wall loading.

If the shock front approaches the structure at an oblique angle (Fig. 2-191b),
then the peak pressure will be a function of the incident pressure and the in-
cident angle between the front and the fcont wall and is obtained from Figure
2-193.

An equation similar to that used for H e manual shock front may be used when
the angle of obliquity is greater than zero as follows:

trf - 2 ra / Pr 2-11

where peak reflected impulse ira is obtained from Figure 2-194.

Usually only the positive pulse of the pressure-time relationship of Figure 2-
191b is utilized for the front i'11 design since the negative pulse beldom af-
fects the design. For determining the overall motion of the structure, the
effects of negative pressures should be included. The peak negative reflected
pressure (Fig. 2-190) and reflected impulse are obtained from Figure 2-16 and
correspond to the peak incident pressure (Fig. 2-15) acting on the frc.at wall.
The rise time and decay of the negative pressures are similarly calculated as
described in Section 2-15.2.

2-15.3.3. Roof and Side Walls

As the shock front traverses a structure a pressure is imparted t(, the roof
slab, and side walls equal to the incident pressure at a given time at any
specified point reduced by a negative drag pressure. The portion of the sur-
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face loaded at a particular time is dependent upon the magnitude of the shock
front incident pressure, the location of the shock front and the wavelength
(Lw and LwU) of the positive and negative

ad )fheoivapulses.

To determine accurately the overall loading on a surface, a step-by-step anal-
ysis of the wave propagation across the surface should be made. This analysis
includes an integration of the pressures at various points (Fig. 2-195a) on
the surface and at various times to determine the equivalent uniform incident
pressure acting on a span L as a function of time (Fig. 2-195b). Since the
point of inflection of the element will vary as the shock front traverses the
surface, in order to make the assumption of the uniform pressure valid, the
reinforcemtent on both faces must be continuous across the span length.

As the shock wave traverses the roof, the peak value of the incident pressure
decays and the wave length increases. As illustrated in Figure 2-195b, the
equivalent uniform pressure will increase linearly from time tf when the blast
wave reaches the beginning of the element (point f) to time td when the peak
equivalent uniform pressure is reached when the shock front arrives at point
U. The equivalent uniform pressure will then decrease to zero where the blast
load at point b on the element decreases to zero.

To simplify the calculations, the equivalent uniform pressure has been ex-
pressed as a function of the blast wave parameters at point f. The equivalent
load factor CE, the rise time, and duration of the equivalent uniform pressure
are obtained from Figures 2-196, 2-197, and 2-198, as a function of the wave

OL length-span ratio Lwf/ L.

The peak value of the pressure acting on the roof P is the sum of contribu-
tion of the equivalent uniform pressure and drag pressure:

PR - 0EPsof + UDqof 2-12

where •Sof is the incident pressure occurring at point f and qof is the dy-
namic preqsure corresponding to CE Psof.

The drag coefficient CD for the roof and side walls is a function of the peak

dynamic pressure. Recommended values are as follows:

Peak dynamic pressure Drag coefficient

0-25 psi -0.40
25-50 psi -0.30
50-130 psi -0.20

The data presented above for the equivalent uniform roof and side wall blast
pressures are used principally for the design of individual elements, For
overall. motions of a structure, the effects of the negative phase pressures
should be included. The equivalent load factor CE for the peak equivalent un-
iform negative pressure is obtained from Figure 2-196 as a function of the
waelength span ratio Lwf/L. The value of the negative pressure acting on the
roof, PRj is equal to CE° Psof where the value of CE- is a minus value. The

As value of the equivalent negative pressure duration tof is obtained from Figure
2-198. The value is not a function of the peak incident pressure at point f.
The rise time of the negative phase is equal to 0.25 tof.
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If a side wall is positioned at an oblique angle to the shock front, then
blast loads acting on the side wall ace calculated in the same manner as that
described for front walls.

2-13.3.4. Rear Wall

As the shock front passes over the rear edges of the roof and/or side walls
che pressure front will expand, forming secondary waves which propagate over
the rear wall. In the case of long buildings, the secondary wave enveloping
the back wall essentially results from the spillover from the roof, and the
side walls. fn both cases, the secondary waves are reinforced due to their
impingement -with reflecting surfaces. The reinforcement of the spillover wave
from the roof is produced by its reflection from the ground surface at the
base of the rear wall, and the reinforcement of the secoindary waves from the
side walls is produced by their collision near the center of the wall and/or
their interaction with the wave from the roof. Litcle information is avail.-

p able on the overall effects on the rear wall loading produced by the reflec-
tions Qf the secondary waves.

In most design cases, the primary reason for determining the blast loads act-
ing on the rear wall is to determine the overall xrag effects (both front and
rear wall loadings) on the building. For this purpose, a procedure may be
uied where the blast loading on the rear wall Figure (2-199a) Is calculated
using the equivalent uniform method used for computing the blast loads on the
rcof and side walls. Here the peak pressure of the equivalent uniform pres-
sure-time curve (Fig. 2-199b) is calculated using the peak pressure that would
accrue at the back edge of the roof slab P The equivalent uniform loadfactors CE and CE- are based on the wage leigth of the peak pressure above and

the height of the rear wall H, as are the time rises and duration L [ both the
positive and negative phases.

Like the, roof and side walls, the blast loads acting on the rear wall are a
function of the drag pressures in addition to the incl.dent pressure. The dy-
namic preszure of the drag corresponds to that assoc:ated with the equivalent
pressure CE Psob, while the :ecommended drag coefficients are the same as used
fcr the roof and side walls.

In the event that the back wall is positioned at an oblique angle to the shock
front, peak incident pressure at point b should be calculated at the mid
width.

2-15.3.5. Multiple Explosions

As previously mentioned, the blast loads, produced by multipl.i explosions, ac-
ting on structures located far from an explosion may consist of a series of
separate pressure pulses rather than c single pulse blast load. However, the
multiple pressure-pulse loading is usually associated with weights of explo-
sives which are very, small (several pounds) and, therefore, will not be the
usual design situation. Foi: large charge weights, however, the single
pressure pulse loading with multiple peak pressures will ocLur. At the pres-
ent time no specific method has been devised which will enable one to evaluate
this type of blast leading. In the interim, it is suggested. that the multiple
peak pressure type loading be replaced by the pressure-pulse which is associ-
ated with the merged shock wave. 'Te parameters of this shock wave and cor-
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responding pressures are determined assuming a singls explosion, the explosive

weight of which is equal to the ,.ombined weight of rhe individual charges.

2-15.4. Above Ground Rectangular Structures with Openings.

2-15.4.1. General

Two structural configurations are usually encountered
when bla3t loads are determined on structures with unsealed or unprotected
openings in its exterior. The first configuration includes windows, doors or
other openings located in both the front and rear walls as well as along the
side walls of the structure. The second would include openings located only
in the front face of the structure. The remaining surfaces are void of open-
ings, The second configuration is the one most likely to be encountered since
interior partitions will restrict the flow of the blast wave through the
structure. Increased interior blast loads are produced due to the reflection
of the blast wave on interior components. The blast loads associated with the
second configuration are primarily discussed in this section with comments re-
garding the loads pertaining to the first configuration.

When a shock front strikes the front wall of a structure, the incident pres-
sure is amplified. Windows and doors will fall almost: immediately (approxi-
mately one millisecond) after the onset of the shock front unless they were
designed to resist the applied load. As a result, blast pressures will flow
into the structure through these openings. This sudden release of high pres-
sure will cause a shock front to form inside of each opening. Each individual
front will expand and tend to combine into a single front which will further
expand throughout the structure's interior. This interior shock is initially
weaker than the incident pressure at the building's exterior. However, the
interior pressure will tend to get stronger due to reflections off interior
building components.

An idealized structure configuration is shown in Figure 2-200. The incident
shock front arriving at the front wall of the structure has an incident pres-
sure Pso and wave length Lw. As the shock front sweeps across the structure,
blast pressures enter the interior of the building through the opening in the
front wall of area A0 . The area of multiple openings are added co obtain a
ficvitJ.ous single opening located at the center of the front wall. The blast
pressures entering the building first load the interior surface of the front
wall, followed by the interior surface of the side walls and roof, and finally
t:he interior surface of the back wall. The idealized pressure-time load cur-
w, for these surfaces are presented in Figure 2-201. The procedures neces-
sary to obtain the magnitude of the parameters given on the idealized load
curves for a particular explosion are presented in the remainder of this sec-
tion, Except for the front wall, the blast pressures acting on the exterior
of the structure are not affected by the opening and are determined according
to the procedures of the previous section.

The primary purpose of this section is to provide the blast 'oadlng on the
interior surface of an exterior wall so that the maximum outward motion of the
wall may be determined. It is not the intent to use these interior loads to
reduce the exterior positive phase loading. Except for the front wall, accu-
rate phasing of the interior and exterior blast loads are not possible. The
interior loads will always Lag the exterior positive phase loading and. due to
reflections off interior components, the duration of the interior load is al-
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ways longer. For design, the interior blast loads should be added to the neg-
ative phase exterior loading to obtain the maximum outward motion (negative
response) of a side wp.ll, roof or back wall. The maximum positive responas
should be determined for the exterior positive phase loading without any re-
ductiuns due tc internal pressures. In most instances, interior partitions
are required to withstand the blast pressures leaking into a structure. The
procedures presented in this section may be used to determine the design blast

load acting on these elements. An interior partition located parallel to the
front wall will reflect the shock front and, therefore, is considered as a
back wall, The length of the side wall would then be taken as the distance
between the front wall and this partition. An interior partition(s) perpen-
dicular to and framing into the front wall may be considered as a side
wall(s). The length of the front wall would then be taken as the distance be-
tween an interior partition and a side wall or between two interior parti-
tions. In both cases, only the openings located between these partition walls
would be considered as the vent opening.

The procedures presented in this section to determine interior blast loads ac-
ting on a structure with an opening in the front wall were developed for a
shock front striking the front wall head-on. For the same size opening in a
front wall, this orientation of the approaching shock front results in the
most severe interior shock wave effects. The use of these procedures for
shock fronts approaching at all other angles will result in conservative esti-
mates of the blast loadings acting on the interior of the structure.

2-15.4.2, Exterior Front Wall Loads

The time required for reflected pressures to clear a solid front wall is ex-
pressed in multiples of the time necessary for a rarefaction wave to sweep the
wall. When walls with openings are considered, clearing takes place ground
the edges of the opening in addition to the edges of the wall. Depending upon
the size of the overall wall and the openings, the clearing time of the re-
flected pressures may be significantly reduced.

The pressure-time relationship of the applied blast load acting on the front
wall of a structure with openings is the same as that of a solid front wall
(Fig. 2-191) except the clearing titae will be reduced. To evaluate this -

duced time, the value of S' is introduced into Equation 2-8. This value i-
the weighted average distance that tha zarefaction wave must travel to coverthe wall assuming iionediate access o0 F t-e incident shock to the interior of

the structure. If frangible covers (wivdows, doors) do not fail immediately,
the clearing time should not be reducce

The method for evaluating S' is illustrated ii. F'iure 2-202 where the face of
the front wall is divided into rectangular area5 These areas are determined
by the location and dimensions of the openings in ute wall, and by considera-
tion of the direction along which che reflected pros';zre clears around the
area in the shortest possible time. The individual sueas are labeled depend-
ing upon the number and location of the clearing sid:. of the individual
areas. Clearing factors 6 are established for thas. areas as follows:n
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Area 6n Number of Clearing Sides

n!

1 1.0 Two adjacent sides
2 0.5 Two opposite sides
3 1.0 Or.e side
4 1.0 None

The weighted average clearing distance S' is expressed as:

E 6n hnAn
IS 0 -- ___ 2-13

Af
where

S' - weighted average clearing distance with openings

6 -clearing facto-.
In

li average clearing distance for individual areas as follows:

Area . - width or height of area whichever is smaller
Area 2 ,. distance between opposite sides where clearing occurs
Area 3 - distance between side where clearing occurs and opposite side

E Area 4 - same as Area 1

An area of individual wall subdivision

Af - net area of the wall excluding openings

The clearing time t'c for a front wall with opening is calculated from Equa-
tion 2-8 in which S' is substituted for S or

4S1
to- 2-14

(1 + R) Cr

where all components of Equation 2-14 have been previously defined. It should
be realized that the load acting on the front wall with openings is still the
same as that shown in Figure 2-191 except with the reduced clearing time, t'c.
The curve which represents the wall loading is still the curve which gives the
lower impulse.

As previously stated, window breakage will require a finite length of time.
This time may be evaluated using the resisting functions of Chapter VI and the
"dynamic procedures of Chapter 3. This time must be accounted for in dotar-
mining the window contribution to the blast pressures acting on the wall.

2-15.4.3. Interior Front Wall Loads

The average pressure acting on the interior face of the front wall will ini-
tially build up in a similar manner as

Adib. the average pressure on the exterior back wall of a closed structure. How-
ever, vortices are located all around the interior edges of all openings in
the front wall.. The effect of these vortices, which tend to reduce the blast
load, has been neglected.
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The shock front entering through the opening in the front wall travels along
the interior face of the front wall, thereby subjecting the wall to incident
")ressures. When the front reaches the side wall, it is reflected bach. The
ler.gth of wall loaded by this reflected wave is a function of the wave length,
Lw. The average pressure acting on the wall is determined assuming a single
opening of area Ao located at the center of the wall. In the case of multiple
openings, a single opening equal to the combined area of all openings is lo-
cated in the center of the front wall.

The idealized pressure-time blast load acting on the interior face of the
front wall is shown in Figure 2-201a. The time at which the shock front ar-
rives at the exterior surface of the front wall is taken as zero (To - 0).
The blast load acting on the wall begins at time TI. This time represents the
time it takes for the shock front to enter the structure through the opening
Ao. The pressure buildup is linear from time T1 to a maximum pressure Pmax at
time T2 , and then it decays linearly to zero at time T3 .

The maximum average pressure Pmax acting on the interior face of the front
wall varies as a function of the incident pressure Po axud the wavelength Lw
corresponding to that pressure, and the geometry of the wall. Figure 2-203
through 2-206 give the maximum pressure Pmax acting on front walls having
width to height ratios (W/H) equal to 3/4, 3/2, 3 and 6, respectively.

The idealik.ed times TI, T2 and T3 are also obtained from plots of front walls
having width to height ratios W/H equal to 3/4, 3/2, 3 and 6. The arrival
time T1 of the load is given in Figures 2-207 and 2-208 as a function of the
incident pressure acting on the exterior surface of the front wall Pso for
various opening to wall area ratios AO/Aw. The rise time of the load, T2 -T
is given in Figures 2-209 and 2-210 as a function of Pso and various wave
length to width of front ratios Lw/W. Finally, the duration of the load T3
T, is given in Figures 2-211 and 2-212 again as a function of Pso and Lw/W.
The times T2 and T3 are obtained from subtracting T1 from t'e rise time and
duration, respectively.

Failure of the cover sealing openings in a building (windows, doors) will af-
fect the onset of the blast load acting on the interior surface of the front
wall. Due to the time required to cause failure of the covers, the onset of
the interior pressures may not *e in phase with the onset of the exterior
blast load. Therefore, care must be taken to arrive at a combined loading for
the structural element.

2-15.4.4. Interior Side Wall and Roof Loads

The blast pressures entering the interior of the building through the opening
in the front wall (multiple openings are combined to form a single opening)
must travel along the interior face of the front wall before arriving at the
side wall. The incident pressures arriving at the side wall are increased due
to reflection off the wall itself. The front expands and travels across the
side wall until it reaches the back wall. It is then. reflected off the back
wall, and the reflected wave travels back across the side wall towards the
front wall. The length of side wall loaded by this reflected wave is a func-
tion of the wave length L..
The idealized pressure-timo blast load acting on the interior face of the side

wall and roof is shown on Figure 2-201b. The same assumption is made for the
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Ah side wall and roof as for the interior front wall. That is, the time at which
the shock front arrives at the front wall of the structure is taken as zero
(To - 0). The time T, represents the time it takes the shock front to travel
from the opening across the interior face of the front wall to the side wall
(or roof). The pressure build up is linear from time T, to a maximum pressure
Pmax at time T2 , remains constant until time T3 and decays linearly to zero at
time T4 . This idealized curve applies to both the side walls and roof. The
structure configuration parameters as given in Figure 2-200 apply for side
wall loadings. However, to determine the roof loading, the structure must be
rotated 90 degrees so that the roof takes the position of a side wall. The
width and height of the structure must be interchanged. All other parameters
are riot effected.

The maximum average pressure Pmax acting on the interior face of the side wall
(or roof) varies as a function of the incident pressure Pso acting on the ex-
terior face of the front wall, the wavelength LW corresponding to Pso, and the
geometry of the structure. Since a large number of plots would be required to
describe Pmax for the blast and geometric parameters involved, an equation has
been developed. The value of Pmax is given by:

Pmax " K/(I /L) 2-15

For 6 • W/H • 3/2

K - ( A + [ B x (Lw /L)C ] ) x D x E x Pso025 2-16

where

A - [0.002 (W/H) 1 ' 4 4 6 7 ] 0.0213 2-17

B - 2.2075 - [1.902 (W/1)" 0 .085 2-18

C - 1.231 + [0.0008 ,W/H)2.678- 2-19

D - [2.573 (L/H)-0444] - 0.3911 2-20

E - 0.4221 + [1.241 (Ao/Aw)0.367 2-21

For W/H - 3/4

K - A x B x CE x FH x Pso 0 . 9 7 1 8  2-22

where

A - [0.5422 (Lw/L) 1 ' 2 9 4 4] - 0.001829 2-23

B - [0.654 + 2.616 (Ao/Aw) - 4.928 (Ao/Aw) 2 ] 2-24

[2.209 (L/H)" 0 . 3 4 5 1 - 0.739]

C - 0.829 + 0.104 (Lw/L)I'6 2-25

+ [0.00124 + 0.00414 (Lw/L) 3 "3 3 4 ] [L/H]D

D - 2.579 - 0.0534 (Lw/L)3.891 2-26
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E - 999 (Ao/AW)9"964 2-27

F 1.468 - 1.6627 (Ao/A.)0.7801 2-28

+ [1.8692 - 1.1735 (Ao/Aw)"0I2226] [LW/L]

G - 0.2979 (Ao/Aw)'1" 4 8 7 2 - 0.8351 2-29

H - (5.425 x 1.04 ) + (1.001 x 10-9) (L/H) 9 "9 6 5 2-30

For 3/2 > W/H > 3/4, g .phical interpolation is required to determine Pmax"
Several values of Pmax are determined from Equation 2-15 for values of W/H
equal to 3/4, 3/2, and preferably two values greater than 3/2. A plot of Pmax
versus W/H is prepared and the value of Pmax is read for the required W/H.

The idealized times T1 and T2 are determined from Figure 2-213. These times
are presented as a function of the incident pressure Pso arriving at the ex-
terior of the building and the width to height ratio W/H of the front wall.
Since the distance that the shock front must travel across the front wall is
taken from the center of the opening, times T, and T2 are not a function of
the area of the opening. This assumption will not result in significant
errors since the openings considered are comparatively small.

The idealized times T3 and T4 are determined from Figures 2-214 through 2-229.
Each figure is prepared for a given structure configuration defined by the
length to height ratio of the side wall L/H and the width to height ratio of
the front wall WiH. The times T3 and T4 are given on each figure as a func-
tion of the incident pressure Pso and various values of the wave length to
side wall length ratio Lw/L. As explained above, these times are not a func-
tion of the area of the opening. For ease of reference, the,- figures are
listed in table 2-4 for the various L/H and W/11 ratios provided. In most
cases, interpolation will be required to obtain the correct values of T3 and
T for the given structure configuration.

2-15.4.5. Interior Back Wall

The blast pressures entering the interior of the building through the opening
in the front wall must travel the full length of the building before arriving
at the back wall. The incident pressure arriving at the back wall is essen-
tially uniform over the wall. This pressure is immediately increased to the
normal reflected pressure when it strikes the back wall.

The idealized pressure-time blast load acting on the interior face of the back
wall is shown in Figure 2-201c. Again, the time at which the shock front ar-
rives at the front wall of the structure is taken as zero (To - 0). The time
T1 represents the time it takes the shock front to travel from the opening to
the back wall. The pressure buildup is instantaneous to PRIB due to the nor-
mal reflection of the shock front and then decays to zero at time T2 . This
loading is similar to the loading of an exterior front wall except that clear-
ing is not possible.

The maximum average pressure PRIB acting on the back wall is obtained from
Pigures 2-230 and 2-231. Each figure is prepared for a given value of L/H.
The ratio of the maximum, average pressure on the back wall to the incident
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pressure PRIB/Pso is given as a function of Pso for various values of Ao/Aw.
Interpolation between figures may be necessary for a given structural configu-
ration.

The idealized time T is determined from Figures 2-232 and 2-233. Each figure
is prepared for a given value of the width to height ratio of the wall W/H.
The time T, is given as a function of the incident pressure Pso for various
values of the wall length to height ratio L/H and the ratio of the opening
area to the wall area AO/Aw. The duration of the load T2 -T1 is determined
from Figure 2-234. The time is given as a fhAnction of the incident pressure
P50 for various values of Ao/Aw. Since the back wall is located at the great-
est distance from the front wall, the area of the opening has a significant
effect on these times and must be considered.

2-15.5. Pressure Buildup In Structures

2-15.5.1. General

The procedures in Section 2-15.4 are for determining the net effects of shock
loads entering openings in structures from windows or doors which are not de-
signed to withstand the applied blast loads. In certain cases, structures may
have closures which are designed to resist the blast loading, but have very
small openings due to vents and ducts, which will not withstand the blast. In
this case, the small opening will not allow the shock front to develop inside
the structure. However, the structure experiences an increase in its ambient
pressure (a "filling" pressure) in a time that is a function of the structure
volume, area of the openings, and applied exterior pressure and duration.
Since personnel exhibit a tolerance limit to such pressure increases, a method
of determining the average pressure inside the structure is needed. It should
be noted that the interior pressures immediately adjacent to the openings will
be higher than the average pressure.

2-15.5.2. Method of Calculation

The following procedure is applicable for structures with small area-volume
ratios and applied blast pressures less than 150 psi. The change in pressure
6Pi inside the structure within a time interval 6t is a function of the pres-
sure difference at the openings, P-Pi, and the area-volume ratio, Ao/Vo:

6Pi - CL (Ao / Vo) 6t 2-31

where

CL - leakage pres:ure coefficient and a function of the
pressure difference P-Pi and is obtained from Figure 2-235

P - applied exterior pressure

Pi- interior pressure

6Pi - interior pressure increment

4 Ao - area of openings

Vo - structure volume
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6t time increment

The interior pressure-time curve is calculated as follows:

7 (1) Determine the pressure-time history of the applied blast pressures
P acting on the surface surrounding the opening as presented in
Section 2-15.3.

(2) Divide the duration to of the applied pressure into n equal inter-
vals (St), each interval being approximately to/lO to to/20, and
determine the pressures at the end of each interval.

(3) Compute the pressure differential P-Pi for each time interval, de-
termine the corresponding value of CL from Figure 2-235, and cal-
culate 6P from Equation 2-31 using the proper values of Ao/Vo and
6t. Add IPi to Pi for the interval being considered to obtain the
new value of Pi for the next interval.

(4) Repeat for earh interval using the proper values of P and Pi,
When P-Pi becomes negative during the analysis, the value of CL
must also be taken as negative.

The above procedure is most easily accomplished by using a tabular arrangement
for the required computations. An illustrative example is presented in Appen-
dix 2A.

Ah

A22
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Table 2-1 Heat of Detonation and Heat of Combustion

Explosive Heat of Heat of

Name Symbol Detonation (ft-lb/lb) Combu~stion (ft-1b/lb)

Baratol 1.04 E+06
Boracitol 5.59 E+06

BT~ 2.37 E+06
Composition B Comp B 2.15 E+06 3.91 E+06
Composition C-4 Comp C-4 2.22 E+06
Cyclotol 75/25 -2.20 E+06 3.68 E+06

DATB/DATNB 1.76 E+06 4.08 E+i06
D1PAM( 1.89 E+I06
DNPA 1.48 E+06
EDNP 1.72 E+06
FEFO 2.03 E+06

Mx2.27 E+06 3.31 E+06
HNAB 2.06 E+06
HNS 1.99 E+06
LX-01 2.41 E+06
LX-02-1 1.99 E+06
LX-04 1.99 E+-i06
LX-07 2.08 E+06
LX-08 2.77 E+06
LX-09-0 2.24 E+06
LX-10-0 2.17 E+06

I'LX-11 1.72 E+06
LX-14 2.20 E+06

N%'2.22 E-i3 6 2.26 E+06
NQ 1.49 Z+06 2.79 E+06

Octol 70/30 2.20 E+06 3.81 E+06
PBX-9007 2.18 E+06
PBX-9010 2.06 E+06
PBX-9011 2.14 E+06
PBX-9205 2.04 E+e06
PBX-9404 2.18 E+06
PBX-9407 2.24 E+06 3.31 E+i06
PBX-9501 2,22 E+C5

Pentolite 50/50 - 2.14 E+06
FETN 2.31 E+06 2.70 E+06
RDX 2.27 E+06 3.20 E+06
TETRYL 2.11 E+06 4.08 E+06
TNETB 2.34 E+06
TNT 1.97 E+06 5.05 E+06
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.1 dI iTable 2-3 List of Illustrations for Average Peak Reflected Pressure and
Scaled Average Unit Reflected Impulse

Average Peak Scaled Average Unit
Reflected Pressure Reflected Impulse

h/H 3./L Number of Adjacent Reflecting Surfaces
One Two Three Four One Two Three Four

0.10 0.10 2-52 2-64 2-80 2-92 2-101 2-113 2-129 2-141
0.25 2-53 2-65 2-81 2-93 2-102 2-114 2-130 2-142
0.50 2-54 2-66 2-82 2-94 2-103 2-115 2-131 2-143
0.75 2-53 2-67 2-81 2-93 2-102 2-116 2-130 2-142

0.25 0.10 2-55 2-68 2-83 2-95 2-104 2-117 2-132 2-144
0.25 2-56 2-69 2-84 2-96 2-105 2-118 2-133 2-145
0.50 2-57 2-70 2-85 2-97 2-106 2-119 2-134 2-146
0.75 2-56 2-71 2-84 2-96 2-105 2-120 2-133 2-145

0.50 0.10 2-58 2-72 2-86 2-98 2-107 2-121 2-135 2-147
0.25 2-59 2-73 2-87 2-99 2-108 2-122 2-136 2-148
0.50 2-60 2-74 2-88 2-100 2-109 2-123 2-137 2-149
0.75 2-59 2-75 2-87 2-99 2-108 2-124 2-136 2-148

0.75 0.10 2-61 2-76 2-89 2-95 2-110 2-125 2-138 2-144
0.25 2-62 2-77 2-90 2-96 2-111 2-126 2-139 2-145
0.50 2-63 2-78 2-91 2-97 2-112 2-127 2-140 2-146
0.75 2-62 2-79 2-90 2-96 2-111 2-128 2-139 2-145
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Ie

Table 2-4 List of Illustrations for Interior Side Wall Idealized Times T3

and T4

L/H W/H

3/4 3/2 3 6

1 2-214 2-215 2-216 2-217

2 2-218 2-219 2-220 2-221

4 2-222 2-223 2-224 2-225

8 2-226 2-227 2-228 2-229

I2

1 2-286
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PRIMARY AND SECONDARY FRAGMENTS

2-16. General

Previous sections in this chapter have discussed explosive accident predic-
tions in reterence to studies of blast waves and their effects. Significant
damage fiom accidental explosions can also be caused by the impact of frag-
ments or objects which were generated during the explosions and hurled against
structures or other receivers at high speed.

Fragments resulting from accidental explosions can be divided into two cate-
gories. The term "primary fragment" denotes a fragment from a casing or con-
tainer of an explosive source or a fragment from an object in contact with an
explosive. If the source is a true high explosive, the container or casing us-
ually ruptures into a large number of small primary fragments which can be
projected at velocities up to several thousand feet per second by the explo-
sion. For bomb and shell casings, typical weights of damaging fragments re-
covered in field tests are about 0.032 oz. These primary fragments, though
irregular, are usually of "chunky" geometry, i.e., all linear dimensions are
of the same order.

Containers or casings which fragment or burst during explosions are not the
only sources of fragments and missiles. Other potentially damaging objects,
known as "secondary missiles" or "secondary fragments" can also be produced
due to the blast wave irtteraction with objects or structures located near the
explosive source. These objects can be torn loose from their moorings, if
they are attached, and accelerated to velocities high enough to cause impact
damage. The objects could be pieces of machinery, small tools, materials such
as pipes and lumber, parts of buildings or other structures disrupted by the
explosions, and large pieces of equipment. Chal.acteristics -f both primary
and secondary fragments (often referred to as secondary "debris" to dis-
tinguish them from primary "fragments") will be discussed in this section.

2-17. Primary Fragments

2-17.1. General

The explosion of a cased donor charge results in the formation of primary

fragments which are produced by the shattering of the explosive container.
The container may be the casing of conventional munitions, the kettles,
hoppers, and other metal containers used in the manufacture of explosives,
metal housing of rocket engines.

Primary fragments are characterized by very high initial velocities (in the
order of thousands of feet per second), a large numner cf fragments, and rela-
tively small sizes in nomparison to secondary fragments and concrete fragments
formed due to partial failure or total collapse of protective elements. The
initial velocity and size of the fragments are functions of the thickness of
the metal. container, the shape of the explosive as a whole (spherical, cylin-
drical, prismatic), and the sections of the container (ends and middle) from
which the fragments are formed. The size and shape of the fragmentc will de-
pend greatly on the metallographic history of the casing, its physical condi-
tion (such as dents, grooves, bends, or internal cracks or flaws), and the
condition of joints, most notably welded joints.
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Upon detonation of a cased explosive, the casing breaks up into fragments with mw
varying weights and velocities. The destructive potential of these fragments
is a function of their shapes, materials, momentum and kinetic energy distri-
butions. Since only the larger fragments have the momentum necessary to per-
forate a barrier and/or cause propagation of explosions, they are usually the
only fragments of concern in.design ot a protective system. Therefore,
through testing or analysis, the velocity and weight of the "worst case" frag-
ment must be determined and used as a design criterion.

2-17.2. Initial Fragment Velocity

2-17.2.1. Explosives with Unifori, Cylindrical Containers

The most common technique for calculatin& the initial velocity of fragments ln
contact wit!. an explosive charge is the Gurney method. The initial velocity
of primary fragments resulting from the detonation of a cased explosive is a
function of the explosive output. and.' the ratio of the explosive charge weight
to casing weight.

The initial velocity of primary fragments resulting from a high-order detona-
tion of a cylindrical casing with evenly distributed explosives is expressed
as:

* . -1/2
vo - (2E') 1/ 2  2-32

1 -0.5 W/W~

and, applying a 20 percent factor of safety, the design charge weight is:

W - 1.2WACT 2-33

where

vo- initial velocity of fragments

(2E')1/2- Gurney Energy Constant from Table 2-5

W - design charge weight

We - weight of casing

WACT - actual quantity of explosive

The ratio of Gurney energy to the heat of detonation E'/6H, represents the
conversion efficiency of chemical energy to •Gurney" energy. if E' is unknown
for a particular explosive, and 6H is known, E'!6H may be determined for a
similar explosive (i.e., similar heat of detonation) and the value used to es-
timata the Gurney energy.

2-17.2.2, Explosives with Non-Uniform Cylindrical Containers

Cylinders are the most common shape of cased explosives. Along the length of
the cylinder, there/may be a large variation in the thickness of the casin,
and its outside diameter. In such cases, the cylinder is divided into a
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AM series of equivalent cylinders. This method is further discussed in Sect'-on
2-17.3.2.

Gurney's equations were developed for cased explosives where the explosive is
in direct contact with the outer metal casing. Several conditions are illus-
trated in Figure 2-236 where the explosive and outer casing are separated by
an incompressible fluid. The initial velocity of primary fragments resulting
from the detonation of such items may be approximated by using the Gurney
equations with slight modifications. The actual weight of the explosive is
increased by the required 20 percent factor of safety. The design charge
weight is:

W - 1,2 WACT 2-34

and, the weight of the casing is increased to include the weight of the fluid
and the weight of the inner casing which surrounds the explosive, if present,
or:

Wc - WCO + WCI + WA 2-35

where

W - design charge weight

WACT - actual quantity of explosive

Wc - total weight of casing

WCO - weight of outer casing

Wc, - weight of inner casing

WA - weight of fluid

2-17.2.3. Explosives with Non-Cylindrical Containers

Gurney formulas for some additional geometries are given in Table 2-6. A plot
of velocity versus caring to charge weight ratio for various geometries i.;
shown in Figure 2-237.

The shapes considered in Figure 2-237 are assumed to have an evenly distri-
buted explosive and a unif'.rm container (casing) or plate thickness. However,
for these cases where the shape is slightly nonuniform, the initial velocity
of the resulting fragments may be estimated by using the average cross-
sectional dimensions.

2-17.3. Fragment Mass Distribution

2-17.3.1. Explosives with Uniform Cylindrical Containers

The fragmentation pattern and the weighit of the largest fragment result-iT-e,
from the high-oi-der detonation of an evenly-distributed explosive it) ; -.
drical metal case of uniform thickness have been calculated according Cc ruia-
tionships developed on the basis of theoretical considerations confirmed with
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a large number of tests. The rumber of fragments produced by a cylindrical
cased charge weighing more than a given design fragment is:

1/2
[Wf /MP]

8Wc e
Nf -2-36

2
MA

and

5/6 1/3

MA Btc di (1 + tc /di) 2-37

where

Nf - uumber of fragments with weight greater than Wf

Wc - casing weight

W- design fragment weight
7f

MA - fragment distribution factor

B - explosive constant from Table 2-7Cn
• " average casing thickness

di - average inside diameter of casinL

The largest fragment produced by an explosion can be found by setting Nf - 1.
Thus, the weight of the largest fragment is given by:

2
[~21

Wf M Hln (BWC H A 2-38

Setting the fragment weight Wf equal to zero, the following expression for the
total number of fragments is obtained:

NT - 8Wc/MA 2  2-39

where: NT - total number of fragments

P Hence, average particle weight can be found:

16Wc /NT 2MA 2

where

Wf - average fragment weight
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For design purposes, a confidene.-a level CLo wre( CL < 1), can be defined
as the probability that the weight, W~~ id the lAr&G'st weight fragmaent
released. The expression for the~ des ]:n fragmant weight correpponding to a

IX prescribed design confidence level (CL) ia given As:

1/2

C~m Nf /NT 1  1  2-41

or rearranging terms:

2 2
Wf - HA In (1 C) 2-42

Equ~ation 2-42 can then be used to calculate the design fragment weight for a
prescribed design confidence level. Note that Equation 2-42 uses an infinitc
distribution to describe a physical phenomenon which has a finite upper limit.
Equation 2-42 may be used for CL :5 0.9999. If CL > 0.9999, use:

1/21

SH2 in [2 1 C ~ a- -[4(Wc) M A)J24

The number of fragmsents with weight greater than Wf is:

Nf' - NT (1 - CL) 2-44

IL should be noted that Equations 2-41 through 2-44 are not applicable to cas-
Ings designed to fragme~nt in a specific pattern.

In order to facilitate design calculations, Figure 2-238 is available for de-
termnining the quantity MA/B for a given cylindrical casing geometry and
Figures 2-239 and 2-240 provide the value of Wf/M4 corresponding to a Spec-
ified confidence level. Figure 2-239 is appiicabte for a wide range of confi-
dance levels (0.3 -5 CL < 1.0) whereas Figure 2-240 is applicable for high con-
fidence levels (0.986 :5 CL :5 1).

To calculate the actual number of fragments with a weight greater than the de-
sign fragmsent weight, Equation 2-36 can be applied directly. Alternatively,
Figure 2-241 presents a plot of the quantity B2N/W versus the casing geome-
try. The nuaber of fragmeonts with weight greater than Wf can then be calcu-
lated from Equation 2-44.

2-17.3.2. Explosives with Non-Uniform Cylindrical Containers

The equations in Section 2-1/.3.1 were developed assuming a uniform cross-sec-
L-ion along the aiiis of the cylinder with evenly distributed explosive in
direct contact with the outer casing. Actual. cased explosives rarely conform
to these ideal conditions. If there is only slight vuariation in the casing
thickness and/or casing diameter, the fragment weight may be estimated using
an average casing thickness and diamneter in Equation 2-37.

If the cross-section varies greatly, tl'e container is treated as a series of
equivalent cylinders representing the actual shapo as closely as possible
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(Fig. 2-242), Using the average casing thickness ai~d diameter of each
section, the velocity and weight of the design fragmen-. must be determined for
each section. The worst case fragment of the equivalent cylinders is then
taken as the design fragment for the entire container.

Cylindrical explosives with steel and hollow cores are shown in table 2-6.
The fragment mass distribution may be estimated for these shapes using the
uniform cylinder equations of Section 2-17.3.1. In applying these equations,
the same procedures as outlined above for nonuniform cylinders are employed,
except that the steel or hollow cores are neglected in the calculations.

Figure 2-236 illustrates the cased explosive where the explosive and outer
casing are separated by an i.ncompressible fluid. The outer casing is much
thicker than the inner casing which encloses the explosive. Here again, the
fragment mass distribution may be estimated using the uniform cylinder equa-
tions of Section 2-1/.3.1 except as indicated below. The heaviest fragment
will fracture from the outer casing. Thus, Wc should be the weight of the
outer casing orly. The thin inner casing is neglected in the calculations.
In addition, since the ratio of explosive weight to casing weight (WiWc) is
small, the fragment distribution factor (MA) should be the larger of that giv-

en in Equation 2-36 aud Equation 2-44 as follows:

K 13/2

[Ui+ L JW .1/2
H A - Ate.-- + ] 2-45

dii 2W.

where
A - explosive composition constant from table 2-7 and all other terms

are as prev.ously defined.

2-17.3.3. Explosires with Non-Cylindrical Containers

Information is not presently available for evaluating the number and weight of
fragments from charges other than those having a cylindrical casing.

The equations of Section 2-17.3.1 can only be employed to calculate masses of
primary fragments which evolve from accidents involving an explosiva detona-
tion witihin a container of some sort, such as a casing, a storage tank, or a
confining piece of machinery such as a centrifuge or press. Weight•i of frag-
ments created as a result of a given quantity of explosixe eetonating whilebeing machined or in an -unconfined space must be estimated using other

methods.

2-17.4. Variation of Fragment Velo-ity with Distance

When an explosion is located close to an slject: (acceptor explosive or barri-
er), the velocity vs at which a fragment strikes the object is approximately
equal to the initial velocity vo. However, if the detonation is located at: a
relatively large distance from the object, then the impact or scriking veloc-
ity of the fragment may be substantially less than its velocity inmnediately
after the explosion. This vk.riation in velocities, which is primarily a re-
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sult of air resistance, is also a function of the physical properties of the
casing and the distance between the donor explosive and the object.

When the protective barriers are located 20 feet or less from a detonation,
the variation between striking and initial velocities usually may be ne-
glected. On the other hand, for determining the effects of primary fragment
impact on structures further away from a detonation, the variation of fragment
velocity with distance should be included in the design. The fragment veloci-
ty of major concern is the velocity with which the "design fragment(s)" (the
worst case fragment(s) which the structure must be designed to withstand)
strikes the protective structure. This striking -elocity is expressed as:

-. i12kvRf

vs -vo e 2-46

and

kv- (A/Wf) Pa CD 2--41

where
Vs - fragment velocity at a distance Rf from the center of detonation

vo - initial (maximum) fragment velocity

Rf - distance from the center of detonation

kv -velocity decay coefficient

A - presented area of the fragment

Wf - fragment weight

A/Vf - fragment form factor

Pa specific density of air

CD - drag coefficient

The decay coefficient can be evaluated as:

A/Wf - 0.78 /WfI/ 3  for a random mild steel fragment

Pa - 0.00071 oz/in3

CD - 0.6 for primary fragments

The resulting expression for the striking velocity is:

-[.004Rf/Wfl/ 3]
vs - v. e 2-48

Figure 2-243 shows the variation of primary fragment velocity with distance.
The term initial velocity refers to the maximum fragment velocity as the frag-
went is ejected from the charge. Due to the extremely high rates of fragment
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acceleration, this velocity is considered to be attained by the fragment prior
to moving appreciably from its initial position.

2-17.5. Primary Fragments - Shape, Caliber Density and Impact Angle

2-17.5.1. General

In order to determine the damage potential of primary fragments, it is neces-
sary to evaluate the caliber denalty, shape and &ngle of obliquity of the
fragments, and the previously described weight and striking velocity. When a
container fragments, a random distribution of fragment shapes results.
Section 2-17.3 contained a method for determining the weight distribution of
primary fragments. From the weight of the fragment and shape of the contain-
ment vessel, one can estimate the size of individual fragments. This secticn
discusses a method for performing an engineering estimate of a standard design
fragment(s) for use in fragment impact damage.

2-17.5.2. Shape of Primary Fragments

Two possible fragment shapes are shown in Figure 2-244 for explosives in con-
tact with the outer casing. The blunt fragment shape in Figure 2-244 is con-
sidered as the standard shape in the design charts presented in the following
section. While the standard fragment has a milder nose shape than the alter-
nate fragment, the standard fragment is generally considered appropriate for
use in design since (I) only a small number of fragments will strike the
structure nose-on, and (2) only a small fraction of these fragments will have
a more severe nose shape than the standard fragment. In addition, the length-
to-diameter ratio of these fragments is felt to be more representative of an
average fragment configuration. For convenience, a plot of fragment weight

versus fragment diameter for these two fragment shapes is given in Figure 2-
245.

There is little data available concerning the shape of a fragment ejected from
a cased explosive where the explosive is not in direct contact with the casing.Fig. 2-236). Consequently, the worst possible shape is assumed, a thin rec-
tangular or circular rod. The diameter of the cross-section (the Lhickness of
a rectangular cross-section) is equal to the casing thickness at rupture.

The fragmentation pattern of this type of cased explosive oioemwlat resembles
that of a ruptured pressure vessel. The casing diameter typl.;ally expands be-
fore rupturing and, therefore, to conserve mass, the casing thickness must be
decreased.

it is assumed that the outside diameter expands to 1.5 times the original di-
ameter. Thus, the adjusted inside diameter is:

di, - [ 1.25 (di + 2to)4 + di 2-49

where

di' - adjusted inside diameter of casing

di - original inside diameter of casing
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t- original casing thickness

The adjusted or "necked-down" thickness is:

te' -0.75 (dj + 2tc) - 0.5di' 2-50

where
t - adjusted casing thickness

Assuming a circular cross-section, the length of the fragment is:

4Wf
Lf -: LcyI 2-51UPC (tc')

where
Lf - length of the fragment

Wf - weight of the fragment from Section 2-17.3

PC density of casing material

Lcy -length of the cylinder or equivalent cylinder

If assuming a circular cross-section, the length Lf calculated is longer than
the length of the cylinder, then a rectangular cross-tection is assumed where
the width is equal to:

Wf
bf - 2-52

Pctc'Lcyl

where
bf - width of the fragment

2-17.5.3. Caliber D6asity

The influence of the fragment weight to fragmEnt diameter ratio is expressed
in terms of the caliber density of the fragment which is defined as:

D - Wf /d 3  2-53

where
D - caliber density

d - fragment diametei:

2-17.5.4. Nose Shape Factor

The nose shape factor expresses the influence of the shape of the primary
fragment and is defined as:

For flat-nosed, solid fragments:

N - 0.72 2-54
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For fragments with special nose shapes:

N - 0.72 + 0.25 (n - 0.2)1/2 < 1.17 2-55

where

N - nose shape factor

n - caliber radius of thb tangent 6give of the assumed fragment nose

2-17.5.5. Impact Angle

The angle of obliquity refers to the angle between the path of the fragment
and a normal to the surface; thus, a normal impact corresponds to an angle of
obliquity uf zero degrebs. A normal impact is usually assumed in penetration
calculations in order to conservatively design for the worst case condition.

2-18. Secondary Pragments

2-18.1. General

The explosion of HE during iome manufacturing or forming process (i.e., nitra-
tion, centriftiging, pressing, and machining on lathe) can result in a large
number of secondary fragments which vary greatly in size, shape, initial
velocity, and range. Each of these parameters affects the damage potential of
an accidental explosion and, therefore, should be considered in the design of
protective structures.

The current state-of-the.art for assessing damage potential requires that the
design engineer estimate the conditions which are likely to exist at the time
of the accident and perform a structural assessment of any equipment which
will be involved. Some of the initial factors to consider are:

(1) Type and amount of HE.

(2) Configuration of HE (i.e., sphere, cylinder, cased, uncased).

(3) Location of HE (i.e,, attached to lathe, resting on support table, con-
tained in centrifuge, proximity to wall& and other equipment).

(4) Type of propagation after ihitiation (i.e., high order, burning, partial
detonation).

if the fragmentation pattern varies with the initial conditions, the Architec-
tural Engineer must examine several likely scenarios to evaluate the damage
potential.

To estimate the weight, shape, and velocity of fragments which result from
detonation of an HE during a manufacturing or forming process, one would per.-
form the following Steps:

(1) Determine distance (R ) from the center of the explosive to the ith
point of interest (refer to structural details of the machine and/or ar-
chitectural drawings).
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(2) Determine the size and shape of the expected fragment (refer to struc-

tural details of the machine).

(3) Determine the fragment velocity (refer to sections 2 18.2 and 2-18.3).

2-18.2. Velocity of Unconstrained Secondary Fragments

To predict velocities of objects accelerated by an explosion, the interaction
of blast waves with solid objects must first be considered. Figure 2-246
shows the interaction of a blast wave with an irregular object. The interac-
tion is shown in three phases as the wave passes over the object. As the wave
first strikes the object, a portion is reflected from the front face, and the
remainder diffracts around the object;. In the diffraction process, the inci-
dent wave front closes in behind the object, greatly weakened locally, and a
pair of trailing vortices is formed. Rarefaction waves sweep across the front
face, attenuating the initial reflected blast pressure. After passage of the
front, the object is immersed in a'time-varying flow field. Maximum pressure
on the front face during this "drag" phase of loading is the stagnation pres-
sur".

To predict the effect of a blast wave on the object, it is necessary to exam-
ine the net transverse pressure on the object as a function of time. This
loading, somewhat idealized, is shown in Figure 2-247. After the time arrival
ta, the net transverse pressure rises from zero to a maximum peak reflected
pressure Pr in time (T1 - ta). For an object with a flat face nearest the ap-
proaching blast wave, this time interval is zero. Pressure then falls linear-

Ah ly to drag pressure in time (T2 - Tl) and decays more slowly to zero in time
llý (T3  - T2)-

The basic assumptions- for unconstrained secondary fragments are (1) the object
behaves as a rigid body, (2) none of the energy in the blast wave is absorbed
in breaking the object loose from its moorings or deforming it elastically or
plastically, and (3) gravity effects can be ignored during the acceleration
phase of the motion. The equation of motion for the object is:

A p(t) - Ma 2-56

where

A - area of object presented to blast front

p(t) - pressure-time history oi blast wave acting on object

M - mass of object

a - acceleration of object

Rearranging terms and integrating:

A A
(T3/ta) adt - - (T3/ta) p(t)dt -- id 2-57

JM J M

where
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v(T 3 ) - initial velocity of the object

id - total drag and diffraction impulse

The integral in Equation 2-57 is the area under the curve of pressure-time re-

lationship. Equation 2-57 can be integrated explicitly if the pressure-time
history can be described by suitable mathematical functions or it can be eval-

uated graphically or numerically if p(t) cannot be easily written in function
form.

For intermediate strength shocks, the solution of Equation 2-57 can be deter-
mined frow a rather long equation. For computational purposes that equation
is presented here in graphical form as Figure 2-248, where

Pso peak incident overpressure

po - atmospheric pressure

CD - drag coefficient

is - incident specific impulse

ao - velocity of sound in air

K - constant (4 If object is on the ground or reflecting surface
and 2 if object is in the air)

H - minimum transverse dimension of the mean presented area of object

X -distance from the front of the object to the location of its largest
cross-section normal to the plane of the sl.ack front

M - mass of object

A - mean presented area of object

vo initial velocity of object

The peak incident pressure P5 and the incident specific impulse is can be de-
termined from Figure 2-7 knowing the scaled distance to the object. Values
for the drag coefficient CD for several common shapes are given in Table 2-8.
This analysis is appropriate for objects "far" from the explosive charge;
thus, the object is not in a high velocity flow field and CD is essentially a
constant. Figure 2-248 can be used in most cases where the distance from the
object to the center of a spherical charge is greater than 20 charge radii,
which is normally considered to be "far" from the charge. For objects close
to a charge, the initial velocity is a function of the impulse on the target,
and the actual pressure-time variation across the object is unimportant. For
this close-in range the impulse acting on the object is equal te the applied
momentua.

i - MV / A 2-58

Thus, the velocity in terms of the actual target shape is:
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-o 10000~A/12M 2-59

where

i -specific acquired impulse

J3 - target shape factor from Figure 2-249

A - area of the target

M - mass of the target

v- velocity of the target

To calculate the specific impulse imparted to a close-in target, the following
equations were developed based on experimental data:

For spherical charges with R/Re 5.07:

1 10.158 r 1.4
BR .~Re /Rt 38,000 [Re R j2-60
eff

and

Reff -Re 2-61

Frcylindrical charges with R/Re _- 5,25:

~~ -0.158 [
BR Ie/Rt -46,500 2-62

AFor cylindrical charges with 5.25 < R/R0 : 10:

i E 0.158 r1~.75
- Re /Rt -161,700 Re /R 2-63

J3Rff

and:
10.333

Reff - .0 e /Re J Re 26

where

i- specific acquired impulse

B3 - nondimensional shape factor of the target from Figure 2-249

Reff - effective radius

Re- radius of the explosive

R -standoff distance
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Rt - target radius

e- length of cylindrical explosive

The effective radius Reff is the radius of an equivalent sphere of explosive
which could be formed from a cylinder of radius R and length 1e.

The specific impulse imparted to a target, as given by Equations 2-60, and 2-
62 and 2-63 for spherical and cylindrical charges, respectively, is plotted in
Figure 2-250. This experimentally derived data should not be used beyond the
distances shown in the figure. When these standoff distances are exceeded,
the specific acquired impi'lse may be apFroximated by using the normal re-
flected impulse obtained from Figure 2-7.

2-18.3. Velocity of Constrained Secondary Fragments

The method used to predict initial velocities of a constrained secondary frag-
ments close to an explosion must first consider the amount of energy applied
to each fragment as well as the energy consumed in freeing the fragment ftom
its support. This relationship can be expressed using the conservation of too-
menttun and allowing the structural constraint to reduce the imparted impulse
as follows:

I - Ist -mV 0  2-65

where

I - total impulse of the blast applied to the fragment

Ist - impulse consuned by the fragmeLIL support connection

m - mass of the fragment

Vo -velocity of the fragment after break away

The value of Ist must be establiL;'ed experimentally. Based on tests, an
empirical expression has been developed for cantilever beams subjected to
closein effects:

-1/2r11
1000 T /2 1/2 .3

vo- 1C2 + C2 ibf / A Af TJ 2Lf / bf 2-66
12 pf

where

T - toughness of material (area under the stress-strain curve) from
Table 2-9

pf - mass density of the fragment

Cl - constant equal to -0.2369

C2 - constant equal to +0.3931
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i unit impulse acting on the member

bf -width of fragment exposed to the blast

A - cross-sectional area in the plan perpendicular to the long
axis of the fragment

Lf - length of fragment exposed to the blast

Equation 2-66 is adequate for determining the fragment velocity when:

ibf / [ pf Ti 1  [2Lf / bf 1 0.602 2-67

When Equation 2-67 is less than 0.602, the magnitude of the vclocity is equal
to zero which indicates that disengagement of the fragment ,vill not occur.

The constants in Equation 2-66 were derived from experimental data and can on-
ly be used for cantilevered beams of steel or aluminum.

An equation similar to that of Equation 2-66 has been developed for clamped-
clamped fragments except that the value of C1 is equal to -0.6498 and C2 ic
equal to 0.4358.

A plot of Equation 2-66 for both canLilever and clamped-clamped fragments is
presented in Figure 2-251.

2-19. Fragment Trajectories

Once primary fragments or secondary missiles have been formed and accelerated
by an explosion, they will move along a specific trajectory until they impact
a target (receiver), or the ground. The forces acting on the fragments and
affecting their trajectories are inertia, gravitation, and fluid dynamic
forces. The fluid dynamic forces are determined by the instantaneous velocity
of the fragmeot at each instant in time. Generally, fragments are quite
irregular in shape and may be tumbling, so a completely accurate description
of the fluid dynamics forces during flight is difficult, if not impossible.
In the trajectory analysis for fragment flight, one usually resorts to some
simplified description of the fluid dynamic forces, and uses the concepts from
aerodynamics of division of these forces into components called drag (along
the trajectory or normal to the gravity vector) and lift (normal to the tra-
jectory or opposing gravity). Then the force components are given at any in-
stant by:

2
FL- CLAL(I/ 2 ) pv 2-68

and

FD - CDAD(l/ 2 ) p v 2  2-69

where
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FL - lift force

FD- drag force

CL - lift coefficient

C - drag coefficient

AL - lift area

AD - drag area

p - density of the mediumi through which the fragment is traveling

v - velocity of the fragment

The lift and drag coefficients are determined empirically as a function of
shape and orientation with respect to the velocity vector, and the magnitude
of the velocity v. Fragments discussed in sections 2-17 and 2-18 are general-
ly of chunky shape, so that CD >> C» for any flight orientation. Thus, they
are called drag-type fragments. The lift force on drag-type fragments is very
small and may be neglected.

In a simplified trajectory problem, where the fragment is considered to move
in one plane, equations of motion can be written for acceleration in Lhe X and
Y directions.

The acceleration in the X direction (drag only) is:

a. - ADCDAO v2 + vy cos e / 2M 2-70

and for the Y direction (drag only):

a 1.2 x 10-5 2 21

- . - ADCDPO vx + vj sin a 2M 2-71

where:

a., ay - acceleration in the X and Y directions, respectively

po - mass density of the medium through which the fragment travels

Vx, Vy - velocity in the X and Y directions, respectively

g - gravity force (32.2 ft./sec.2

M - mass of the fragment

a - trajectory angle

At t- 0:

VX" OCs Uo 2-72
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v y Vsoin %o 2-73

-y where

vo - initial velocity

Cto - initial trajectory angle

The equations shown above can be solved simultaneously t, eventually determine
the distance traveled by the fragment. These equations are vaT.. .d for fragment
velocities up to Mach 1 for standard conditions. Figure 2-252 summarizes the
results of fragment range R for numerous sets of initial conditions for frag-
ments affected only by drag forces. It should be noted that, in this curve,
several initial trajectory angles were used in the analysis to obtain the max-
imum range R for the respective fragments. Thus, one need not know the
initial trajectory angle of a fragment in order to use Figure 2-252.

K3
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Figure 2-244 Primary fragment shape8
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Table 2-5 Specific Weight and Gurney Energy Constant for Various
Explos ive's

Specific Weight V2EI
Explosive (lb/in) (ft/sec)

Composition B 0.0621 9100
Composition C-3 0.0578 8800

SHMX 0.0682 9750
Nitromethane 0.0411 7900
PBX-9404 0.0664 9500
P.ETN 0.0635 9600
RDX 0.0639 9600
TAGOT 0. 0581 7000
TetrvI 0.0585 8200
TN~T 0.0588 8000
Trimonite No. 1 0.0397 '34 00
ITdtonal 0.0621 7600
(TNT/Al -80/20)

A
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Table 2-7 Mott Scaling Constants for Mild Steel Casings and Various Explo-
s ives

A B
Explosive (OZl/2 in. -3/2) (0Zl/2 in- 7/6)

Barato 1 0.51,2
Composition A-3 -0.220
Composition B 0.214 0.222
Gyclotol (75/25) 0.197
H-6 -0.276
HBX- 1 -0.256
HBX-3 -0,323
IPentolite (50/50) 0.238 .t
PTX-1 -0.222
PTX -2 -0.227
RDX 0.205 0.212
I'ettyl 0.265 0.272
TNT 0.302 0.312
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T'able 2-8 Drag Coefficient, CD, for Various Shapes

SHAPE SKETCH CD

CIRCULAR CYLINDER FLO
(LONG ROD), 1.20
SIDE-ON

SPHERE . 0.47

ROD, END-ON 0.82

DISC, FACE-ON OR 1.17

CUBE, FACE-ON 1.05

CUBE, EDGE-ON FLOW 0.80-4j
LONG RECTANGULAR FLOW 2.05
MEMBER, FACE-ON

LONG RECTANGULAR FLOW 1.55
MEMBER, EDGE-ON

FLOW
NARROW STRIP, FACE-ON F.98
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77

Table 2-9 Steel Toughness

Steel Toughness in-lb/cubic in,

ASTM A 36 12,000
ASTIM A 441 15,000
ASTM A514 Grade F 19,000
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SHOCK LOADS

2-20. Introduction

The strong air blast waves and high speed fragments are the primary hazards of
accidental explosions. The exCt :ior of a protective structure is designed
primarily for the blast pressures. In some situations, the fragments may be
just as important as the pressures in determining the configuration of a pro-
tective facility. While the contents of the structure are protected from the
direct effects of blast pressures and fragments by the structure's exterior,
the contents are subject to effects of the building's motion. These structure
motions can cause injury to personnel, damage to equipment as well as
dislodgement cf the §tructure's interior components, including interior parti-
tions, hung ceilings, light fixtures, ductwork, piping, and electrical lines.

Structure motions are caused by what is normally termed shock loads. These
are loads which cause transient or short-duration vibratory motions of the
ground surface and the struct;ure. They do not cause significant structural
damage but instead induce motion which, as stated above, can damage the struc-
ture's interior contents.

There are two distinct types of shock loads: ground shock and air shock
Giound shock results from the energy which is imparted to the ground by an ex-
plosion. Some of this enargy is transmitted through the ground as direct-
induced ground shock. Both of these forms of ground shock when imparted tG a
structure will cause the structure to move in both a vertical and hor¶.zontal
direction. Air shock results from the blast overpressures striking the build-
ing. Vertical, horizontal and overturning motions result from the shock
impact. The vertical and overturniing motions are usually not significant and
can be neglected while the horizontal motions must be considered. Large dis-
placements can result when a structure slides relative to the ground surface.

The net motion of the strv.cture is a combination of the motions du3 to the air
induced and direct-induced ground shock, and the air shock. Curves which de-
scribe the ground motion (acceleration versus time, velocity versus time, and
displacement versus time curves) are not readily calcuiated. However, these
relationships are not required since the design of protective structures to
resist shock loads is based on the peak values of the induced motion rather
than the actual motion-time relationships.

The procedures presented in this section rre applicable for uniform motions.
The shock loads and resulting structure motions apply to rigid concrete struc-
tures located at the low- and intermediate-Dressure design ranges. At
distances corresponding to these pressures, the shock loads are uniform across
the structure. A rigid concrete structure acts as a rigid body, that is, all
components of the structure have essentially the same motion. The procedures
can be applied to structures located close to an explosion and to non-rigid
structures. However, the local effects associated with these conditions mtist
be accounted for in the analysis.

2-21. Ground Shock

2..21.1. Introduction

2-326



TM 5-1300/NAVFAC P-397/AFR 88-22

When an explosion occurs at or near the ground surface, ground shock results
from the energy imparted to the ground by the explosion. Some of this energy
is transmiLted through the air in the form of air-induced ground shock and
some is transmitted through the ground as direct-induced ground shock.

Air-induced ground shock results when the air-blast shock wave compresses the
ground surface and sends a stress pulse into the underlying media. The magni-
tude and duration of the stress pulse in the ground depend on the character of
the air-blast pulse and the ground media. Generally, the air-induced ground
motions are downward. They are maximum at the ground surface and attenuate
with depth. However, the presence of a shallow water table, a shallow soil-
rick interface, or other discontinuities can alter the normal attenuation pro-
cess. The properties of the incident overpressure pulse and the surface soil
layer usually determine the character of air-induced ground shock on above-
ground structures.

Direct-induced ground shock results from the explosive energy being trans-
mitted directly through the ground. This motion includes both the true
direct-induced motions and cratering-induced motions. The latter generally
have longer durations and are generated by the crater formation process in
cratering explosions. The induced ground motion resulting from both types have
a longer duration than air-blast-induced ground shock and the wave forms tend
to be sinusoidal.

The net ground shock experienced by a point on the ground surface is a combi-
nation of the air-blast-induced and direct-induced shock. The relative magni-
tudes and sequencing of the motions are functions of the media (air and soil)
through which the shock travels and the distance from the point of detonation.
At ranges close to the blast, the highly compressed air permits the air-
blast shock front to propagate at speeds greater than the seismic velocity of
the ground. In this region, the super-seismic region, the air blast arrives
at a given point before the direct-indiced ground shock. As the air-blast
shock front moves farther from the point of detonation, the shock front
velocity decreases, and the direct-induced ground.shock catches and "outruns"
the air blast. This latter region is called the outrunning region. Wave
forms in the outrunning region are generally a complex combination of both
types of induced shock. The combined motion can be obtained from consider-
ation of the arrival time of each wave. The arrival time of the air blast is
determined from the data presented for unconfined explosions.. Whereas, the
arri-al time of the direct-induced ground shock can be estiniaced by assuming
that the ground shock travels at the seismic velocity of the ground media.
The combined ground motion in both the superseismic and outrunning region are
illustrated in Figure 2-253.

2-21.2. Air Blast-Induced Ground Shock

One-'iimensional wave propagation theory is used to estimate air blast-induced

ground shock. For surface structures located on ground media having uniform
propercies, the expressions to define this motion take very simple forms. Us-
ing this approach, the maximum vertical velocity at the ground surface, VV,
can be expressed as

Vv P.S/ P C 2-74

where
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Vv- maximum ,ertical velocity of the ground surface

Pso - peek positive incident pressure (Fig. 2-15)

p - mass density of the soil

C - compression wave seismic velocity in the soil
p

The mass density, p, for typical soils and rock are presented in Table 2-10
and the seismic velocities are presented in Table 2-11.

The maximum vertical displacement, DV, is obtained by integrating the above
expression with respect to time. The integral of the pressure with respect to
time is simply the total positive phase impulse so that:

Dv - is / 1,000 p Cp 2-75

where
Iv - maximum displacement of the ground surface

is - unit positive incident impulse (Fig. 2-15)

The maximum vertical acceleration, AV, is based on the assumption of a linear
velocity increase during a rise time equal to one millisecond. The resulting
acceleration is increased by 20 percent to account for nonlinearity during the
rise time. Acce'lrations are expressed in multiples of the gravitational con-
stant so that,

AV - 100 Pso / (p CP g) 2-76

where

AV - maximum vertical acceleration of the ground surface

g - gravitational constant equal to 32.2 ft/sec2

The above equation is adequate for predicting the &,cceleration in dry soil.
However, the equation underestimates the acceleration in saturated soils and
rock. To approximate the acceleration of saturated soils and rock, it is rec-
onmended that the value of the acceleration obtained from the Equation 2-76 be
doubled.

The maximum horizontal ground motions are expressed in terms of the maximum
vertical motions as a function of the seismic velocity of the soil and the
shock wave velocity so that

DH -Dv tan [sin"I-7
DH - tan [sin (Cp / 12,000 U ) 2-77

VH - VV tan [sin"I (C p / 12,000 U )]2-78

AH - AV tan (C / 12,000 U )] 2-79

where U - shock front velocity (Fig. 2-15).

For ( ,/12,000 U) greater than one, ,'cri.zontal and vertical motions are
approximately equal. Therefore, it is recommended that for all values of the
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above function greater than one, the horizontal motion is set equal to the
calculated vertical motion.

The equations which describe the air-induced ground shock are a function of
the density and seismic velocity of the soil. However, a wide range of seis-
mic velocities is given in Table 2-11 for each of the soils listed. In a fi-
nal design, soil tests are required to accurately determine the density and
seismic velocity of the particular soil at the site. Tin )ieu of tests, the
mass density given in Table 2-10 may be used. However, since the range of
seismic velocities given Table 2-11 is so large, it is recommended that the
lower bound value of the velocity be used to produce a conservative estimate
of the induced motion.

2-21.3. Direct-Induced Ground Motion

Empirical equations have been developed to predict direct-induced ground mo-
tions. The equations apply for TNT detonations at or near the ground surface.
Thren types of gro,,nc media have been considered; dry soil, saturated soil and
rock. The ground shock parameters are expressed in terms of the charge weight
and distance from the explosion,

The maximum vertical displacement (Dv) of the ground surface for a rock media
is given by

DV - 0.025 RG1 / 3 WI/ 3 / Z1/ 3  2-80

in which

ZG - R / W1/ 3  2-81

where
RC . ground distance from the explosion

W -weight of TNT charge

ZG - scaled distanca from the explosion

and the maximum horizontal displacement DH of the ground surface is equal to
one-half of the maximum vertical displacement or

DH - 0.5 DV 2-82

When the ground media cunsists of either dry or saturated soil., the maxim•u
vertical displacement is given by

Dv - 0.17 RG1 / 3 W1 / 3 / ZG 2 . 3  2-83

while the maximum horizontal displacement DH is equal to the maximum vertical
displacement or,

DH -DV 2-84

A The maxiinut vertical velocity (Vv) for all ground media is given by
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1.5VV- 150 / ZG 2-85

and the maximum horizontal velocity (VH) is equal to the maximum vertical ye-
locity for all ground media or

VH-VV 2-86

Finally, the maximum vertical acceleration (Av) of the ground surface for all
media is given by

AV - 10,000 / (WI/ 3 ZG 2 ) 2-87

while for dry soil, the maximum horizontal acceleration, AH, is equal to one-
half of the maximum vertical acceleration, or

AH - 0.5 AV 2-88

however, for a wet soil or a rock media, the horizuý,tal and vertical accelera-
tion is equal, or

AH - AV 2-8

2-22. Air Shock

2-22.1. Introduction

When an air blast strikes an aboveground protective structure, motions are im-
parted to the building. The most severe motion is due to the response of the
individual elements which make up the exterior shell of the structure. Proce-
dures for the design of these elements are presented in subsequent chapter of
this manual. This section is concerned with the gross motion of the structure
on its supporting soil due to the impact of the air blast. This gross motion
is in addition to the ground induced motions.

Vertical, horizontal and overturning motions are imparted to the structure by
the air blast. However, since the vertical motion of the structure is
restricted by the ground which is already compressed due to the dead load of
the structure and Its contents, vertical motions must necessarily be small and
can be safely neglected. Overturning motions are also neglected in this sec-
tion. These motions are most significant in tall structures with small plan
dimensions which are not conunon in protective construction. This section is
concerned solely with horizontal sliding motions which can be quite signifi-
cant.

Horizontal motion results from an unbalanced blast load acting on the struc-
ture. The tendency of the structure to slide is resisted by the friction
forces developed between the foundation and the underlying soil, For struc-
tures with deep frundations, additional resistance to sliding is afforded by
active and passive soil pressures developed at the leeward side of the
structure.

2-22.2. Method of Analysis

The gross horizontal motion of a structure is computed in this manual using a
method of numerical integration, namely, the acceleration-impulse extrapo-
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lation method. This method of dynamnic analysis is comprehensively presented

in Chapter 3. Briefly, the equation of motion for a single-degree-of-freedom
system is given as

F - R - D - Ma 2-90

where
F - applied blast load as a function of time
R -resistance of the system to motion as a function of displacement
D -damping force as a function of velocity
M - mass of the single-degree-of-freedom system
a - acceleration of the system

The numerical method of solving the equation of motion involves a step-by-step
integration procedure. The integration is started at time zero where the dis-
placement and velocity are known to be zero. The time scale is divided into
small intervals. The values of F, R and M (D is not included) are calculated
for each time step. The integration is started by first approximating the ac-
celeration for the first time interval and progresses by successively calcu-

li= lating the acceleration at each time step. The change in velocity and dis-placement associated with each incremental acceleration is calculated. The

accumulated velocity and displacement are obtained for each time step until
the maximum values have been obtained.

The first step in the analysis is to describe the blast loads acting on the
structure. The pressure-time variation of the blast load is computed as the
shock front sweeps across the structure. The unbalanced load in the horizon-
tal direction is computed as a function of the blast loads acting on the front
and back walls (windward and leeward walls), respectively. The average blast
load action of the roof of the structure is computed as the shock front trave-
rses the building. The procedure used to describe these loading conditions
have been presented in previous sections of this chapter.

The second step in the problem is the determination of the resistance of the
building to horizontal motion. The tendency of the base of the structure to
slide is resisted by friction forces on the foundation and earth pressure at
the rear (leeward side) of the structure. For structures with shallow founda-
tions, the resistance to sliding is afforded primarily by friction between the
horizontal surfaces of the concrete foundation and underlying soil. The earth
pressure resistance at the rear of the structure is small and can be conserva-
tively neglected. For structures with deep foundations, the passive pressure

at the rear of the structure is significant and gre-tly reduces the displace-

ment of the building.

The friction force developed between the horizontal surfaces of the concrete
foundation and underlying soil is given by

Ff - AFN 2-91

where
Ff - frictional force resisting horizontal motion

- coefficient of fL4 ction bc-tween concrete and type of

supporting soil
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F - vertical load supported by the foundation

The coefficient of friction A for the horizontal surface between the concrete
foundation Lnd the underlying soil is given in Table 2-12 for various types of
soil. The coefficient is not a function of time or displacement. However,
the structure must slide a finite amount before the frictional force is gener-
ated. The structure should slide approximately one-quarte': of an inch before
the frictional force is taken into account.

The vertical load FN supported by the foundation consists of the dead weight
of the structure, the weight of the building's interior contents, and the
blast load acting on the roof of the structure. Since the blast load is a
function of time, the building's resistance to sliding (frictional force Ff)
is also a function of time. In addition, the blast load acting on the roof
greatly increases the foundation loads, and consequently, significantly in-
creases the building's resistance to sliding.

2-23. Structure Motions

2-23.1. Introduction

The net motion of a structure is a combination of the motions due to the air-
induced and direct-induced ground shock, and the air shock. Since the methods
of analysis described in this section are applicable to rigid concrete struc-
tures located at comparatively large distances from an explosion, the struc-
ture motions are taken equal to the ground motions in the vicinity of the
building. In the case of air shock, the structure motions are computed
directly.

The motion of structures located at comparatively close distances to an explo-
sion as well as the motion of nonrigid structures may be determined. However,
the local effects associated with these conditions such as motions due to
cratering, fragment impact, etc. muse be accounted for in the determination of
the structure motions.

7-23.2. Not Ground Shock

The net ground shock associated with an accidental explosion -'s a combination
of the air-induced and diiect-induced ground shock. The time at which the
shock is felt at adjacent structures and the magnitude and duration of the mo-
tion are a function of the quantity of explosives detonating, the absolute
distance between the detonation and adjacent structure and the soil media at
the site.

The air-induced ground shock is a functioc of the air blast. Consequently,
the arrival time and duration of the ground shock may be taken equal to the
airrival time tA ard duration to of the air blas,. For an explosion occurring
at or near the ground surface, the arrival time and duration are obtained from
Figure 2,15 for the scaled ground distance ZG between the explosion and the
structure. Figure 2-15 provides the blast parameters associated with the det-
onation of hemispherical TNT charge located on the ground surface.

The direct-induced ground shock iv a function of the soil media. The arrival
time of the shock load at the structure is a function of the seismic velocity

2-332



TM 5-1300/NAVFAC P-397/AFR 88-22

in the soil and the distance from the explosion. The arrival time is ex-
pressed as

tAG - 12,000 RG / Cp 2-92

where tAG - arrival time of the ground shock

RG - ground distance from the explosion

- compression wave seismic velocity in the soil (table 2-11)

As previously explained, the seismic velocity of the soil should be obtained
from soil tests for a final design. In lieu of tests, it is recommended that
the entire range of velocities given in table 2-11 be investigated to deter-
mine if the direct-induced ground shock can be in phase with the air-induced
ground shock

The actual duration of the shock load is not readily available. However, it
is sufficient to realize that the duration is long, that is, many times larger
then the duration of the air-induced shock.

The net groui d shock is obtained from consideration of the arrival time and
duration of each type of induced snock. If tA + to is less than t, the struc.
ture is subjected to superseismic ground shock (Fig. 2153). The air induced
ground shock -,.-ives at the structure first and is dissipated by the time that
the direct-induced ground shock arrives. The structure feels the effect of4 each shock separately. If tA is greater than tAG, the structure is subjected
to outrunning ground shock (Fig. 2-253). The direct-induced ground shock ar..
rives at the structure first and, since its duration is long, the airinduced
ground shock will arrive at the structure while the direct-induced ground
shock is still acting. The structure feels the combined effects of the
induced shocks. If tA is slightly less than tAG and tA + to is greater than
tAG, the air-induced ground shock will still be acting when the direct-induced
ground shock arrives. For design purposes, this latter case should be treated
as an outrunning ground shock.

2-23.3. Maximum Structure Motion

The design of protective structures to resist the effect of shock loads is
based on the penk values of the induced motion rather than the actual motiun-
time relationships. In fact, the actual time history of the motion is not
known nor can it be approximated with any degree of accuracy. Consequently,
the phasing of the various shocks cannot be accomplish-d accurately. There-
fore, for design purposes the peak values of the in-phase motions are added.

For the case of air-induced ground shock and air shock, the maximum values of
horizontal displacement, velocity and acceleration are always added. These
shock motions must be in phase since they are caused by the same source, name-
ly, the air blast.

In the case of superseismic ground shock where the air-induced and direct-
induced ground shock are completeLy separated, the maximum motion may be due
to either source. The maximum value of displacement, velocity, or ac~el-
eration is the numerically larger value regardless of its sour-e.
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In the case of outrunning ground, the structure motion results from the com-
bined effect of the air-induced and direct-induced ground shock as well as the
air shock. The maximum motions in the vertical and horizontal direction is
the algebraic sum of the maximum value of displacement, velocity, and accel-
eration from each source of motion in the vertical and horizontal directions.

2-24, Shock Response Spectra

2-24.1. Introduction

For the purposes of assessing the effects of shock on structures, one of the
simplest interpretations of motion data involves the concept of the response
spectrum. A response spectrum is a plot of the maximum response of a simple
linear oscillator subjected to a given input motion against frequency. Hence,
a response spectrum depicts only maximum response values, not a time-dependent
history of the motion of the oscillator. The use of these maximum values is
sufficient to ensure a reasonable and safe design for shock loads.

2-24.2. Definition of Shock Spectra Grid

Response spectra are constructed from consideration of the response of a sim-
ple linear oscillator. For a protective structure subjected to shock loads, a
piece of equipment or any interior component can be considered as the mass of
a simple oscillator. The load-deflection properties of the structural system
which connects the component to the protective structure determine the spring
constant of the oscillator.

The maximum displacement of the mass (building component) relative to the base
(protective structure) is called the spectrum displacement (D), and the maxi-
mum acceleration of the mass is called the spectrum acceleration (A). The
maximfum velocity of the mass is approximately equa? to the more useful quan-
tity called the spectrum pseudo-velocity (V) which is given by

V - 27rfD 2-93

where V - velocity of the mass
f - natural frequency of vibration of the oscillator
D - displacement of the mass

For an undamped system, the displacement and acceleration are related by

(2uf) 2 Dg
A- 2-94

387

where A - acceleration of fhe mass in g's
g - gravitational constant

When damping is present, the above relationship between acceleration and dis..
placement is approximate. However, the relationship may still be used to de-
velop shock spectra.

Plots of the three quantitits, displacement D, velocity V, and acceleration A,
againsP frequency f, are then shock spectra. They may be plotted individually
or, more corveniently, on a single plot by means of the type of chart shown in
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Figure 2-254. Any point on this logarithmic grid represents a simultaneous
solution to Equations 2-93 and 2-94. The log-log grid must be proportioned to

a satisfy the solution of the equations. The grid is constructed from standard

log-log paper on which a second log-log grid is superimposed and rotated 45
degrees. The width of a log cycle on this rotated grid is 0.707 times the
width of a cycle on the standard grid.

2-24.3. Response Spectra

A response spectrum is a plot of the maximum response of a single-degree-of-
freedom system to a given input motion. The given input motions are the air
shock and the air-induced and direct-induced ground shocks. Since the maximum
values of the free-field displacement, velocity, and acceleration (input mo-
tion) are used to construct the spectra, a response spectrum envelope is pro-
duced. The spectrum takes a trapezoidal shape and is shown in Figure 2-254 by
the lines labeled D, V and A. The three sides of this trapezoid can be re
lated to the maximum free-field input motion parameters of displacement, ve-
locity, and acceleration.

Relationships between the spectr~um envelope bounds and the characteristics of
the time dependent free-field input motions (displacements, velocities, -nd
accelerations) clearly indicate that as the variation of the free-field motion
parameters versus time is defined, the definition of the corresponding spec-
trumi envelope can be refined. However, in the general case of blast-inducee
motions, the variation of the input motions with time cannot visually be de-
scribed in significant detail. Consequently, it is recommended that for the
elastic response of systems, the spectrum be defined by the following three
straight lines as illustrated in Figure 2-254.

(1) Line "D" is drawn parallel to lines of constant displacement with
a magnitude equal to the maximum free-field (building) displace-
merit.

(2) Line "V" is drawn parallel to lines of constant velocity (actually
pseudo velocity) with a magnitude equal to one and one-half (1.5)
times the maximum free-field (building) velocity.

(3) Line "A" is drawn parallel to lines of constant acceleration with
a magnitude equal to two (2) times the maximum free-field (build-
ing) acceleration.

A spectrum defined in this manner is clearly an approximation, however, its
accuracy is considered to be consistent with the accuracy of the input free-
field (building) motions on which it is based. In those cases where the input
motions can be defined with greater confidence, the spectrum identified above
can be defined to reflect the greater accuracy.

In most cases, interior components of the structure and/or equipmeiltn arid
equipment supports are designed elastically. Ther-efore, the shock spectra de-
scribed above will suffice. However, when a very large explosion causes large
structure motions, interior systems may require inelastic designs. These con-
ditions will usually not arise for the charge capacities considered in this
report. Therefore, methods for calculating inelastic shock spectra have not
been presented, It is recomunended that the bibliography given at the end of
this chapter be consulted for further data on this subject.
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Table 2-10 Mass Density for Typical Soils and Rocks

Mass Denlity, t
Material (ib-sec )/In.

Loose, dry sand 1.42 E-04
Loose, saturated sand 1.79 E-04
Dene, dry sand 1.65 E-04
Dense, saturated sand 2.02 E-04
Dry clay 1.12 E-04
Saturated clay 1.65 E-04
Dry, sandy silt 1.57 E-04
Saturated, sandy silt 1.95 E.04
Basalt 2.56 E-04
Granite 2.47 E-04
Limestone 2.25 E-04
Sandstone 2.10 E-04
Shale 2.17 E-04
Concrete 2.25 E-04

Table 2-Il Typical Seismic Velocities for Soils and Rocks

Seismic Velocity
Material

in./sec

Loose and dry soils 7,200 to 39,600
Clay and wet soils 30,000 to 75,600
Coarse and compact soils 36,000 to 102,000
Sandstone and cemented soils 36,000 to 168,000
Shale and marl 72,000 to 210,000
Limestone-chalk 84,000 to 252,000
Metamorphic rocks 120,000 to 252,000
Volcanic rocks 120,000 to 270,000
Sound plutonic rocks 1.56,000 to 300,000
Jointed granite 9,600 to 180,000
Weathered rocks 24,000 to 120,000

2-338
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Table 2-12 Coefficient of Friction for Concrete Foundation and Underly-
ing Soils

Soil Material Coefficient of
Friction,

Clean sound rock 0.70

Clean gravel, gravel-sand mixture, coarse sand 0.55 to 0.60

Clean fine to medium sand, silty medium to coarse
sand, silty or clayey gravel 0.45 to 0.55

Clean fine sand, silty or clayey fine to medium sand 0.35 to 0.45

Fine sandy silt, nonplastic silt 0.30 to 0.35

Very stiff and hard residual or preconsolidated clay 0.40 to 0.50

Medium stiff and stiff clay and silty clay 0.30 to 0.35

Ii
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Problem 2A-l. Free-Air Burst

Problem: Determine incident blast wave parameters for a point of interest
in the air for a free air burst.

Procedure:

Step 1. Determine the charge weight and height of burst Hc. Select point
of interest in the air relative to the charge.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. For the point of interest, calculate slant distance R and scaled
slant dist'nce Z:

Z - R/wI/3

Step 4. Determine incident blast wave parameters from Figures 2-7 and 2-8
for the calculated value of the scaled slant distance Z.

From Figure 2-7 read:

Peak positive incident pressure Pao

Shock front velocity U

ScaIed unit positive incident impulse i5/W
1/3

Scaled positive phase duration to/W

Scaled arrival time tA1/3

Scaled wave length of positive phase Lw/W1/ 3

From Figure 2-8 Read:

Peak negative incident pressure P 0so

Scaled unit negative incident impulse is iWI/3

Scaled negative phase duration t- 1W

Scaled wave length of negative phase I- /WI/ 3

Multiply scaled values by W1 / 3 to obtain absolute values.

2A-1
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Example 2A-1. Free-Air Burst

K ~Required: InIcident blast wave parameters PscPU ~ ~ 0  t-, tA T

at: a point 30 ft. below and 45 ft. away in the air from an air
burst of 290 lbs. at a height of burst of 60 ft. above the ground.

W 3301ba

Krb

_____________________ INTEREST

Figure 2A.-1

K Solution:

Step 1. Given: Charge weight -290 lbs., Hr -60 ft.

Step 2. W -1.2 (290) - 350 lbs.

Step 3. For the point of interest:

R [(45)2+ (30)21/ 54.1 ft.

R 54.1
Z-___ - - 7.67 ft./lb'!3

wi/i (350)1/

Step 4. Determine incident blast wave parameters for

Z -7.67 ft./lbl/3

2A- 2
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From Figure 2-7:

Pso - 11.2 psi

U - 1.34 ft./ms

is /WI1/ 3 - 7.0 psi-ms/lbi/ 3 , is - 7.0 (350)1/3 - 49.3 psi-ms

to ,WI/ 3 - 2.05 ms/1bI/ 3  co - 2.05 (350)1/3 - 14.45 is
tA /WI/ 3 - 3.15 ms/lb1 ' 3 , tA - 3.15 (350)1/3 - 22.2 ms

Lw /WI/3 - 2.0 ft/1b1 / 3  , - 14.09 ft

From Figure 2-8:

Pso - 1.63 psi

i. /WI/3- 7.2 psi-ms/lb1 /3, is - 7.2 (350)1/3_ 50.74 psi-ms

ta /WI/3- 8.4 ms/lb1 / 3 , to - 8.4 (350)1/3 - 59.20 ms

Ix /W1 / 3 - 5.8 ft/1b1 / 3 , Lw - 5.8 (350)1/3 - 40.87 ft.

Problem 2A-2. Air Burst

Problem: Determine free-field blast wave parameters at a point on the

ground for an air burst.

Procedure:

Step 1. Select point of interest on the ground relative to the
charge. Determine the charge weight, height of burst Hc,
and ground distance RG.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate scaled height of burst and angle of incidence a:

Hc /W1/3
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a - tan- 1 (RG/Hc)

Step 4. Determine peak reflected pressure P and scaled unit
positive reflected impulse ira/W 'in Mach front from
Figures 2-9 and 2-10, respectively, for corresponding scaled
height of burst and ar.gle of incidence a:

Read Pra and ira/Wl/ 3

Multiply scaled value by WI/3 to obtain absolute value.

Step 5. Read scaled distance Z from Figure 2-7 for corresponding
peak incident pressure Pso - Pra in the Mach front.

Step 6. Determine shock front velocity U and scaled time of arrival
of blast wave tA/WI/ 3 from Figure 2-7 for value Z from step
5. Multiply scaled value of WI/3 to obtain absolute value.

Step 7. Read scaled distance Z from Figure 2-7 for correspondin

scaled unit positive incident impulse is/W - ira in

the Mach front.

Step 8. Determine scaled positive duration of positive phase from
Figure 2-7 for the value of Z from step 7. Multiply scaled
value of W1/3 to obtain absolute value.

Example 2A-2. Air Burst

Required: Free-field blast wave parameters Po, U, is, to, tA for an air
burst of 20,800 lbs. at a ground distance of 300 ft. and a height
of burst of 90 ft.

Solution:

Step 1. Given: Charge weight - 20,800 lb. RG - 300 ft, Hc 90 ft.

Step 2. W - 1.20 (20,800) - 25,000 lbs.
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W 25,000#

Figure 2A-2

Step 3. For point of interest

1-ic/wl/ 3 -90/(25,000)
1-/3 -3.08 ft./½1 / 3

a tan 4I - -'n[300/901 73.31

S-e.-ep 4. Determine reflected pressure Pr and reflected impulse in
the Mach front from Figure 2-9 and 2-10.

K Hc/W'/ 3.08 fc,/1b1  and a -73.3'

Pra - .0.1 psi

Ira
-- -9,2. psi-ms / /lb" 3  ia -9.2 (25,000)1/3- 269.0 psiL-ms

Step 5. Read scaled. distance Z from Figure 2-7 corresponding to s
ri-10. 1 psi

Z - 7.8 ft/lb1!3

Step 6. Determine U and tA/W 1/3 from Figure 2-7 corresponding to Z

-7.8 ft/lb1 .

U - 1.38 ft/ms

t 1/w/ 30 1n/l1 3
1  A 300 (25.000)1/3 -8772.05 mns.
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Step 7. Read scaled distance Z from Fig. 2-7 corresponding to

/2- ir/W/ 3 - 9.2 psi-ms/lbl/ 3

Z - 5.7 ft/lb1!3

Step 8. Determine to/Wl/3 from Figure 2-7 corresponding to

Z - 5.7 ft/Ib1 /3

t o /W/3 - 155 ms/lb1 /39 to - 155(25,000)1/3 - 4532.23 ma

Problem 2A-3. Surface Burst

Problem: Determine free-field blast wave parameters for a surface burst.

Procedure:

Step 1. Select roint of interest oa the ground relative to the
charge. Determine the charge weight, and ground distance
RG.

Step 2. Apply a 20% safety facter zo the charge weight.

Step 3. Calculate scaled ground distance ZG:
,, RG

ZZ GZG - 1W/3

Step 4. Determine free-field blast wave parameters from Figure 2-15
fcir corresponding scaled ground distance ZG:

Read:

Peak positive incident pressure Pso

Shock front velocity U

Scaled unit positive incident impulse is/Wl/ 3

Scaled positive phrase duration to/W1/3

Scaled arrival time tA/W1 / 3

Multiply scaled values by WI/ 3 to obtain absolute values.
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TM 5-1300INAV1FAC P-397/AFR 88-22

Example 2A-3. Surface Burst

Required: Free-field blast wave parameters F50 , U, inp. to' tA for a surface
burst of 20,800 lbs at a distance of 530 ft.

Solution:

Step 1: Given: Charge weight -20,800 lb. RG -530 ft.

Step 2. W - 1.20 (20,J00) -25,000 lbs.

Step 3. For point ofý interest:

ZG - - 18.1 ft/lb1!
(25000)1/3

Step 4. Determine blast wave parameters from Figure 2-15 for

-G 18.1 ft/1b1/

Ps .4.', psi

U -1.22 ft/ms

s 
0 ) / 3 1 7 4..i w

w/- 4.7 psi-ms/lb, is -4.7(25oo)/ -13.ps-z

t- -3.3 ms/1bl/ 3, to -3.32500)/ 96.5 ms
W'/3 .3200)/

tA 10.6 ms/1bl/ 3, tA 10.6(25.000)1/3 -310 mns

1'/3

Problem 2A-4 Shock Loads on Cubicle Walls

Problem: Determine the average peak reflected pressure and average scaled
reflected impulse acting on the wall of a cubicle from an internal
explosion. The cubicle is fully vented.
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Procedure:

Step I Select from Figure 2-51 the structural configuration which
will define the number N and location of effective reflect-
ing surfaces for the wthl of the structure in question.
Determine the charge weight, and, as defined by the struc-
tural configur-ation chosen above, the charge location
parameters RA, h, 1 and the structural parameters L, H.

Step 2. Apply a 20% safety factor to the charge weight.

h 1 L
Step 3. Calculate the chart parameters , , , and the scaled

H L RA
distance ZA.

Note:
Use of the average pressure and impulse charts may require
interpolation in many cases. lnterpolation may be achieved
by inspection for the scaled distance ZA and by a graphical
procedure for the chart parameters I./H, l/L, and h/H using 2
cycle x 2 cycle logarithmic graph paper. The following
procedure will illustrate the interpolation of all three
chart parameters.

Step 4. From table 2-3 determine the appropriate pressure and
impulse charts for the number-of adjacent reflecting sur-
faces N. Determine and tabulate the values of the average
pressure Pr and average scaled Impulse ir/W 1 / 3 from these
charts for the required L/RA and ZA and the following
variables:

L/H - 0.625, 1.25, 2.50, and 5.00

I/L - 0.10, 0.25. 0.50, and 0.75

h/H - 0.10, 0.25, 0.50, and 0.75

Step 5. a. Prepare four 2-cycle log-log charts with L/H as the
lower abscissa, l/L as the upper abscissa, and Pr as
the ordinate (one chart for each of the h/H ratios).
On each chart for constant h/H and ZA, plot ib" versus
L/H for all 1/1V values.

Repeat with the ordinate labeled as ir/W 1 / 3.

b. UsinR chart for h/H - 0.10, read values of Pr and
ir/W'/ versus l/L for required L/H. Tabulate results.

2A-8
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c. Repeat step 5b for charts h/H - 0.25, 0.50, and 0.75.
Tabulate results.

d. On each h/H chart, plot Pr and ir/WI/ 3 versus 1/L from
steps 5b and 5c.

e. On each h/H chart, read Pr and i r/Wl/ 3 for required
l/L ratio.

f. On a fifth chart, plot Pr and ir/W from step 5e
versus h/H.

Step 6. For required h/H ratio, read Pr and ir/W 1/ 3 from chart of
step 5f.

Step 7. Calculate duration of load on element from equation 2-2.

Example 2A-4 (A) Shock Loads on Cubicle Walls

Required: Average peak reflected pressure and average scaled reflected
impulse on the side wall of a three.-wall cubicle from an explosive
charge of 205 lbs. The cubicle is fully vented.

SM WALL *

Wm2456bs.

.631

32:

4JSECTION

PLAN

Figure 2A-3

Solution:

Step 1. H - 16 ft. L - 32 ft. Charge Weight - 205 lbs.

h - 6 ft. 1 • 12 ft. RA - 5.33 ft.
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Note: M
For definition of terlns, see Figure 2-51 (side wall of tbree wall
cubicle, N - 2).

Step 2. W- 1.20 (205) - 245 lbs.

Step 3. h/H - 0.375 I/L - 0.375 L/RA - 6.00 L/H - 2.00

RA 5.33 13z ^ ... 0 .85 ft/lb I/3

ZA - WI/ 3  (245)1/3

Interpolation is required for ZA, L/H, il/L, and h/H.
Step 4. Determine and tabulate the values of Pr and ir/Wl/ 3 from

pressure and impulse charts (see table 2-3 for N - 2) for:

L/RA - 6.00, ZA - 0.85

(interpolate by inspection) and for values given for L/H,
l/L and h/H. The results are tabulated In tables 2A-l and
2A-2.

Stel 5. a. Plot Pr and ir/W/ 3 versus L/H for the values of I/L
and constant h/H (fig. 2A-4 and 2A-5).

b. Determine Pr and ir/W1/3 for L/H - 2.00, h/H - 0.10,
and various l/L ratios by entering Figure 2A-4a and
2A-5a with L/H - 2.00

c. Repeat above step for h/H - 0.25, 0.50, and 0.75 by,
entering Figures 2A-4b through d and 2A-5b through d
with L/H - 2.00 (tabulation of resulti not shown).

d. On each h/H chart, plot Pr and ir/Wl/ 3 (steps 5b and
5c) versus I/L (upper abscissa of Figures 2A-4a
through d and 2A-5a through d).

e. Determine Pr and ir/Wl/3 for 1/L - 0.375 on each h/H1
chart of Figures 2A-4 and 2A-5 with 1/L- 0.375 and
reading curves plotted in step 5d.

2A-10



TM 5-1300/NAVFAC P-397/AFR 88-22

Table 2A-1 Average Pressure
(Part 1)

h/H 0.10 0.25

1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75

L/H
0.625 462 569 598 569 533 665 701 665

1.5 4 932 980 932 943 j1178 1238 1178

2.50 1200 1488 1562 1488 1432 1796 1881 1796

5.00 2032 2519 2635 2519 1870 2334 2437 2334

Fig. 2-64 2-65 2-66 2-67 2-68 2-69 2-70 2-71

Table 2A-I Average Pressure
(Part 2)

h/_l_ 0.50 0.75

1/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75

L/H
0.625 546 681 718 681 533 665 701 665

1.25 1017 1267 1333 1267 943 1178 1238 1178

2.50 1609 2028 2120 2028 1432 1796 1881. 1796

5,00 1987 2456 2563 2456 2623 3119 3210 3119

Fig. 2-72 2-73 2-74 2-75 2-76 2-77 2-78 2-79IJ

2A-11

'na•



TM 5-1300/NAVFAC P-397/AFR 88-22

Table 2A-2 Average Unit Impulses
(Part 1)

h/H 0.10 0.25

I/L 0.10 0.25 0.50 0.75 0.10 0.25 0.50 0.75

Lu-H

0.625 73 71 70 66 65 61 59 55

1.25 96 92 90 84 96 92 90 83

2.50 126 121 121 ill 139 131 129 120

5.00 172 1.64 164 153 167 153 154 143

i. 2-113 2-114 2-115 2-116 2-117 2-118 2-119 2-120

Table 2A-2 Average Unit Impulses
(Part 2)

h/1 0.50 10.75
1/L 0.10 0.25 T0.50 0.75 .10 0.25 0.50 0.75

L/H1
0.625 64 61 58 54 59 56 53 49

1.25 93 87 83 76 87 79 76 70

2.50 129 120 118 109 117 106 103 95

5.00 186 168 168 158 201 189 189 179

Fig. 2-121 2-122 2-123 2-124 2-125 2-126 2-127 2-128

21
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h/1l Pr i wl/ 3

0.10 1550 109

0.25 1660 119

0.50 1860 108

0.75 Iz80 95

f. Plot P and ir/Wl/ 3 (step 5e) v'.sus h/H (fig.2A-7).

Step 6. For h/H - 0.375 read P - 1800 psi on Figure 2A-7 and read
r/W1,/3 - 115 psi-ms/lb1. 3 on Figure 2A-7

Step 7. Calctlate duration of load on wall.

o- 2(ir/W'/ 3 ) (W)I/ 3 / r " 2 (115) (245)1/3 / 1800 - 0.80 ms

Example 2A-4(B). Shock Loa4s on Cvbicle Walls

Required: Average peak reflected pressure and average scaled reflected
impulse on the back wall, of a three-wall cubicle from an explosive
charge o! 3,750 lbs. The cubicle is fully vented aid shown in
Figure 2A-6.

Solution:

Step 1. H - 16 ft. L - 36 ft. Charge weight - 3,750 lbs.

h - 4 ft. I - 9 ft. RA - 16,5 ft.

Note:

For definition of terms, see Figure 2-51 (back wall of three-wall
cubicle, N - 3).

Step 2. W - 1.20 (3,750) - 4,500 lbs.

Step 3. h/H - 0.25 1/L - 0.25 L/RA - 2.18 L/H - 2.25

r - 2A-15
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RA 16.5ZA 16.5 - 1.00 ft/lb1"3

Z W -1/3 - (4,5oQ)3//3

Interpolation is required for L/H

Step 4. Determine the values of Pr and ir/Wl/ 3 from Figures 2-84 and
2-133 (determined from table 2-3 for N - 3, h/H - 0.25, I/L
- 0.25) for L/H ratios of 0.625, 1.25, 2.50 and 5.00.

1/3)
Step 5. Plot Pr and ir/Wl/3 versus L/H (fig. 2A-8).

Step 6. For L/H - 2.25 read, Pr - 3700 psi and i- 295 psi-
ms/ibl/3 and on Figure 2A-8.

Step 7. Calculate duration of load on wall (equation 2-2).

to - 2 (iriW1/3) WI/3/Pr - 2 (295) (4500)1/3/3700 - 2.63 ms

Problem 2A-5 Effect of Frangibility on Shock Loads

Problem: Determine average peak reflected pressure and average reflected
impulse acting on the wall of a cubicle due to an internal ex-
plosion. One of the reflection surfaces is a frangible wall.

Procedure:

Step 1. Determine the average peak reflected pressure Pr and the
average reflected iwpulse acting on the element in question
according to the procedure in problem 2A-4 assuming that the
adjoining frangible element will remain in place and pro.ide
full reflection,

Step 2. Determine the average reflected impulse acting on the ele-
ment in question according to the procedure in problem A-4
assuming that the adjoining frangible element is not in
place.

Step 3. Subtract the average impulse determined in step 2 from the
one in step 1.
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Step 4. Calculate unit weight of the frangible element W and divide
by the sixth root of the charge weight (apply a 20% factor
of safety to the charge weight).

Step 5. Calculate the normal scaled distance Z between the center of
the charge and the surface of the frangible element.

Step 6. Determine the reflection factor fr from Figure 2-150 for the
values of WF/W 1 / 6 from step 4 and Z from step 5. Interpo-
late for value of Z if required.

Step 7. Determine the magnitude of the impulse load reflected from
the frangible element to the element in question by multi-
plying the value of the average impulse from step 3 and
f. from step 6.

Step 8, a. Determine the total impulse load acting on the element
in question by adding the impulse values from steps 2
and 7.

b. The peak average reflected pressure of the shock load

is equal to the value of Pr in step 1.

c. Determine the duration of the load from equation 2-2.

Example 2A-5 Effect of Frangibility on Shock Loads

Required, A-erage peak reflected pressure and average reflected impulse on
the back wall of the cubicle described in example 2A-4B except the
left side wall is a 10 psf frangible element. The charge weight
is 3,750 lbs (see Figure 2A-6).

Solution:

Step 1. Assuming the frangible side wall provides full reflhction of
the blast wave, Pr and i for the back wall according to the
procedtre in problem 2A-ý are:

Pr - 3700.0 psi

ir - 4870.3 psi-ms

Step 2. Assuming no left side wall, the average reflected impulse on
the back wall, according to procedure in problem 2A-4 is:

ir - 3962.3 psi-ins

Step 3. Calzulate the reflected impulse contributed by the left side
wall by subtracting the impulse value of step 2 from step 1.

-ir - 4870.3 3962.3 - 908.0 psi-ms
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Step 4. a. WF - 10 lb/ft 2 (given)

b. W - 3,750 x 1.20 - 4,500 lbs

c. Calculate WF-/W'/ 6 ratio:

wF-/iw/6- 10/(4500)1/6 - 2.46

Step 5. a. R - 9.0 feet (see Figure 2A.-6)

b. Calculate normal scale distance Z:

R 9
Z . . .. 0.545 ft/1bI/ 3

w/3 (41oo)/3

Step 6. From Figure 2-150 where WF/w/ - 2.46 and Z - 0.545 read:
fr - 0.68

Step 7. Determine the magnitude of the impulse reflected from the
frangible left side wall, using fr " 0.68 and the impulse
from step 3.

ir (left side wall) - 908 (0.68) - 617.4 psi-ms

Step 8. a. Calculate total reflected impulse on the back wall by
adding impulse values from steps 2 and 7.

ir (back wall) - 3962.3 + 617.4 - 4579.7 psi-ms

b. Peak reflected pressure from step 1:

Pr " 3700 psi

c. Calcu'ete duration of load on wall:

2ir 2 (4579.7)
to - 2.48 ms

P 3700
r

Problem 2A-6 Shock Loads on Frangible Elements

Problem: Determine the average peak reflected pressure and average re-
flected impulse acting on the frangible wall of a cubicle due to
an internal explosion.
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Procedure:

Step 1. Determine the average peak reflected pressure Pr and the
average reflected impulse acting on the element in question
according to the procedure in problem 2A-4, assuming that
the wall will remain intact.

Step 2. Calculate the unit weight of the frangible element WF and
divide by the sixth root of the charge weight (apply a 20%
factor of safety to the charge weight).

Step 3. From Figure 2-7 determine the fictitious scaled distance Z
which corresponds to the average scaled impulse determined
in step 1.

Step 4. Using the value of WF/W1/ 6 from step 2 and the Z from step
3. determine the reflection factor f from Figure 2-150.
Interpolate for value of Z if required.

Step 5. a. Calculate the value of the average impulse contribut-
ing to the translation of the frangible element by
multiplying the values of ir and fr of steps 1 and 4
respectively.

b. The peak average reflected pressure of the shock load

is equal to the value of Pr in step 1.

C. Determine the duration of the load from equation 2-2.

Example 2A-6 Shock Loads on Frangible Elements

Required: Average peak reflected pressure and average scaled reflected im-
pulse on the back wall of the cubicle described in example 2A-4
except the back wall is a 10 psf frangible wall. The charge
weight is 3,750 lbs (see Figure 2A-6).

Solution:

Step 1. Pr and ir for the back wall, assuming it is a rigid element,
according to procedure in problem 2A-4 are:

Pr - 3700.0 psi

ir/Wl/3 - 295.0 psi-ms/lb1! 3

ir - 4870.3 psi-ms
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• Step 2. a. WF - 10.0 lb/ft2 (given)

b. W - 3.750 x 1.20 - 4,500 lbs

c. Calculate WF/W/ ratio:

WF / - 10/(4500)1/6 - 2.46

Step 3. Read the fictitious scaled-distance Z corresponding to
1/"3 - 295 from Figure 2-7.

Z - 0.82 ft/lb1!3

Step 4. From Figure 2-150 where W-/W1/6 2.46 and Z - 0.82 read:

fr - 0.74

Step 5. a. Calculate reflected impulse on the frangible back wall
by multiplying the value, of impulse from step 1 and f
- 0.74

ir (frangible back wall) 4870.3 (0.74) - 3604.0 psi-ms

b. Peak reflected pressure from step 1.

P 3700 psi

c. Calculate duration of load on wall.

2 ir 2 (3604.0)
to ... 1.95 ms

Pr 3700

Problem 2A-7 Gas Pressure

Problem: Determine the gas pressure-time loading inside a cubicle, with a
small vent opening, due to an internal explosiun. The vent
opening may be sealed or unsealed with a frangible panel or cover.

Procedure:

Step 1. Apply a 20% factor of safety to the charge weight.
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Step 2. Calculate the free volume inside the cubicle Vf.

Step 3. Determine the charge weight to free volume ratio W/Vf.

Step 4. Determine the peak gas pressure P from Figure 2-152 using
the value of W/Vf from step 3.

Step 5. Determine vent area A.

Step 6. Determine scaled value of the vent area A/V2/ 3 .

Step 7. a. Calculate the unit weight of the frangible panel WF,
if any.

b. Calculate the scalel 4nit weight of the frangible
panel or cover WF!W'/'. Use WF/WI/ 3 - 0 for no cover.

Step 8. Determine the scaled average reflected impulse on the ele-
ment containing the vent opening with no cover according to
the procedure outlined in Problem 2A-4 or on the frangible
panel (cover) using the procedure of Problem 2A-6.

Step 9. Determine the scaled gas impulse from Figures 2-153 to 2-
164. Use the values of W/Vf from step 3, WF/Wl/ from step
7, A/V2/3 from step 6 and i 'W 1/3 from step 8. Interpolate
for values of W/Vf and ir/W•/3 if required. Multiply by
W to calculate gas impulse.

Step 10. Calculate the fictitious gas duration using equation 2-4 and

values of P and i from steps 4 and 9 respectively.

Example 2A-7 (A) Gas Pressure (Small Vent Opening)

Required: Gas pressure-time loading inside a 10' x 10' x 10' cubicle with a
2' x 2' -vent opening on the rear wall. The charge weight is 833.3
pounds.

Solution:

Step 1. Charge weight:

W - 833.3 x 1.20 - 1,000 lbs

Step 2. Free volume inside the structure:

Vf - 10' x 10' x 10' - 1,000 ft 3
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Step 3. Charge weight to free volume ratio:

W/Vf - 1000.0/1000.0 - 1.0

Step 4. Read Pg from fig. 2-152 for W/Vf - 1.0.

P8  2,650 psi

Step 5. Vent area of 2' x 2' opening:

A - 2' x 2' - 4 ft 2

S-ep 6. Calculate scaled vent area:

A/V 2 / 3 - 4/10002/3 - .04 ft 2 /ft 2

Step 7. a. Vent has no cover.

b. Scaled weight of the cover:

WF/W1/ 3 - 0

Step 8. Scaled average reflected impulse of the rear wall from
procedure outlined in problem 2A-4i

iW i•1/3 - 1225 psi-ms/lbl/3

Step 9. Read 4caled gas impulse from Figures 2-162 to 2-164 for
A/V 0.04 and WF/W'/ - 0.0. Interpolate for scaled
impulse of

ir/W1/3 
- 1225.

i g/W1 / 3 - 7500 psi-ms/lb1 / 3

i - 7,500 x 1,0001/3 - 75,000.0 psi-ms

Step 10. Calculate fictitious duration of gas load from equation 2-4.

2i 2 x 75,000.0
tg - g -56.6 ms

Pg 2,650
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Example 2A-7 (B) Gas Pressure (Frangible Wall)

Required: Gas pressure-time loading inside a 10' x 10' x 10' cubicle with a
frangible wall of 10 psf as the rear wall. The charge weight is
833.3 pounds.

Solution:

Step 1. Charge weight:

W - 833.3 x 1.2 - 1,000 lbs

Step 2. Free volune inside the structure:

Vf - 10' x 10' x 10' - 1,000 ft 3

Step 3. Charge weight to free voltume ratio:

W/Vf - 1000/1000 - 1.0

Step 4. Read P from fig. 2-152 for W/Vf- 1.0.
g

Pg- 2650 psi

Step 5. Vent area of frangible wall:

A -10' x 10' -100 ft 2

Step 6. Calculate scaled vent area:

A/V 2 / 3 - 100/10002/3 - 1.0 ft 2 /ft 2

Step 7. a. Unit density of the frangible wall:

WF - 10.0 ibs/ft (given)

b, Scaled weight of the frangible wall:

w/w/3 10/10001/3 - 1.0

Step 8. Scaled average reflected impulse of the rear frangible wall
from procedure outlined in problem 2A-6:

ir/W 1 / 3 - 784 psi-ms/ibl/ 3
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Step 9. Read scaled gas impulse from Figures .- 162 to 2-164 for
A/V2 / 3 - 1.0 .nd WF/WI/ 3 - 1.0. Interpolate for scaled im-
pulse of ir/Wl/ 3 - 784.

ig/W 1 / 3 - 400.0 psi-ms/lb1! 3

ig - 400.0 x 10001/3 4000 psi-ms

Step 10. Calculate fictitious duration of gas load from equation 2-4.

2i 2 x 4000
tg - -3.02 ms

P 2650

gL

Problem 2A-8 Leakage Pressures from Fully Vented
Three Wall Cubicle

Problem: Determine free-field blast wave parameters at a distance from a
fully vented explosion inside a three wall cubicle.

Procedure:

Step 1. Determine charge weight, distance in the desired direction
and volume of structure.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate scaled distance and W/V ratio.

Step 4, Determine peak positive pressures using Figures 2-168 or 2-
169.

Step 5. Determine maximum peak pressure for side and back directions
from Figure 2-170 using W/V ratio.

Step 6. For W/V ratio determine scaled positive impulses using
Figures 2-171 to 2-182. Multiply by W1/ 3 to calculate
actual value of impulses.

Step 7. Determine shock parameters from Figure 2-15 corresponding to
the peak pressure from step 4, except for the normal re-
flected impulse where the scaled impulse from step 6 should
be used.
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Example 2A-8 Leakage Pressures from Fully Vented Three Wall Cubicle

Required: Blast wave parameters at a distance of 200 ft. from an explosion
located at the center of a three wall cubicle with no roof. The
charge weight is 833.3 lbs. and the interior dimensions of the
cubicle are 17.5 ft. x 17.5 ft. x 13 ft. high. Calculate the
parameters at the front, side and back of the cubicle.

Solution:

Step 1. Given:

a. Charge weight - 833.3 lbs.

b. R - 200 ft. in all directions.

c. V - 17.5 x 17.5 x 13 - 3,980 ft 3

Step 2. Calculate W:

W - 1.20 x Charge Weight - 1.20 x 833.3 - 1000 lbs.

Step 3. Calculate:

a. Scaled distance Z,

R 200
Z - --- /- (1001/ - 20 ft/lbs 1 / 3

b. W/V ratio,

W/V - 1000/3.980 - 0.25 lbs/ft 3

Step 4. Determine peak incident pressure from Figure 2-168:

Ps o kfront) - 5.5 psi

P., (side) - 4.0 psi

Pso (back) - 2.8 psi

Step 5. For W/V - 0.25, read the maximum peak incident pressures
from Figure 2-170:

(Pso)max (back and side) - 47.0 psi > 4.0 > 2.8

Step 6. Scaled positive impulse, for Z - 20 ft/lb 1 / 3 and W/V- 0.25

lbs/ft3
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is/w1/ (front) 5.5 psi-ms/lb1! Figure 2-171

is (front) - 5.5 x 10001/3 _ 55 psi-m.s

is/W1 /3 (side) -4.5 psi-ms/lb1!3  Figure 2-173

is (side) - 4.5 x 10001/3 45 psi-ms

is /Wl/3 (back) - 3.8 psi-ms/lb1!3  Figure 2-175A is (back) - 3.8 x 10001/3 - 38 psi-ms

Step 7. For peak positive pressures (Pso) read shock parameters from
Figure 2-15 at front, side and back directions.

a. For Ps0 (front) - 5.5 psi (Step 4)

U - 1.28 ft/ms

-oW/ 2.95 ms/lb1!3

to -2.95 x 10001/3 -29.5 mns

-A 7.00 ms/lb1!

tA 7.00 x 10001/3 -70.0 Ms

b. For P.0 (side) -4.0 psi (Step 4)

I
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U -* 1. 24 ft/ms

-o14/ 7'.20 ms/lb1!3

to . ~ioo/ 32.0 ms

tA/W/ -9,30 ms/lb'/

tA - 9.3 x 10001/3 0 3.0 ins

C. For Pso (back) - 2.8 psi

U - 1.20 ft/ma

t/l3- 3.45 ms/lb1!3

to- 3.45 x 10001/3 - 34.5 ms

tA/W1/3 . 12.90 ms/lb1'3

t - 12.9 x 10001/3 - 129.0 m

Problem 2A-9 Leakage Pressure from Partiall~y Vented
Four Wall Cubicle

Problem: Determine free-field blast wave parameters at a distance from a
partially vented explosion inside a four wall cubicle.

Procedure:
Step I. Determine charge weight, distance to point in question, vent

area and volume of structure.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate distance Z, A/V2/3 ratio and AWI/3/V ratio.

Step 4. Determine peak positiv'e pressure using Figure 2-1.84.

Step 5. Determine scaled positive impulses using Figure 2-185.

M4ultiply by W1/3 to calculate actual value of impulses.
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Step 6. Determine shock parameters from Figure 2-15. Use the peak
pressura from step 4, except for normal reflected impulse
where the scaled impulse(s) from step 5 should be used.

Example 2A-9 Leakage Pressure from Partially Vented
Four Wall Cubicle

Required: Blast wave parameters at distance of 200 ft. from a charge located
in an above ground four wall cubicle. The circular vent is
located at the center of the roof and has a diameter of 4 ft. The
chargs is 333.3 lbs and located at the center of 17.5' x 17.5' x
13' cubicle. Top of the roof is 15 feet above the ground level.

Solution:

Step 1. Given (see Figure 2-183b for parameters):

a. Charge weight - 833.3 lbs.

b, R - 200 ft., h - 15 ft.

1/2
- [ (4/2)2 + (15 - 13/2)2 8.73 ft.

, d 2  (17.5 - 4)/2 - -, 7 5  ft.

•r 11/2

d - 1(1)2 + ( 2 0 0  4/2 .- 75 2 176,89 ft.

.- dI + d2 + h + d 3 -8.73 + 6.75 + 15 + 176.89 -207.37 ft.

c. A - 7(2) 2 - 12.57 ft 2

d. V - 17.5 x 17.5 x 13 - 3,980 ft 3

Step 2. Calculate W:

W - 1.20 x charge weight - 1.20 x 833.3 - 1000 lbs.

Step 3. Calculate:

a. Scaled distance Z.

RI 207.37
Z -.20.7 ft/lb 1/3

WI/3 10001/3
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b. A/V 2 / 3 - 12.57/(3980)2/3 - 0.05

C. AWl/ 3 /V - 12.57 (1000)1/3 /3,980 - 0.0316 lb 1 / 3/ft

Step 4. Peak posit4 ve pressure from Figure 2-184 for Z - 20.7 and

A/V 2 / 3 - .050.

-Pso 0.95 psi

Step 5. Peak positive pressure impulse from Figure 2-185 for Z -
20.7 and

AW1 / 3 /V - .0316.

is//Wl!3 - 1.80 psi-ms/lb!/3

is - 1.8 x 1000 1 / 3 - 18.0 psi-ms

Step 6. For peak positive pressure Pso - .95 psi, read shock parame-
ters from Figure 2-15.

U - 1.12 ft/ms

to/Wl/3 - 4.5 ms/lb1 /3

to - 4.5 x 10001/3 - 45.0 ms

tA/W1/ - 35.0 ms/lbl / 3

tA - 35.0 x 1000 1 / 3 - 350.0 ms

Problem 2A-10 External Blast Loads on Structures

Problem: Determine the pressure-time blast loading curves on a rectangular
structure from an external explosion.

2A-32



TM 5-1300/NAVFAC P-397/AFR 88-22

Procedure:

Step I. Determine the charge weight, ground distance RG, height of
burst He (for air burst) and structure dimensions.

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Select several points on the qtructure (front wall, roof,
rear wall, etc.) and determine free-field blast wave parame-
ters for each point. For air burst, follow the procedure
outlined in problem 2A-2; a surface burst, problem 2A-3; and
leakage pressures, problem 2A-8 or 2A-9.

Step 4. For the front wall:

a. Calculate peak positive reflected pressure Pra - Cra x Pso'
Read value of Cra for Pso and a from Figure 2-193.

b. Read scaled unit positive reflected imFulse ira/Wl/ 3 from
Figure 2-194 for Pso and a. Multiply scaled value by W1 / 3

to obtain absolute value.

Note: If wave front is not plane, use average values.

Step 5. Determine positive phase of front wall loading.

a. Determine sound velocity in reflected overpressure region Cr
from Figure 2-192 for peak-incident pressure Pso"

b. Calculate clearing time tc:

4S
tc- (1ms) (eq. 2-3)

(1 + R) Cr

where:

S - height of front wall or one-half its width, whichever
is smaller.

G - maximum of wall height or one-half its width

R- S/G

c. Calculate fictitious positive phase duration tof:

2is
tof - (eq. 2-6)

P 0
Pso

d. Determine peak dynamic pressure qo from Figure 2-3 for Pso.
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e. Cal.culate Pso+ CDqo. Obtain CD from paragraph 2-15.3.2.

f. Calculate fictitious duration trf of the reflected pressure.

21ra

trf - (eq. 2-11)
Prc

g. Construct the positive pressure-time curve of the front wall
similar to Figure 2-191. The actual loading is the smaller
of the impulse (area under curve) due to reflected pressure
or cleared reflected pressure plus incident pressure.

Step 6. Determine negative phase of the front wall loading.

a. Read the values of Z from Figure 2-15 for the value of Pra
from step 4a and iru/WI/ 3 from step 4b.

b. Determine Pr" and ir '/wl/3 from Figure 2-16 for the corre-
sponding values of Z from step 6a. Multiply scaled value of
the negative impulse by W to obtain absolute value.

c. Calculate the fictitious duration of the negative reflected
pressure.

trf- 2ira"/Pra (eq. 2-7)

d. Calculate rise time of the negative pressure by multiplying

trf" by 0.27 (Section 2-15.3.2).

e. Construct the negative pressure-time curve similar to Figure
2-191.

Step 7. Determine positive phase of side wall loading.

a. Calculate the wave length te span length ratio Lwf/L at
fiont of the span.

b. Read values of CE, td/Wl/ 3 and tof/Wl/ 3 from Figures 2-196,
2-197 and 2-198 respectively.

c. Calculate PR' tr and tc.

d. Determine dynamic pressure q. from Figure 2-3 for PR'

e. Calculate PR - CEPsof + C~qo (eq. 2-12). Obtain CD from

paragraph ???

f. Construct positive Phase pressure-time curve similar to
Figure 2-195.
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Step 8. Determine negative phase of side wall loading.

a. Determine value of CE and tofi/Wl/ 3 for the value of Lwf/L

from step 7a from Figures 2-196 and 2-198 respectively.

b. Calculate Pr -CE X Psof and tof.

c. Calculate rise time of negative phase equal to 0.27 tof
(section 2-15.3.2).

d. Construct the negative pressure-time curve similar to Figure
2-195.

Step 9. Determine roof loading.Follow procedure outlined for side
wall loading.

Step 10. Determine rear wall loading. Follow procedure outlined for
side wall loading. For the purpose of calculations, assume
that the back wall is rotated to a horizontal position (see
Figure 2-199).

Example 2A-10 External Blast Loads on Structures

Required: Determine pressure-time blast loading curves for thrt front wall,
roof, rear half of the side walls and rear wall of the structure
shown in Figure 2A-9 for a surface burst of 5,000 lbs. at a dis.,
tance from the front wall of 155 ft. Structure width is 30 ft.
and the shock front is plane.

Step 1. Given: Charge weight - 5,000 lbs., RC - 155 ft.

Step 2. W - 1.2 (5,000) - 6,000 lbs.

Step 3. Determine free-field blast wave parameters Pso, tA, LW and

to at points 1 through 3 and is at point 1.

For point 1:

RG 155
a. ZG WI/3 60001/3 - 8.53 ft/lb 1! 3

w1/3  60001/3

b. Determine free-field blast wave parameters from Figure 2-15
for ZG - 8.53 ft/ib 1/3

Pso - 12.8 psi
tA/W/ - 3.35 ms/].bI/ .. tA - 3.35 (6000)1/3 . 60.9 ms
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Li/wl/3- 2.10 ft/1b1 / 3 . . - 2.10 (6000)1/3 - 38.2 ft

toiW1/3- 2.35 ms/Ibl/ 3 .'. to - 2.35 (6000)1/3 42.7 ms

c. Deter Me incident impulse from Figure 2-15 for ZG - 8.53
ft/lb

is
W/- - 9.0 psi-ms/ibI/3 . s - 9.D (6000)1/3 - 163.5 psi-ms

d. Repeat steps 3a and 3b for points 2 and 3. Results are

tabulated below.

Point RG ZG Pso tA/WI/3 tA

No. (ft) (ft/IbI/ 3 ) (psi) (ms/ibI/ 3 ) (ills)

1 155.0 8.53 12.8 3.35 60.9
2 170.0 9.35 10.8 3.90 70.9
3 185.0 10.18 9.0 4.60 83.6

SLw/Wl/3 LW to/W 1/3 to is/wl/3 is

(ft/ib 1 / 3 ) (ft) (ms/Ibl/ 3 ) (ms) (psi-ms/Ibl/ 3 ) (psi-ms)

2.10 38.2 2.35 42.7 9.00 163.5
2.24 40.7 2.48 45.1 -
2.35 42.7 2.62 47.6

Step 4. Determine front wall reflected pressure and impulse.

a. Read Cra for Pso - 12.8 psi and a - 0* from Figure 2-193 for
point 1.

Crt - 2.70 then Prt - Cra x Pso - 2.70 x 12.8 - 34.6 psi

b. Read ira/Wl/ 3 for Ps0 - 12.8 psi and a - 0* from Figure 2-
194 for point 1.

ira/Wl1/3 - 17.0 then ir, - 17.0 (6,000)1/3 - 308.9 psi-ms

2-
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Step 5. Front wall loading, positive phase.

a. Calculate sound velocity in reflected overpressure region Cr
from Figure 2-192 for Ps 12.8 psi.

C r 1.325 ft/ms

b. Calculate clearing time tc from eq. 2-3:

4S
- (eq. 2-3)

(1 + R)Cr

where:

F S -12.0 ft < 30./2

G 30./2 - 15.0 ft > 12.0 ft.

R SIG0 12./15. -. 80

then:

4 x 12
te -20.1lms
(1 + 0.80) 1.325

C. Calculate to from eq. 2-11. Use impulse from step 3c.

215  2 x 163.5
tof -- 25.S ms

P 0  12.8

d. Determine qo from Figure 2-3 for P50  12.8 psi.

qo- 3.5 psi

e. Calculate Pso + qo

0D 1.0 from section 2-15.3.2

then,

Ps0 +Gqo 12.8 + (1.0 x 3.5) -16.3 psi

f. Calculate tr from eq. 2-11 and results of step 4.

21rax 2 x 308.9
tr-__ - 1.7.9 ms

Prot 34.6
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Construct the pressure time curve. See Figure 2A-10.I

Note: The reflected pressure-time cuxve is used for design
since the reflected impulse is less than the impulse pro-

duced by the clearing time.

Step 6. Negative phase lo~ading, front wall,

a. Read the ues of Z corresponding to P., 34.6 (step 4a)
and ir./W - 17.0 (step 4b) from Figure 2-15.

ir/ then, Z ( ira/W. 1.

b. Using the Z values from step 6a and Figure 2-16 determine
vausof Pra and ir&' (Peak pressure and impulse in nega-
tiephase).

Z(Pra 8.5 then, Pr..' 3.25 psi

Z(ira,/W1/3  - 10.4 then, ir&1W'/ 14.6 psi-ms/lb"1 3

and1/4 ira - 14.6 x (6,000)1/ 265.3 psi-ms

C. Calculate fictitious duration trf-

2 ira -
trf -

Pr-

2 x 265.3I ~trf"- 32 163.3 ms

2d. Calculate negative phase rise time:

2A3
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0.27 x trf - .27 x 163.3 - 44.1 ms

e. Construct the negative pressure-time curve.

to - 42.7 ms (Point 1, step 3d)

to + 0.27 trf' - 42.7 + 44.1 - 86.8 ms

to- trf- - 42.7 + 163.3 -206.0 ms

The negative pressure-time curve is plotted in Figure 2A-10.

Step 7. Sid~e wall loading, positive phase, calculate the loading on

the rear-half of the wall (Point 2 to 3, Figure 2A-9).

a. Calculate 14.f/L ratio:

L -15.0 ft (Point 2 to 3)

L.wf - 40.7 ft (step 3d)

then,

I.wf/L -~ 40.7 / 15.0 - 2.71

b. Read C, Cd/W/ and t~fW/ for Lwf/L -2.71 and Psof- 10.8
(step 3d, Point 2)

CE - .76 fig. 2-196

td/W1/3 .66 fig. 2-197

t;of /WI/ 2.47 fig. 2-198

C. Calculate CEPsof, td and tof using results of step 7b.

CEPsof -. 76 x 10.8 8.
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tr - , .66 x (6,000)1/3 - 12.0 ms 
A

tof - 2.47 x (6,000)1/3 - 44.9 ms

d. Determine qo from Figure 2-3 for CEPsof- 8.2 psi.

qo - 1.55 psi

e. Calculate peak positive pressure from eq. 2-12.

CD - -0.40 from section 2-15.3.2

CEPsof + CDqo - .76 x 10.8 + (-0.40 x 1.55) - 7.6 psi

f. Construct the pressure-time curve.

See Figure 2A-11 below.

.0i~
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Step 8. Negative phas;e loading on the rear-half of the side wall..i
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a. Read values of CF- and tof'/W1 / 3 for -wf/L 2.71 (Step 7a)
from Figures 2-196 and 2-198 respectively.

CE - .28

t o f/W/3 - 10.7 ms/lb'!3

b. Calculate Pr. and tof":

Pr " CE x sof - .28 x 10.8 - 3.0 psi

tof, - 10.7 x (6,000)1/3 - 194.4 ms

c. Negative phase rise time:

0.27 tof" - .27 x 194.4 - 52.5 ms

d. Construct the negative press,-re-time curve.

to - 45.1 ms (Point 2, step 3d)

to + 0.27 tof - 45.1 + 52.5 - 97.6 ms

to + tof - 45.1 + 194.4 - 239.5 ms

The negative pressure-time curve is plotted in Figure 2A-11.

Step 9. Calculate roof loading. (Point 1 to 3, Figure 2A-9)

a. Calculate Lwf/L ratio:

L- 30.0 ft (Point 1 to 3)

Lwf- 38.2 ft (step 3d) then,
Lwf/L - 38.2/30.0 

- 1.27
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b. Read CE, td/W1/ 3 and to1/W1 / 3 for Lwf/L - 1.27 and Psof

12.8 psi (step 3d, Point 1) then,

CE - .52 fig. 2-196

td/W3 - 1.25 fig. 2-197

tof/Wl/3 - 3.10 fig. 2-198

c. Calculate CEPsof, td and tof using results of step 9b.

CEPsof - .52 x 12.8 - 6.66

td - 1.25 x (6,000)1/3 - 22.7 ms

tof - 3.10 x (6,000)1/3 - 56.3

d. Determine q. from Figure 2-3 for CE sof -'6.66 psi.

qo - 1.05 psi

e. Calculate maximum pressure from eq. 2-12:

CD - -0.40 From section 2-15.3.2

CEPsof + CDqo - .52 x 12.8 + (-0.40 x 1.05) - 6.24 psi

f. Construct the pressure-time curve.

See Figure 2A-12 below.
g. Read values of CE and tof'/W1 / 3 for Lwf/L - 1.27 (step 9a)

from Figures 2-196 aid 2-198 respectively.

CE" - .26

tof/W 1/3_ 11.7 ms/lbI/3

ofG
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h. Calculate Pr and t

-r C X Psof - .26 x 12.8 - 3.33 psi

tof -11.7 x (6,000)13-2.6m

i. Negative phase rise time:

0.27 tof -. 27 x 212.6 - 57.4 ms

Y j. Construct the negative pressure-time curve.

to- 42.7 ins (Point 1, step 3d)

to + .27 tf- 42.7 + 57.4 - 100.1 ms1

to + tof- - 42.7 +- 212.6 -255.3 ms

The negative pressure-time curve is plotted in Figure 2A-i2

Step 10. Calculate rear wall loading (Point 3 to 4, Figure 2A-9).

Assume rear wall is rotated to a horizontal position.

a. Calculate Lwf/L ratio:

L - 12.0 ft (Point 3 to 4 or height of the structure)

L.wf -42.7 ft (step 3d), then,

Lwf/L -42.7 /12.0 -3.56

b. Read CE-td/W41/3 and tof/Wl/ 3 for Lwf/L -3.56 and P. ob - 9-0
psi (step 3d, point 3).

CE - .83 fig. 2-196

td/W' 1/ .51 fig. 2-197
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tof/o,1 /3 - 2.45 fig. 2-198

c. Calculate CEPsob, tC and to using results of step lOb.

CEPsob - .83 x 9.0 - 7.47 psi

td - .51 x (6,000)1/3 - 9.3 ms

tof - 2.45 x (6,000)1/3 - 44.5 ms

d. Determine qo from Figure 2-3 for CEPsob - 7.47 psi

qo - 1.30 psi

e. Calculate maximum pressure from eq. 2-12:

CD - -0.40 from section 2-15.3.2

CEPsob + CDqO - .83 x 9.0 + (-0.40 x 1.30) - 6.95 psi

f. Construct the pressure-time curve.

See Figure 2A-13 below.

101

Figur 2001
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g. Read values of CE and tof-/Wl/3 for Lwf/L -3.56 (stop 10a)

from Figures 2-196 and 2-198 respectively.

CE -. 285

t f/W/ 10.5 ms/lb11

h. Calculate Pr - andt

-r CE x 9sob .285 x9.0-2.57 psi

o~f -10.5 x (6,000)1/ 9. n

i. Negative phase rise time:

0.27 tof -. 27 x 190.8 51.5 ms

4

j. Construct the negative pressure-time curve.

to - 47.6 mns (Point 3, step 3d)

to 04 .27 tof 47.6 + 51.5 - 99.1 ms

to 4+ of 47.6 + 190.8 -238.4 mns

The negative pressure-time curve is plotted in Figure 2A-13.

Problem 2A-1l1 Blast Loads on a Structure with Front Wall Openings

Prrblem: Determine the pressure-time loads acting on the extcrior front
wall ard all interior surfaces of a rectangular structure with
front wall openings due to an external shock load.

Step. 1. Charge weight:

a . Determine TNT equivalent charge weight, W;

b. Increase charge weight by 20% safety factor, W -1.20 x W;

C. Determine charge weight. scaling factor, W1/3.
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Step 2. Determine free field blast parameters:

a. For an air burst, use Problem 2A-2 procedure; for a surface
burst, use Problem 2A-3 procedure; for leakage pressures,
use Problem 2A-8 or 2A-9 procedures.

b. Evaluate the angle of incidence, a, as the angle between the
ground distance from the charge to the center of the front
wall, and the normal distance from the charge to the front
wall.

Step 3. Front wall idealized pressure-time blast loads:

A. Exterior Blast Load:

a. Determine peak positive reflected pressure, Pr, as a
function of P., and a, using Figure 2-193.

b. Determine peak positive reflected scaled unit impulse,
irc/(wl/3), as a function of Pso and a, using Figure
2-194.

c. Determine the absolute positive reflected impulse by
multiplying the scaled unit impulse by (WI/ 3 ).

d. Determine the sound velocity of the reflected pressure
wave, Cr, as a function of Ps., using Figure 2-192.

e. Determine the reflected pressure clearing time, T'c$
from equation 2-14.

f. Construct the exterior blast pressure-time load.
Follow the procedure in Problem 2A-10.

g. Determine the scaled wave length of the incident wave,
Lw/(W1/3) as a function of Pso, using Figure 2-15,
irrespective of how the external incident wave was
created.

h. Determine the absolute wave length by multiplying the
scaled wave length by (WI/ 3).

B. Interior Blast Load:

a. Determine the following parameters. Lw/L, Lw/H, Ao/Aw,
W/H, and L/H, where A. is the total area of openings
in the front wall, and Aw is the area H by W.
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b. Determine the idealized factored average peak pres-
sure, (Pma( x (Lw/H)), as a function of W/H, Pso,
AO/Aw, and Lw/H, using Figures 2-203 to 2-206. Calcu-
late Pmax - (Pmax x Lw/H)/(Lw/H),

c. Determine the arrival time, TI, as a function of W/H,
Pso, and Ao/Aw, using Figures 2-207 and 2-208.

d. Determine the rise time, T2  TI, as a function of
W/H, Pso, and, LwiH, from Figures 2-209 and 2-210.

e. Determine the duration time, T3 - TI, as a function of
W/H, Pso, and Lw/H, from Figures 2-211 and 2-212.

f. Using times TI, T2 - TI, T3 - TI, and Pmax, construct
the idealized pressure-time blast load. See Figure 2-
201A for general configuration of this blast load.

Step 4. Side Wall Idealized Interior Pressure-Time Blast Load:

a. Determine the maximum average sidewall pressure, Pmax,
from equation 2-15.IsI

b. Determine the idealized times T, and T2 for W/H, using
Figure 2-213.

c. Determine the idealized times T3 and T4 for W/H, using
Figures 2-214 to 2-229.

d. Using times TI, T2 , T3 , T4 , and Pmax, construct the
idealized pressure-time load. See Figure 2-201b for
general configuration of this blast load.

Step 5. Back Wall Idealized Interior Pressure-Time Blast Load:

a. Determine the maximum average positive reflected
pressure coefficient, PRIB/Pso, as a function of L/H,
Pso, and AO/Aw, using Figures 2-233 and 2-234.

b. Determine the maximum average pressure, PRIB, by mul-

tiplying the pressure coefficient, PRIB/Pso, by Pso.

c. Determine the idealized time T, as a function of W/H,
Pso, L/H, and AO/Aw, using Figure 2-230.

d. Determine the idealized pressure duration, T2 - TI, as
a function of Pso, and Ao/Aw, using Figure 2-232.

I0
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e. Using times TI, T2 - TI, and PRIB, construct the
idealized pressure-time blast load. See Figure 2-201c
for general configuration of this blast load.

Step 6. Roof Idealized Interior Pressure-Time Blast Load:

a. Determine the W/H ratio for the roof as the inverse of
W/H ratio of the side wall.

b. Repeat Step 4 using the W/H ratio of the roof.

Example 2A-11 Blast Loads on a Structure with Front Wall Openings

Required: For the structure and charge as is shown in Figure 2A-14, deter-
mine the idealized positive external blast load on the front wall,
and the idealized positive internal blast load on the front wall,
side wall, roof and back wall.

Step 1. Charge weight

a. W - 5000 lbs. TNT

b. W - 1.20 x 5000 - 6000 lbs. TNT

c. W1/3- 18.1712 lbs 1 / 3

Step 2. Free field blast parameters surface burst

a. Procedure from Problem 2A-3.

Blast parameters: Pso, U, is, top tA, for W - 6000 lbs., RG

- 155' ZG - PG/Wl/ 3 - 155/18.1712 - 8.53 (sa> 8.5)

From Figure 2-15 for hemispherical suriace burst

Pso - f(ZG) - 12.6 psi

U - f 2 (Z - 1.46 ft/ms

i s /W1 / 3 f3(ZG) - 9.0 psi-ins/1b1 / 3 , s - 163.54 psi-ms

to/W1 / 3 - f4(ZG) - 2.40 ms/lb1 / 3 , to - 43.61 ms

tAiW/ - fs(ZG) - 3.40 ms/1bI/ 3 , tA - 61.78 ms

b. Charge to wall center ground distance - 155.0'
Charge to wall normal distance - 155.0'

2
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a cos -l (155/155) -0'

Step 3. Front wall idealized pressure-time blast load

A. Exterior Blast Load

a. From Figure 2-193, for a -0* and P 12.6 psi, determine

0rc* ra/Pso

P 0  10.0 12.6 20.0

Cra 2.40 ? 2.90

c r - (2.9 - 2.4) x (12.6 -10.0) /(20.0 -10.0) +- 2.40

-0.130 + 2.40 -2.53

oll,

Pra - xr X P 0 - 2.53 x 12.6- 31.878 psi, say 31.9 psi

h. From Figure 2-194, for a - 0*, read i Al 1/ for P 0 - 10

and 20 psi and interpolate for irct/W131 at P., 12,6 psi

P 0  i

psi psi-ims/1b1 /3

10 15.2
12.6?
20 23

ir/1/3 -(23.0 -15.2) x (12.6 -10.0)/

(20.0 - 10.0) + 15.2 - 2.028

+ 15.2 -17.228 psi-ms/1b1 /3

c. Detcrmine absolute impulse,

ia- (ira/W 1/3) x (Wl/3) - 17.228 it 18.1712 -313.1 psi-ms

d. For P 0 - 12.6 psi, Cr -1.325 ft/ms from Figure 2-192.
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e. Using Figure 2A-15 as the front wall sub-divisioiiing, deter-
mine hno WnP Sn, hint An, 6nh'nAn, E~nh'nAn, Af, S', S, R,
and Tic,

Subdivisioni Type 5n h, hn n An 6nh' nAn

No. n - ft ft ft ft 2  ft 3

1 3 1.0 5.0 4.0 5.0 20.0 100.0

2 2 0.50 5,0 3.0 5.0 15.0 37.50
3 1 1.0 5.0 9.0 5.0 45.0 2255.0
4 3 1.0 4.0 4.0 5.5 22.0 88.0
5 2 0.50 9.0 9.0 5.5 49.5U 222.750
6 3 1.0 3.50 4.0 3.5 14.0 49.0

7 2 0.50 3.50 3.0 3.5 10.5 18.375
8 3 1.0 9.0 9.0 3.5 31.5 283.50
9 2 0.50 9.0 9,0 3.0 27.0 121.50

10 2 0.50 5.0 7.0 3.0 35.0 87.50
11 1 1.0 5.0 9.0 3.0 45.0 225.0

Z 61n"'An 1 458,125~

Af -(16 x 32) - (3 x 5.5) - (7.0 x 3.0)

-512 - 16.5 - 21.0

-512 -37.5

-474.5 i~t2

11
S, E 611h' nAn)/Af - 1458.1250/474.5 -3,073 ft

11- 15.0', W - 20.0', 11 < W S -SHI - 15.0', S' < S O.K.

W > Hi G - W 20.0'

R -S/C - 15.0/20.0 .- 0.75; Cr -1.325 ft/ms

tc -4S'/<(1 + R) x Cr > -(4 x 3.073)/(1.75 x 1.325)

- 5.301 mns

f. Following general procedure problem 2A-1.0, Step 5 required
previously determined values are:

Ps0 -12.6 psi.

is 163.5 psi-ms
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Pra " 31.9 pai

-ra - 313.1 psi-ms

Determine

tof - 2is/Pso - 2 x 163.5/12.6 - 26 ms, Eq. 2-b,

trf - 2 ira/Prt - 2 x 313.1/31.9 19.6 ma, eq. 2-11,

qo - f(Pso) - 3.4 psi, Fig. 2-3

CD - 1.0, Paragraph 2-15.3.2,

Pso + CDqo " 16 psi, Paragraph 2-15.3.2

Construct infinite surface impulse and theoretic bi-linear
actual surface impulse. Minimum value is design impulse.

Infinite surface fictitious impulse - irk -- 313.1 psi-ms

Bi-linear theoretic actual surface impulse is area under
curve Pra to t'c on line Pso + CDqo to tof

Let P - (Pso + CDqo) < 1 - (t'c/tof)>

- 16.0 < 1 - (5.3/26) > - 12.7 psi

iBL - [<Pra - P><t'c/2>] + <Ptlc> + [<tof - t'c><P/2>]

- [(31.9 - 12.7)(5.3/2)] + (12.7 x 5.3)

+ [<26 - 5.3><12.7/2>] - 50.9 + 67.3 + 131.4

- 250 psi-ins

iBL < ir., use bi-linear pressure-time as design blast load.

See Figure 2A-16

g. For Pso - 12.6 psi, ½w/WI/ 3 . 2.10 ft/lbl/ 3 , Fig 2-15

h. Lw - (Lw/WI/ 3 )(W'/ 3 ) - 2.10 x 18.1712 - 38.16, say 38.2 ft.

B.Interior Blast Load

a. From previous steps: Lw - 38.2 ft. L - 30 ft, H - 15 ft, W
- 20 ft.
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Ao - Door opening area + window opening area

- (7 x 3) + (3 x 5.5) - 37.5 ft 2

Aw - H x W - 15 x 20 - 300 ft 2

AolA• - 37.5/300 - 0.125

I,/L - 38.2/30 - 1.27

Lw/H - 38.2/15 - 2,54

W/H - 20/15 - 1.33

L/H - 30/15 - 2.00

b. For W/H - 1,33, Pso- 12.6 psi, AO/Aw - 0.125, and Lw/H -

2.54 summarize factored maximum average pressure, Pmax/
Lw1,for W/H and Lwa/H equal to .75, 1.5, 3 and 6.

Figure No. W/H Lw/H Pmax x Lw/H

2-203 0.75 0.75 15.0
1.50 38.5
3.0 88.0
6.0 190.0

2-204 1.50 0.75 4.70
1.50 17.0
3.0 55.0
6.0 131.0

2-205 3.0 0.75 2.0
1.50 7.0
3.0 27.0
6.0 85.0

2-206 6.0 0.75 1.0
1.50 3.20
3.0 10.0
6.0 35.0
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Plot Figure 2A.-17 (a), and interpolate to determine Pmax x LW/H at

LwH- 2.54 for W/H - .75, 1.5, 3 and 6.

W/11 .75 1.5 3 b

Pmax x LwH 74 44 19 7.5

Plot Figure 2A-17 (b) froma above values.. and interpolate to
determine Pmax x Lw/H - 48 for W/H -1.33.

Determine Pmax - (Pmayx Lw/H)/(LW/H) - 48/2.54 - 18.9 psi.

C. For Pso - 12.6 psi and AO/Aw -~ 1/8, determine Tfor W/H-

.75, 1.5, and 3. from Figures 2-207 and 2-208

W/H .75 1.5 3
Ti 1.25 1.70 2.26

Plot Figure 2A-18 with above values, and deteimine Ti 1.60
for W/Ht - 1.33.

d. For Ps0- 12.6 psi, determino T2 -T, for WIN ;ýnd LW/H .75,
1.5, and 3, from Figures 2-209 and 2-210

W/H .75 1.5 3

Lu/H .75 1.5 3 .75 1.5 3 T./ 1.5 3

T2- I, 2.07 2.07 2.07 4.70 6.20 7.0 6.50 10.8 15.0

Plot Figure 2A-19 with above values, and interpolate to determine
T2- Iat L.w/H - 2.54 for W/H - .75, 1.5 and 3, as summarized

below.

W/H- .75 1.5 3
1' T- 2.07 6.75 14.0

Plot Figure 2A-19 with above ;,7alues, and determine T2 -T, - 5.80
ms for ti/H- - 1.33.

e. For Ps,- 12.6 psi, determine T- Tfor ti/H - .75, 1.5, and
3. and Lw/H - .75, 1.5, and 3, from Figures 2-211 and 2-212,
as s;ummarized below.
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W/H o75 1.5 3
LW/H .75 1.5 3 .75 1.5 3 .75 1.5 3
T3  1 5.2 8.2 14.5 10.0 13.5 19.5 18.6 24.8 34.8

Plot Figure 2A-20 with above values, and graphically interpolate
to determine T3 - T, at LW/H - 2.54 for W/H - .75, 1..5, and 3, as
summarized below.

W/H .75 1.5 3
T3 -T 12.8 17.5 31.7

Plot Figure 2A-20 with above values, and determine T3 Ti - 16.3
ms at W/H - 1.33.

f. Determine times T2 and T3 from TI, T2 - TI, and T3 - Ti.

T! - 1.60 ms

TI2 - - 5.80 ms

T3 Ti - 16.30 ms

T - 5.80 + 1.60 - 7.40 msT2

T3 - 16.30 + 1.60 - 17.9 ms

Plot Figure 2A-23 using above values and Pmax " 18.9 psi.

Step 4. Sidewall idealized interior pressure-time blast load.

a. Using equation 2-15, with Pso- 12.6 psi, AO/Aw - 1/8, Lw/L-
1.27, L/H - 2.0, solve for Pmax for W/H - .75, 1.5. and 3.

Equation 2-15: Pmax " K/(Lw/L)
r. H 0.9718,wee

For W/H - .75, K - A x B x CE x FH x P were:

A- [0.5422 (Lw/L)' 2 94 4I 0.001829 - 0.7385

B [0.654 + 2.616 (Ao/AI) - 4.928 (Ao/Aw) ]2

x [2.209 (L/H)- 0 . 3 4 5 1 
- 0.739] - 0.9040

C - [0,829 + 0.104 (Lw/L)1' 6 ] + [0.001.24 + 0.00414 (Lw/L)3"334

x [L/H]D - 1.0388

D 2.579 .0534 (Lw/L) 3 "8 9 1 
- 2.4428
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E - 999 (Ao/Aw) 9 "9 6 4 - 0.000001002

SF- 1.468 - 1.6627 (Ao/Aw) 0 7 80 1 + [1.8692

- 1.1735 (Ao/Aw) 0 ' 2 2 2 6 ] x [Lw/L]G - 1.1592

"G - 0.2979 (Ao/Aw)'1. 4 8 7 2 - 0.8351 - 5.7286

H - (5.425 x 10-4) + (1.001 x 10-3) (L/H) 9 "9 6 5 - 0.0005435

K - 0.7385 x 0.9040 x 1.03880.000001002 x 1.15920.00054-35

x 12.60.9718 7.83

Pmax - 7.83/1.27 z 6.2 psi, for W/H - .75

For 1.5 : W/11 < 6, K - [A + [B x (Lw/L)Cj] x D x E x Pso 1 .0 2 5

where,

A -0.002 (W/H) 1 "4 4 6 7  0.0213

B - 2.2075 - ( 1.902 ( W/H ).0.085)

C - 1.231 + ( 0.0008 ( W/H )2.678 )

D - (2.573 (L/H )-0.444) -0.3911

E - 0.4221 + (1.241 (Ao/Aw )0.367)

For W/H - 1.5, 3, and 6, determine values for A to E, and K and
Pmax, as summarized below.

W/H A B C D E K Pmax

1.5 -0.0177 0.3700 1.2334 1.5003 1.0006 9.6743 7.60

3 -0.0115 0.4751 1.2462 1.5003 1.0006 12.690 9.98
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Plot Figure 2A-21 with above values of Pmay vs W/H- .75,
1.5, and 3, and determine Pmax - 7.30 psi for W/H - 1.33.

b. For Pso - 12.6 psi, determine T, and T2 for W/H - .75, 1.5,

and 3 from Figure 2-213. as summarized below.

W/H .75 1.5 3

T1  1.82 4.95 11.7

T2 3.20 6.50 12.5

Plot Figure 2A-21 using above values of W/H and T, and T2,
and determine T1 - 4.4 ms and T2 - 5.9 ms for W/H - 1.33.

C. For Pso - 12.6 psi and L/H - 2, determine T and T for W/H
- .75, 1.5 and 3 and Lw/L - .75, 1, 1.5, and 2, from Figures
2-218 to 2-221, as summarized below:

Plot Figure 2A-21 with above values, and interpolate to
determine T3 and T4 , for Lw/L = 1.27 for W/H - .75, 1.5, and
3, as summarized below.

W/H .75 1.5 3

T3 35 18 24

T4 71 71 74.5

Plot Figure 2A-21 with above values, and determine T- 19
ms and T4 - 71 ms, for W/H - 1.33.

d. For Pmax -7.3 psi, T, - 4.4 ms, T2 - 5.9 ms, T3 - 19 ms and
T4 - 71 ms plot Figure 2A-23.

Step 5. Back wall idea.lized interior pressure-time blast load.

a. For L/H - 2, Pso - 12.6 psJ. and AO/Aw - 1/8, determine
P- 0.575 from Figure 2-234.

b. PRIB - (PRIB/Pso) x Pso " 0.575 x 12.6 - 7.5 psi.
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c. For P " 12.6 psi, L/H - 2, and AO/Aw - 1/8, determine T,
for W/H - .75, 1.5 and 3 from Figures 2-230 and 2-231, as is

shown below.

W/H .75 1.5 3
T1  19.0 21.5 24.0

Plot Figure 2A-22 using above values, and determine T1 -
21.1 ms for W/H - 1.33.

d. For Pso - 12.6 psi and AO/Aw - 1/8, determine T2- T- 2.35
ms from Figure 2-232.

Determine T2 - (T 2 - T1 ) + T, - 2.35 ms + 21.1 ms - 23.5 ms.

e. Plot Figure 2A-23 using PRIB - 7.5 psi, T1 - 21.1 ms and T2
- 23.5 ms.

Step 6. Roof idealized interior pressure-time blast load

a. Sidewall W/H - 1-1/3 - 4/3

Roof W/H - 1/(4/3) - 3/4

b. Repeat Step 4 with W/H - 3/4

For W/H - 3/4, L/H - 2.0, AO/Aw - 1/8, LW/L - 1.272 and Pso-
12.6,

Pmax -6.2 psi

For W/H - 3/4 and Pso " 12.6 psi

T- 1.82 and T - 3.20 ms

For W/H - 3/4, Pso - 12.6 psi, and Lw/L - 1.27

T3 - 35 and T4 - 65 ms

Plot Figure 2A-23 with above values.
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Problem 2A-12. Interior Pressure Buildup in a Strlcture

Problem: Determine the interior pressure-time curve for a structure
with an opening in one of its walls and subjected to an
applied blast pressure.

Procedure:

Step 1. Determine the pressure-time history of the applied blast
pressure P acting on the wall surrounding the opening in the
structure as presented in problem 2A-10. Also the area of
the opening Ao and the volume of the structure Vo must be
known.

Step 2, Divide the duration to of the applied pressure into n equal
intervals St, each interval being approximately to/10 to
to/20, and determine the pressuies at the end of each inter-
val.

Step 3. Compute the pressure differential P-Pi where Pi is the
interior pressure. Obtain the leakage pressure coefficient
CL for each P-Pi from Figure 2-235.

Step 4. Calculate 6Pi from

Ao
ISPi - CL 6t (eq. 2-31)

V0

using the proper values for CL and 6t. Add 6P, to Pi for the
interval being considered to obtain the new value of Pi for the
next interval..

Step 5. Repeat steps 3 and 4 for each interval using the proper
values of P and Pi, Plot curve of pressure buildup.

Note:
When P-Pi becomes negative, the value of CL must be taken as
negative also;

Example 2A-12. Interior Pressure Buildup in a Structure

Requit--d: Interior pressure-time curve for a structure with an opening
in one of its walls and subjected to an applied blast pres-
sure.

Solution:

Step i. The curve of the applied blast pressure P for the wall in
question is shown in Figure 2A-24. (Only the positive phase
of the blast wave is considered in this example.)
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Area of opening AO - 3' x 3' - 9 sq ft.

Volune of structure Vo - 10' x 10' x 10'

Vo - 1,000 cu ft

Step 2. to - 55 ms

Use n- 10 6t - 5.5 ms

For the first interval, P - 3.5 psi at t - 0

Step 3. Pi - J for the fiist interval

P "Pi - 3.50 - 0 -, 3,50 psi

CL - 8.75 (fig. 2-235)
Ao

Step 4. SPi - CL -- tR (eq. 2-31)
Vo

sPi - 8.75 (9.0 / 1000) (5.5) - 0.433 psi

new Pi - 0 + 0.433 - 0.433 psi

Step 5. The remainder of the analysis is presented in tabular form
below and the pressure buildup within the structure is
plotted in Figure 2A-24.

t Pi P-Pi CL Spi

(ms) (psi) (psi) (psi) (psi-ft/ms) (psi)
0. 3.50 0. 3.50 8.75 0.433
5.5 3.15 0.433 2.72 7.00 0.347
I1.0 2.80 0.780 2.02 5.45 0.270
1.6.5 2.45 1.05 1.40 3.78 0.187
22.0 2.10 l.*z4 0.86 2.32 0.115
27.5 1.75 1.36 0.39 1.05 0.052
33.0 1.40 1.41 -0.01 -0.027 -0.0013
38.5 1.05 1.41 -0.36 -0.972 -0.048
44.0 0.70 1.36 -0.66 -1.78 -0.088
49.5 0.35 1.27 -0.92 -2.48 -0.123
55.0 0. 1.14 -1.14 -3.50 -0.173
60.5 0. .97 -0.97 -3.00 -0.148
66.0 0. .82 -0.82 -2.50 -0,124
71.5 0. .70 -0.70 -2.25 -0.111
77.0 0. .59 -0.59 -2.00 -0.099
82.5 0. .49 -0.49 -1.80 -0.089
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t( 1 ) P Pi P-Pi CL i
(ms) (psi) (psi) (psi) (psi-ft/ms) (psi)

88.0 0. .40 - .40 -1.60 -. 079
93.5 0. .32 - .32 -1.45 -. 071
99.0 0. .25 - .23 -1.30 .064

104.5 0. .19 -. 19 -1.15 -. 056
110.0 0. .13 -. 13 -1.0 -. 050
115.5 0. .08 - .08 -. 85 -. 042
121.0 0. .04 - .04 -. 05 -. 025
126.5 0. .01 -.01 -.2 -. 01
132,0 0. 0. 0. 0. 0.

(1) Maximum Pi occurs between t - 27.5 and t - 33.0 ms

Problem 2A-13 Primary Fragments from Cased Cylindrical Charges

Problem: Determine the average fragment weight for a primary iragment

ejected from a uniform cylindrical steel casing; the total number
of fragments, the design fragment weight and ti•e number of frag-
ments weighing more than the design fragment.

Procedure:

Step 1. Establish design parameters:

a. type of explosive,

b. average casing thickness, tc.

c. average inside diameter of casing, di.

d. total casing weight, Wc.

e. confidence level, CL.

Step 2. Determine the value of the explosive constant B for the
gi-n type of explosive from table 2-6. With this value and
!-he values of tc and di from step 1, calculate the fragment
distribution MA from

MA Btc5/6d1/3[ 1 + (tc/di)] (eq. 2-37)

Step 3. With the value of MA from step 2, calculate the average
reight of the fragments from

f- 2MA2 (eq. 2-40)
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Step 4. Calculate the total number of fragments using tho value of

W. from step ld and MA from step 2 and equation 2-31.

NT - 8WC/MA 2  (eq. 2-39)

or: With the values of di and tc from step 1, enter Figure 2-241 and
determine B2 NT/Wc. From this value, the value of B from step 2
and Wc from step 1 find NT.

Step 5. Find the design fragment weight for the confidence level CL,

given in step I, using the value of MA and

Wf - MA2 In 2 (l - CL) for CL :< 0.9999 (eq. 2-42)

or equation 2-43 if CL > 0.9999

Step 6. Using the value of We from step 1, MA from step 2 and Wfi
from step 5, determine the number of fragments which weigh
more than the design fragment from

- [(Wf) 1/2 /MAI

8 Wc e
Nf- 2- (eq. 2-36)

or: Calculate the number of fragments which weigh more than the design
fragment using the confidence level of step 1, the total number of
fragments from step 4 and eqaiation 2-244.

Examj, e 2A-13 Primary Fragments from Cased Cylindrical Charges

Required: The average fragment. weig.t, the total number of fragments, the
design fragment weight and the number of fragments weighing more
than the design fragment.

Solution:

Step 1. Given:

a. type of explosive: Comp B

b. average casing thickness: tc - 0.50 inch

c. avera.ge inside diameter of casing: di - 12.0 inches
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md. torzi casing weight: WC 65.0 lbs

e. confidence level: CL 0.9

Step 2. For Comnp B, B - 0.22 (table 2-7)

MA Btc /d 1/ (1+t/di) (eq. 2-37)

0.22 (0.5)5/6 (12)1/3 (1 + 0.5/12) -0.294

Step 3. Average weight of fragments.

1, 2A 2 _ 2 X (0.294)2 - 0.17 oz (eq. 2-40)

Step 4. Total number of fragments.

NT - 8W.,/M 2 -8 X 65/0.2942 606famts (q 2-9

NT
or: -0.28 (fig. 2-37)

NT -0.28 X (65 X 16)/.2,2 -6016 fragments

,`Step 5. Design fragment weight.

Wf - 1M n2(l - CL) - 0.2942 1n2(l 0,95) -0.78 oz

Nf 2MA2  (eq (.)l202-42

Step 6. Ntuber of fragments weighing more than Wf -0.78 oz.

[yWnU /MA - 07) .9
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or: CL - . - Nf/NT (eq. 2-44)
Nf -NT (i CL) - 6016 (1 - 0.95) - 301 fragments

Problem 2A-14 Primary Fragment Velocity

Problem: Determine the initial velocity of a primary fragment and its

striking velocity.

Procedure:

Step 1. Establish design parameters.

a. s.hape of charge

b. dimensions of charge

c. type and density of explosi've

d. type and density of casing

e. distance from center of charge to impact location

f. weight of fragment

Step 2. Calculate the total weight of the explosive W and increase
it 20%. Find the weight of the casing Wc. Also calculate
tho ratio of the explosive weight to the casing weight W/Wc.

Step 3. Determine the Gurney Energy Constant (2E') 1 / 2 for the explo-
si',e charge from table 2-5. With this value and the value
of W!Wc from step 2, calculate the initial vo of the primary
fragments from the equation chosen from table 2-6.

or: Calculate the casing to charge weight ratio Wc/W. With
Wc/W, find the initial velocity from Figure 2-237 for proper
shape.

Step 4. For the distance traveled by the fragment Rf, calculate the
striking velocity vs using the initial velocity from step 3,
the weight of the fragment from step lg and

-. 004 RI/Wf'/ 3

vs -voe (eq. 2-48)
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or: With the fragment weiF'it Wf and striking distance Rf from

step 1, enter Figure 2-243 and find the ratio of the strik-

ing velocity to initial velocity. Multiply the ratio by the

initial velocity vo from step 3 to find the striking veloci-
ty vs.

Exampli 2A-14 Primary Fragment Velocity

Required: The initial velocity and striking velocity of a primary fragment.

Solution:

Step 1. Given:

a. spherical charge

b. inner diameter of charge: di - 6 inches

average casing thickness: tc - 0,25 inches

c. type of explosive TNT

density of explosive - 0.0558 lb/in3

d. mild steel casing

density of casing - 0.283 lb/In 3

e. striking disjtance Rf - 35 ft.

1. weight of fragment, Wf- 2 oz

Step 2.

a. weight of the explosive

W - 4/3 7T (6/2)3 X 0.0558 - 6.31 lbs

b. Increase weight of explosive 20 percent

W - 1.20 X 6.31 - 7.57 lb

c. Weight of casing

Wc - 4/3 7r (3.53 - 33) X 0.283 - 18.82 lb

d. Explosive weight to casing weight ratio.

W/WC, - 7.57/18,82 - 0.402

Step 3. For TNT, (2E') 1/ 2 
- 8000 (table 2-5)

Initial velocity from table 2-6
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v0  2E' 1/2  1 + (W/ 5Wc 11/2

040 1/2

-. (8000) j -4500 ft/sec
1 + .40(3/5)

or: W0/W -18.82/7.57 2.49

from Figure 2-237

v,/(2EY-1/2 -0.56

vo- 0.56 X 8000 - 4500 ft/sec

Step 4. Strikirng velocity

A-0.004 Rf/Wf1/ -0.004 x (35/2)1/

v, -v e - 4500 e (eq. 2-48)

vs -4030 i~t/see

or: from Figure 2-243

Vs-v 0.895

vs 0.895 X 4500 -4030 ft/sec

Probolem, 2A-15 Unconstrained Secondary Frag:wents "Close" to a Charge

Problem: Determine, the velocity of an unconstrained object close to an
explosive charge and its m~axixnuii range.

Procedure:

"A
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Step 1. Establish design parameters

a. weight W and shape of TNT equivalent explosive

b. radius of explosive Re

c. shape, dimensions and weight of target

d. distance from the center of the explosive charge to the
surface of the target, R

e. orientation of target with respect to the explosive charge

f. mass density of air p.

Step 2. Calculate the ratio of standoff distance to radius of the
explosive R/Re using the values from step 1.

Step 3. From Figure 2-249, determine target shape factor, B.

Step 4.

a. If R/Re is less than or equal to 10 for cylindrical charges,
or less than equal to 5.0 for spherical charges, determine
the specific acquired impulse either from Figure 2-250 or
equations 2-60, or 2-61.

b. If 10 < R/Re 5 20 for a cylindrical charge, or 5 < R/Re • 20
for a spherical charge, calculate the scaled standoff dis-
tance ZA - R!WI/ 3W With that value of ZA, obtain the normal
reflected impulse from Figure 2-7. The normal reflected
impulse is then used as the specific acquired impulse.

Step 5. Calculate the mean presented area A of the target and the

mass M using the values of step 1.

Step 6. With the area and mass from step 4, the target shape fact(
B from step 2 and the inpulse from step 3, calculate the
velocity from

1000 ABi
vo- (eq. 2-59)

12 M

Step 7. Determine the drag coefficient Lf prom table 2-8. Using
that value of CDP the area and mas cf the target from step
5, the velocity from step 6 and the o,',s density of air from
step lf,

evaluate the term: 12 PoCDAD-vo0 Mg.
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c. i -7T/4 (0.33 ft) (0.083/0.33)0.158 X 8000 psi-ms/ft

i1 1667 psi-ms

Step 5. Caic late area and mass of target.

a. Mean presented area

A -2.0 in X 8.0 in -16 in2

b. Mass

wt7.13 lb lb-ms2

M - - -________ -18,450

g 32.2 x 12x10-6in/ms2  in

Step 6. Find the velocity.

1000 ABi -1000 X 16 X (7T/4) X 1667
- -

(eq. 2-59)

12 M 12 X 18450

-o 95 ft/sec

i II MSte 7. Evaluate the term 12 Po CAy2/g

a. CD-12(table 2-8)

l2poCDADVO 2  0.115 (1.2) (16) (95)2 12

b. - 0.40

Mg 18450 X 32.2

Step 8. Calculate the range.

12 PoCDADR
a. - 0.33 (fig. 2-252)

b. R -0.33M/(l2Po'DAD)

-0.33 (18450)./[12 (0.115) 1.2 (16)] -230 ft.
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Problem: 2A-16 Unconstrained Secondary Fragments "Far" from a Charge

Problem: Determine the velocity of an unconstrained object "far" from an
explosive charge.

Procedure:

Step 1. Establish design parameters:

a. weight W of TNT equivalent Lxplosive

b. shape, dimensions and weight of target

c. distance from the center of explosive charge to surface of
the target

d. orientation and location of target with respect to the
explosive charge

e. velocity of sound in air, ao

f. atmospheric pressure, Po

Step 2. Calculate the scaled standoff distance from:

ZA RA/W3

From Figure 2-7. and the scaled distance find the peak incident
overpressure and the incident specific impulse.

Step 3. Determine the drag coefficient CD from table 2-8 based on
the shape and orientation of target (step 1).

Step 4. Calculate the mass of the target. Determine the distance
from the front of the target to the location of its largest
cross-sectional area, X. Also, determine the minimum trans-
verse distance of the mean presented area, H, and the pre-
sented area.

Step 5. Determine the constant K, which is equal to 4 if the object
is on the ground or reflecting surface. If the target is in
the air, K is equal to 2.

Step 6. With the peak incident overpressure Pso from step 2 and the
atmospheric pressure p0 from step lf, find Pso/po.
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Step 7. Evaluate the term 12% isa5 /0,l
3[Pso0 (KH + X)) using is and s

fromn step 2, CD from step 3, a0 from step le, K from step 5
and H and X from step 4.

Step 8. With two terms calculated in steps 6 arid 7 enter Figure 2-
248 and read l44voyMa0 /[10 POA(KII ±X)J from which the veloc-
ity is calculated.

Example 2A-16 Unconstrained Secondary Fragments "Far" from Charge

Required: The initial velteity of a steel Lool holder r'esting on a nearby
table, when a charge explodes.

Solution:
SteD 1. Given:

a . weight of explosive: ~ ~15 lbs of TNT

b. cylindrical target: length -8.0 in

R-1.0 in

W 7.13 lb

C. standoff distance: R -10 ft

d . tool holder is resting or, a table so that: its longitudinal
axis is perpendicular to the radial line from the charge

e. velocity of sound in air: a0 - 11.00 ft/see

f. atmospheric pressure: p0 - 14. 7 psi.

step 2. Find the peak incident overpressure and the incident specif-
ic impulse.

a. Scaled distance

b. Peak incident overpressure.

JP - 39 psi (fig. 2-7)

C . Incidont specific impulse.

is /w/ 12 psi-ms/lb1 '/3  (fig. 2-7)

is 12 (15)1/3 29.6 psi-mns
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Step 3. Drag coefficient.

onD - I (from table 2-8 for cylinder ioaded perpendicu-

lar to axis.)

Step 4. a. Mass of target.

Wt 7.13 lb lb-ms2
M -.. 6 18,450

g 32.2 x 12xlO"6 in/ms2 in

b. Location of largest cross-section.

X - 1 in (radius of object in this case - see fig. 2A-21)

c. Transverse distance of presented area.

H - 2.0 in (diameter of object in this case - see fig. 2A-
25).

d. Mean presented area.

A - 2 X 8 - 16 in 2

Step 5. Reflection constant.

Target is resting on table which is a reflecting surface so:

K - 4

Step 6. Evaluate Pso/Po

Pso/po - 39/14.7 - 2.65

Step 7. Evaluate 12CDisao/[lO3Pso (KM + X)]

12CDisao 12 (1.2) (29.6) (1100)
- - 1.34

10 3 Pso (KB + X) 103 (39) (2 X 4 + 1)

Step 8. Calculate the velocity.

144 v Moao
- 6.0 

(fig. 2-248)

106 p Ao(KH + X)

6.0 poA (KH + X) 106 106 (6.0)(14.7)(16)(2 X 4 + 1)
VO --

144 Mao (144)(18450)(1100)

Vo - 4.34 ft/sec
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Problem 2A-17 Constrained Secondary Fragments

Problem: Determine the velocity of a constrained object close to an explod-
ing charge.

Procedure:

Step 1. Establish design parameters:

a. fragment material.

b. dimensions of object.

C. boundary condition, cantilever or fixed-fixed.

d. specific impulse imparted to object.

Step 2. Determine the fragment toughness T from table 2-9 and the
fragment mass density pf.

Step 3. Calculate the loaded area of the object;

Step 4. Evaluate the term ib (2L/b)O'3/[A(pf T) 0 5  using the spe-
cific impulse and object dimensions from step 1, the frag-
ment density and toughness from step 2 and the loaded area
from step 3. With this term enter Figure 2-251 and read
the value of 12V/1000 (pf/T)0.5 from which the velocity is
calculated.

or: Using the specific impulse and object dimensions from step
1, the fragment density and toughness from step 2, ai',. the
loaded area from step 3. calculate the velocity of the
object from equation 2-66,

Example 2A-17 Constrained Secondary Fragments

Required: The velocity of a cylindrical tool holder after it breaks free of
its moorings,

Solution:

"Step 1. Given:

a, fragment material; A36 ;tLel1

b. dimensions of object: b - 2.0 inches
L - 8.0 inches

C. boundary conditions; cantilever

d. specific impulse: i - 1.667 psi-ms (see step 4 of example 2A-H. 15).
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Step 2.

a. Fragment toughness.

T - 12,000 in-lb/in3  (table 2-9)

b. Mass density of steel.

490 lb/ft 3 (ft 3 /1728 in 3 ) lb..m• 2

Pf 734 --
32.2 ft/s2 (12 in/ft)(s2/106 ms 2 ) in 4

Step 3. Loaded area.

A- r 2 - 7 (1.0)2 - 3.14 in 2

Step 4. Calculate the velocity.

ib [2L] . 1667 x 2.0 [2 x 81.

A(pfT) 0 5 []b - 3.14(734 x 12,000)05 2 J

from Figure 2-251

12/1000 [pf/T]I/2 V - 0.025

so

1000 T 1000 12,000 1/2

- 12 0.025 - - [ -- ] 0.025 -8.4 fps

or from equation 2-66

1000 T 1./2 b 2LA ]0.3

12 (pfT)I/b

1000 12,000 1/2
" -- - (-.2369 + 0.3931 X 0.668)

12 734

V - 8.6 fps
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Problem 2A-18 Ground Shock Load

Problem: Determine the air blast and direct induced ground shock param-
eters.

Procedure: Air blast-induced ground shock.

Step I., Determine the charge weight, ground distance R, height of
burst Hc, if any, and structure dimensions.

St:ep 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate th& scaled distance Z.

Read: From fig. 2-15

a. Peak positive incident pressure P,,.

b. Scaled unit positive incident impulse is/WI/ 3 . Multiply
scale' value by W1 / 3 to obtain absolute value.

c. Shock front velocity U.

Step 4. Determine the maximum vertical ground motions.

a. Calculate mazimuii vertical velocity,

Vý11 Pso
V -- (eq. 2-74)

P Cpp

where:

p - Mass density of soil (table 2-10)

C- Compression wave seismic velocity in the soil
(table 2-11)

b. Calculate maximum vertical displacemenL

is

DV -- (eq. 2-74)

1,000 p
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c. Calculate maximum vertical acceleration of the ground surface.

loops
AV (eq. 2-76)

p Cpg

where:

g Gravitational constant equal to 32.2 ft/sec 2

Step 5. Determine the maximum horizontal ground motions parameters.

a. Check Cp/12000 U > .707

b. Calculate maximum horizontal velocity.

VH i Vvtan (sin"I (C /12,000 U)] (eq. 2-77)
p

c. Calculate maximum horizontal displacement.

DH .. Dvtan [sin"I (C p/12,000 U)] (eq. 2-78)

d. Calculate maximum horizontal acceleration.

AH 1  Avtan [sin'(C /12,000 U)] (eq. 2-79)

Step 6. Determine arrival time tA and duration to:

a. Read from fig. 2-15.

tA/W3 scaled time of arrival of blast wave and,

t/w/ scaled duration of positive phase.

b. Multiply scaled value by WI/ 3 to obtain absolute value.

Direct- Irduced Ground Shock

Step 7. Determine the maximum vertical ground motions.

a. Calculate maximum vertical displacement.
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0.025 R
DV (eq. 2-80, rock media)

K, ZG1.3

or

DV - 0.7R 1 3 1 3 (eq. 2-83, dry or saturated soil)
2.3

ZG

b. Calculate the maximum vertical velocity.

- Z 1.0Z 5  (eq. 2-85)

C. Calculate the max~.muwi vertical acceleration.

AV -0,00//ZG (eq. 2-87)

Step 8. Determine the maximum horizontal ground motion parameters.

a, Calculate the maximum horizontal displacement.

DH -0.5 DV (eq. 2-82, ruck media)

or

Du1  DY (eq. 2-84, dry or saturatcid soil)

b. Calculate the maximum horizontal velocity.

ii- VV(eq. 2-86, all ground media)

C. Calculate the maximuma horizontal acceleration.

Ali - 0.5 AV (eq. 2-88 dry soil)

4All - AV (eq. 2-89, wet soil or rock media.)

Step 9. Determine, arria tie AG:

JAL

2A-93.
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t 12000 RC (eq. 2-92)

Example 2A-18 Ground Shock Loads

Required: Maximwum acceleration, velocity, and displacement at a point 155
ft. away from a surface burst of 5,000 lbs. Also required are:
times of arrival and duration of air-blast induced ground shock.

Solution:
Air blast-induced ground shock.

Step 1. Given: Charge weight - 5,000 lbs., R- 155 ft., Hc - 12 ft.

Step 2. W - 1.2 (5,000) - 6,000 lbs.

Step 3. Calculate the scaled distance Z.

R 155z155. 8,53 ft/ibI/ 3

1I/3 (6,000)1/3

Read from Figure 2-15.

a. Pso - 13 psi

b. - 9 psi-ms/lb1 /3

is - 9 x Wl/ 3 
- 9 x (6,000)1/3 - 163.54 psi-mas

c. U - 1.5 ft/ms

Step 4. Determine the maximum vertical ground motion.

Pso
a. VV. - -(eq. 2-74)

p C

13
VV - - 1.125 in/see

1.65 x 10-4 x 70,000

is

b. DV - (eq. 2-75)
1,000 p C

'10
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163.5DV- 
- 0.0142 in

D 1,000 (1.65 x 10-4) 70,000

100 Pso
C. AV - (eq. 2-76)

p Gpg

100 x 12.8
AV - (1.65 x 10"4) 70,000 x 32.2 3.44

Step 5. Determine the maximnum horizontal ground motion.

a. Check Cp/12000 U >" .707

70,000/12,000 x 1.5 - 3.89 > .707

b. VH - V - 1. 125 in/sec

C. DH - DV - 0o0142 in

Step 6. Arrival. time tA

a. Read from Figure 2-15.

tA - 3.35 ms/lbI/3
w1/3

to/Wl/3 - 2.35 ms/lb1 /3

b. tA - 3.35 x W1 / 3 - 3.35 (6,000)1/3

tA *- 60.90 ms

to- 2.35 x WI/ 3 - 2.35 x (6,000)1/3
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to - 42.70 ins

Direct-induced ground sheck.

Step 7. Maximuin vertical ground motions.

0.17 RG1/3 Wl/ 3

a. Dv - 23 (eq. 2-83)ZG2.

0.17 (155)1/3 (6,000)1/3
- _ _ _ _ _ _ _ _ _ _ __- 0. 1198 in

(8.53)2.3

b. VV - 150/ZG1. 5  (eq. 2-85)

VV - 150 / 8.531.5 - 6,020 in/sec

c. Av - 10,000 / w'/ 3 ZG2  (eq. 2-87)

Av - 10,000 / [ (6,000)1/3 (8.53)2 ; - 7.56 g

Step 8. Horizontal ground motions.

a. DI " Dv (eq. 2-84)

Di1 - 0.1198 in.

b. VH " Vv (eq. 2-86)

VH - 6.020 in/sec

C. Ali - 0.5 AV (eq. 2-88)
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AH - 0.5 (7.56)

AH - 3.78 g

Step 9. Arrival tim. t.

tAG - 12,000 NG/Cp - (12,000 x 155) / 70,000 (eq. 2-92)

tAG - 26.6 ms

Problem 2A-19 Structure Motion Due to Air Shock

Problem: Determine the maximum horizontal acceleration, displacement and
velocity of an above ground structure subjected to air shock.

Procedure:

Step 1. Determine external loadings acting on the roof, front and
rear walls according to the procedure outlined in problem
2A-10.

Step 2. Construct the horizontal force-time load curve by combining
the front and rear wall loadings from step 1 applied over
the area of front and rear walls. Use times of arrival to
phase these two loads.

Step 3. Calculate the dead weight and mass of the structure.

Step 4. Construct the downward force-time curve by adding the weight
of the structure and total roof load. The roof load is the
pressure time loading from step 1 applied over the total
area of the roof.

Step 5. Petermine the coefficient of friction between soil and the
structure from table 2-12.

Step 6. Determine maximum horizontal acceleration, displacement and
velocity using the acceleration impulse extrapolation method
outlined in Chapter 3, Article 3-19.2.1.2 of this manual.
The resisting force at each time interval is equal to the
value of downward force curve of step 4 multiplied by the
coefficient of friction determined in step 5. The resisting
force is assuned to be effective when the total horizontal
movement is equal to or larger than 1/4 inch as mentioned in
paragraph
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Example 2A-19 Structure Motion Due to Air Shock

"tequired: Maximum horizontal acceleration, velocity and displacement of the
square structure shown in Figure 2A-9 from problem 2A-10 for a
surface burst of 5,000 lbs at a distance from the front wall of
155 ft. Assume a coarse and compact soil. Roof, floor slab and
side walls are I foot thick reinforced concrete slabs and assume a
50 psf of internal dead load for the structure.

Step 1. External loadings on the structure are determined according
to the procedure in example 2A-10. See Figures 2A-10, 2A-12
and 2A-13. The arrival time (tA) for these loads are tabu-
lated in step 3d of example 2A-10.

t f (front wall) - 60.9 ws

tAb (rear wall) -83.6 ms

Step 2. a. Calculate area of front and rear walls.

Area (front and rear) -30 x 12 x (12)2-51840 in 2

b. Calculate the time difference between the rear and front

walls from step 1.

6t - tAb - tAr - 83.6 - 60.9 - 22.7 ms

c. Coustruct the horizontal force-time load curve by multiply-
ing the values of the front and rear wall curves from step I
by the area from step 2a. Rear wall load starts at time
equal to St - 22.7 from step 2b. See Figure 2A-26.

Step 3.

a. Calculate dead weight of structure Wd. Assume concrete
weight is 150 psf.

Wd - 150 [4 (30 - 1) (12-1) + 2 (30)2] + 50 (30-2)2 - 500,600 lbs
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b. Calculate total mass.

Wd 500,600 (1000)2 lbms 2

m-.. .. 1295.55 x 106

g 32.2 x (12) in

Step 4. a. Calculate area of the roof.

Area (roof) - 30 2 x (12)2 = 129,600 in 2

b. Construct the downward force-time curve by multiplying the
values of the roof curve from step I by the roof area from
step 4a, and adding the dead weight of structure Wd -
500,600 lbs from step 3a. (If the resulting value is nega-
tive, assume zero). See Figure 2A-27 below.

0~L-L
1, 3091304

1.o4,0o00oo - 981,97r

.500,600 500

I__, _ __,._ __ •398,34T -

1 100 200 1300

'ý n1 69032 vTIME,mns

Figure 2A-27

Step 5. Coefficient of frictior j• from table 2-12 for coarse and
compact soil..

/I •0.60

Step 6. Using the acceleration impulse extrapolatior method from
Chapter 3 of this manual determine maximum horizontal accel-
eration, displacement and velocity of the structure due to
load curve (P) from step 2c. Resisting force R is the
friction force produced due to the downward load curve F
from step 4b after an initial lateral translation of 1/4
inch. Use two ms time intervals for extrapolation. The
followix•g are the equations used in the extrapolation shown
in Table 2A-3.
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- n ma

Rn - .Fn
2l

X+i - 2Xu - Xni + an (St) 2

Vn -Vn-+ an (6t)

where

P Load at time of step n (step 2c)nU

Rn - Resisting Friction Force at time step n
T,-

m Mass from (step 3b)

an - Acceleration at time step n

S- Friction coefficient (step 5)

Fn - Downward force at time step n (step 4b)

Xn- Deflection at time step n

Vn - Velocity at time step n

The maximum motions from Table 2A-3 are:

ai<ax = .00122 in/ms 2  1 101.67 ft/sec2 << 3.16 g's

Vmax = .01231 in/ms << 1.026 ft/sec

Dmax .355 in

Problem 2A-20 Shock Response Spectra

Problem: Construct the elastic shoch response spectra for the interior com-
ponrents of an above ground structure subject to an external explo-
sion.

Procedure:
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Step 1. Determine maximum acceleration, velocity and displacemert
due to ground shock according to procedure outlined in
Problem 2A-18.

Step 2. Determine maximiun acceleration, velocity and displacement
due to air shock according to the procedure outlined in
Problems 2A-1O and 2A-19.

Step 3. Determine if the ground shock is outrunning or superseismic
(paragraph 2-23.2). For outrunning ground shock the maximumi
values of displacement, velocity and acceleration in hori-
zontal and vertical directions are the algebraic summation
of the maximum motions from steps I and 2. Otherwise pro-
ceed to step 4.

Step 4. For superseismic ground shock the maximum values of dis-
placement, velocity and acceleration are the numerically
larger values of direct-induced ground shock or the algebra.-
ic sum of the maximum motions from air shock and airburst
induced ground shock.

Step 5. Calculate the magnitude of acceleration, velocity and dis-
placement for xesponsu spectra in horizontal and vertical
directions by multiplying the maximum values of motions from
step 3 or step 4 by their appropriate factor from paragraph
2-24.3.

Step 6. Draw the horizontal and vertical shock response spectras.

Example 2A-20 Shock Response Spectra

Required: Shock response spectra for the structure defined in Examples 2A-18
and 2A-19.

Solution:

Step I. Maximum values of motion in vertical and horizontal direc-
tions due to ground shock according to the procedure out-
lined in Example 2A-18 are:

a. Air blast-induced

AH - AV - 3.44 g

VH - VV- 1.125 in/sec

D- DV - .014 in

b. Direct-induced
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All 3.78 g

AV 7.56g

VH VV- 6,02 in/see

H DV 120 in

Step 2. Maximumi horizontal acceleration, ve~locity and displacement
due to air shock following the procedure outlined in Exam-
ples 2A-10 and 2A-19.

Amnax -3.16 g

4 ~Vna- 12.31 in/see

Dinax - .355 in

Step 3. a. Check for outrunning gi.ou~d shock

TAG < TA:

F'rom Example 2A-18

TAG -26.6 ins

T A -60.9 ins

.. TAG < TA Outrunning ground shock

b. Add the values of maximuin motions fromi step 1 and step 2.

AH max - 3.16 4- 3.44 4- 3.78 - 10.38 g

VH rmax - 12,310 + 1.108 + 6.020 - 19.438 in/sec

DH max - .35 + .014 +.120 - .489 in

and
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*tAV max 3 . 4 4 + 7 . 5 6  1 1.00 g

VV max 1.108 + 6.020 - 7.1.28 in/sec

DV wax - .014 + .120 - .134 in

Step 4. Does not apply, the ground shock is not superseismic.

Step 5. Magnitude of the motions for response spectra.

AH - 10.38 x 2.0 - 20.76 g

VH - 19.438 x 1.5 - 29,157 in/sec

DH - .489 x 1.0 .489 in

and

AV - 11.00 x 2.0 - 22.00 g

Vv- 7.128 x 1.5 - 10.692 in/sec

Dv - .134 x 1.0 - .134 in

Step 6. See the shock response spectra for the values from step 6 in
Figure 2A-28.
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APPENDIX 2B

LIST OF SYMBOLS
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a (1) acceleration (in./ms 2 )
(2) depth of equivalent rectangular stress block (in.)
(3) long span of a panel (in.)

ao velocity of sound in air (ft./sec.)

ax acceleration in x direction (in./ms 2 )

2ay acceleration in y direction (in./ms2)

A (1) area (in. 2)

(2) explosive composition factor (oz. 1 / 2-in.-3/2)

Aa area of diagonal bars at the support within a width b (in.2)

Ab area of reinforcing bar (in.2)

Ad (1) door area (in. 2 )
(2) area of diagonal bars at the support within a width b (in. 2)

AD drag area (in. 2)

Af net area of wall excluding openings (ft. 2 )

A area of gross section (in.2

AH maximum horizontal acceleration of the ground surface (g's)

Al area of longitudinal torsion reinforcement (in. 2 )

AL lift area (in.2)

A, (1) net area of section (in. 2 )
(2) area of individual wall subdivision (ft. 2 )

AO aia of openings (ft. 2)

2Aps area of prestressed reinforcement (in. )

As area of tension reinforcement within a width b (in.2

2
As area of compression reinforcement within a width b (in. 2 )

As- area of rebound reinforcement (in.2)

AsH area of flexural reinforcement within a width b in the horizontal
direction on each fac'e (in.2)*

Asp area of spiral reinforcement (in. 2)

Ast total area of reinforcing steel (in.2)

As V area of flexural reinforcement within a width b in the vertical." ~2*
direction on each face (in. 2

• See note at end of symbols 2B-l
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At area of one leg of a closed tie resisting torsion within a distance
s (in.2)

Av total area of stirrups or lacing reinforcement in tension within a
distance, si. or sI and a width bs or bI (in. 2 )

AV maximum vertical acceleration of the ground surface (g's)

Aw area of wall (ft. 2 )

AAAI area of sector I and II, respectively (in.2)

b (1) width of compression face of flexural member (in.)
(2) width of concrete strip in which the direct shear stresses at

the supports are resisted by diagonal bars (in.)
(3) short span of a panel (in.)

bf width of fragment (in.)

bs width of concrete strip in which the diagonal tens-on stresses are

resisted by stirrups of area Av (in.)

bi width of concrete strip I n which the diagonal tension stresses are

resisted by lacing of area AV (in.)

b failure perimeter for punching shear (in.)

bt center-to-center dimension of a closed rectangular tie along b (in.)

B explosive constant defined in table 2-7 (oz. 1 / 2 in.-7/6)

c (1) distance from the resultant applied load to the axis of rotation
(in.)

(2) damping coefficient
(3) width of column capital (in.)

clC 1 l distance from the resultant applied load to the axis of rotation for
sectors I and Ii, respectively (in.)

Cs dilatational velocity of concrete (ft./sec.)

C (1) shear coefficient
(2) deflection coefficient for flat slabs

CC deflection coefficient for the cfenter of interior panel of flat slab

C critical dampingcr

Cd shear coefficient: for ultimate shear stress of one-way elements

CD drag coefficient

CDq drag pressure (psi)

2B-2
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C~q0  peak drag pressure (psi) 4 f
CE equivalent load factor

C post-failure fragment coefficient (lb. 2 -ms4/in.8)

C shear coefficient for ultimate shear stress in horizontal direction
for two-way elements*

CL (1) leakage pressure coefficient from Figure 2-235
(2) deflection coefficient for midpoint of long side of interior

2lat
slab panel

(3) lift coefficient

CR maximum shear coefficient

CM equivalent moment correctioLI factor

C compression wave seismic velocity in the soil from Table 2-10
(in./sec.)

Cr sound velocity in reflected region from Figure 2-192 (ft./ins)

CR force coefficient for shear at the corners of a window frame

S Cra peak reflected pressure coefficient at angle of incidence a

Cs shear coefficient for ultimate support shear for one-way elements

CsH shear coefficient for ultimate support shear in horizontal direction
for two-way elements*

C5V she-- coefficient for ultimate support shear in vertical direction
for two-way elements*

CS deflection coefficient for midpoint of short side of interior flat
slab panel

Cu impulse coefficient at deflection Xu (psi-is2/irk,

A. C 2 2n.
u impulse coefficient at deflect:.on Xm (psi-is /ill2)

Cv shear coefficient for ultimate shear stress in vertical direction for
two-way elements*

Cx shear coefficient for the ultimate shear along the long side of
window frame

C shear coefficient for the ultimate shear along the short side of
window frame

C confidence level

* See note at end of symbols 2B-3
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CI (1) impulse coefficient at deflection X, (psi-ms 2 /in. 2 )
(2) ratio of gas load to shock load

C1 ' impulse coefficient at deflection Xm (psi-ms 2 /in. 2

C2  ratio of gas load duration to shock load duration

d (1) distance 'rom extreme compression fiber to centroid of tension
reinforcement (in.)

(2) diameter (in.)
(3) fragment diameter (in.)

d' distance from extreme compression fiber to centroid of compression

reinforcement (in.)

db diameter of reinforcing bar (in.)

dc distance between the centroids of the compression and tension
reinforcement (in.)

dc distance beLween the centroids of the horizontal compression and
tension reinforcement (in.)

dco diameter of steel core (in.)

dcv distance between the centroids of the vertical compression and
tension reinforcement (in.)

de distance from support and equal to distance d or dc (in.)

di average inside diameter of explosive casing (in.)

di' adjusted inside diameter of casing (in.)

dp distance between center lines of adjacent lacing bends measured
normal

to flexural reinforcement (in.)

dp distance from extreme compression fiber to centroid of prestressed
reinforcement (in.)

dsp depth of spalled concrete (in.)

dI diameter of cylindrical portion of primary fragment (in.)

D (1) unit flexural rigidity (lb-in.)
(2) location of shock front for maximum stress (ft.)
(3) minimum magazine separation distance (ft.)

3(4) caliber density (lb/in.3)
(5) overall diameter of circular section (in.)
(6) damping force (lb..)
(7) displacement of mass from shock load (in.)

DE equivalent loaded width of structure for non-planar wave front (ft.)
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DH maximum horizontal displacement of th- ground surface (in.)

DIF dynamic increase factor

Ds diameter of the circle through centers of reinforcement arranged in a
circular pattern (in.)

Dsp diameter of the spiral measured through the centerline of the spiralbar (in.)

DLF dynamic load factor

DV maximum vertical displacement of the ground surface (in.)

e (1) base of natural logarithms and equal to 2.71828...
(2) distance from centroid of section to centroid of prestressed

reinforcement (in.)
(3) actual eccentricity of load (in.)

eb balanced eccentricity (in.)

2E'V 2  Gurney Energy Constant (ft./oec.)

E (1) modulus of elasticity
(2) internal work (in.-lbs.)

1 E modulus of elasticity of concrete (psi)

E'Fm modulus of elasticity of masonry units (psi)

L. Emodulus of elasticity of reinforcement (psi)

f (1) unit external force (psi)
(2) frequency of vibration (cps)

f static •Itimate compressive strength of concrete at 28 days (psi)
fP

fdme dynamic ultimate compressive strength of concrete k(psi)

~din dynamic ultimate compressive strengt~h of masonry units (psi)

fds dynamic design stress for reinforcement (a function of fy, fu and 0)
(psi)

fdu dynamic ultimate stress of reinforcement (psi)

fdy dynamic yield stress of reinforcement (psi)

fy static ultimate compressive strength of masonry units (psi)

fn natural frequency of vibration (cps)

pS) average stress in the prestressed reinforcement at ultimate load
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fpu specified tensile strength of prestressing tendon (psi)

f py yield stress of prestressing tendon corresponding to a I percent
elongation (psi)

fr reflection factor

fs static design stress for reinforcement (psi)

fse effective stress in prestressed reinforcement after allowances for
all

prestress losses (psi)

fu static ultimate stress of reinforcement (psi)

fy static yield stress of reinforcement (psi)ym
F (1) total external frrce (lbs.)

(2) coefficient for moment of inertia of cracked section
(3) function of C2 and C1 for bilinear triangular load

Fo force in the reinforcing bars (lbs.)

FS equivalent external force (lbs.)

FD drag force (lbs.)

Sfrictional force (lbs.)

FL lift force (lbs.)

FN vertical load supported by foundation (lbs.)

g acceleration due to gravity (32.2 ft./sec.2)

G shear modulus (psi)

h (i) charge location parameter (ft.)
(2) height of masonry wall

hn average clearing distance for individual areas of openings from
Section 2-15.4.2

ht center-to-center dimension of a closed rectangular tie along h (in.)

1h, clear height between floor slab and roof slab

H (1) span height (in,)
(2) distance between reflecting surface(s) and/or free edge(s) in

vertical direction (ft.)
(3) minimum transverse dimension of mean presented area of object

(ft.)

li height of charge above ground (ft.)

* See note at end of symbols 2B-6
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HS height of structure (ft.)

HT height of triplc point (ft.)

Hw height of wall (ft.)

He heat of combustion (ft.-lb,/lb.)

lid heat of detonation (ft.-lb./ib.)

i unit positive impulse (psi-nis)

ia sum of blast impulse capacity of the receiver panel and the least
impulse absorbed by the sand (psi-ms)

'ba blast impulse capacity of receiver panel (psi-ins)

i unit negative impulse (psi-mis)

"ia stun of scaled unit blast impulse capacity of receiver panel and scaled
unit blast impulse attenuated through concrete and sand in a composite
element (psi-ms/lb.1 / 3 )

ib unit blast impulse (psi-nis)

lb scaled unit blast impulse (psi-mns/lb/ 3 )

'ba scaled unit blast impulse capacity of receiver panel of composite
element (psi-ms/ib,l)/

3

'bd scaled unit blast impulse capacity of donor panel of composite
element

(psi-ms/lb. 1/3)

'i't total scaled unit blast impulse capacity of composite element
(psi-ms/lb. 1 / 3 )

ic impulse capacity of an element (psi--ms)

id total drag and diffraction impulse (psi-ins)

ie unit excess blast impulse (psi-ms)

ifs required impulse capacity of fragment shield (psi-ms)

gas impulse (psi-ins)

ir unit pos!itive normal reflected impulse (psi-mas)

-r unit negative normal reflected impulse (psi-ms)

ira peak reflected impulse at angle of incidence a (psi-ms)

is unit positive incident impulse (psi-ins)
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is- unit negative incident impulse (psi-ms)

(st impulse consumed by fragment support connection (psi-ms)

I (1) moment of inertia (in. 4 /in. for slabs) (in. 4 for beams)
(2) total impulse applied to fragment

la average of gross and cracked moments of inertia (in. /in. for slabs)
(in. 4 for beams)

Ic moment of inertia of cracked concrete section (in. 4 /in. for slabs)
(in. 4 for beams)

IcH moment of inertia of cracked concrete section in horizontal direction(in. 4 /in.)

Icv moment of inertia of cracked concrete section in vertical
direction (in. 4 /in.)*

I moment of inertia of gross concrete section (in.41 in. for slabs)
(in. 4 for beams)

Im mass moment of inertia (lb.-ms 2 -in.)

in moment of inertia of net section of masonry unit (in,4)

is gross moment of inertia of slab (in. 4 /in.)

. I ~ st impulse consumed by the fragment support connection (pA-mis)

gross moment of inertia of wall (in, 4 /in.)

ratio of distance between centroids of compression and tension forces
to tho depth d

k (1) constant depending on the casing meLal
(2) effective length factor

kv velocity decay coefficient

K (1) unit stiffness (psi/in. for slabs) (lb./in./in. for beams)
(lb./in. for springs)

(2) constant defined in paragraph 2-18.2

Ke elastic unit stiffness (psi/in. for slabs) (lb./in./in. for beams)

Kep elasto-plastic unit stiffness (psi/in. for slabs) (lb./in./in. for
beams)

KE (1) equivalent elastic unit stiffnet (psi/in, for slabs)
(lb./in./ in. for beams)

(2) equivalent spring constant (lb./in,)

KL load factor

* See note at end of symbols 2B-8
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KL load-mass factor

(KLM)u load-mass factor In the ultimate range

(KLM)up load-mass factor in the post-ultimate range

KM mass factor

KR resistance factor

KE kinetic energy

I charge location parameter (ft.)

1 (1) length of the yield line (in.)
(2) width of 1/2 of the coilunn strip (in.)

id basic development length of reinforcing bar (in.)

idh development length of hooked bar (in.)

ic length of cylindrical explosive (in.)

1Ip spacing of same type of lacing bar (in.)

is span of flat slab panel (in.)

L (1) span length (in.)*
(2) distance between reflecting surface(s) and/or free edge(s) in

horizontal direction (ft.)

LcyI length of cylinder (in.)

Lf length of fragment (in.)

LH clear span in short direction (in.)

TL length of lacing bar requried in distance sl (in.)

LL clear span in long direction (in.)

Lo embedment length of reinforcing bars (in.)

l.a unsimported length of column (in.)

wave length of positive pressure phase (ft.)

LW" wave length of negative pressure phase (ft.)

clear span in long direction (in.)

Ly clar span in short direction (in.)

SSee note at end of symbols 2B-9
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Lwb, Lwd wave length of positive prossure phase at points b and d,
respectively (ft.)

LI total length of sector of element normal to axis of rotation (in.)

m (1) unit mass (psi-ms/iu. for slabs) [beams, (lb./in-ms 2 )/in.]

(2) ultimate unit moment (in.-lbs./in.)
(3) mass of fragment (ibs.-ms2/in.

In average of the effective elastic and plastic unit masses (psi-ms 2 /in.
for slabs) [beams, (lb./in-ms )/in]

me effective unit mass (psi-ms 2 /in. for slabs) [beams, (lb/in-ms 2 )/in]

msp mass of spalled fragments (psi-ms 2 /in.)

mu effective unit mass in the ultimate range (psi-ms 2 /in. for slabs)

[beams, (lb/in-ms ]/in.]

mup effective unit mass in the post-ultimate range (psi-ms 2 /in.)

M (1) unit bending moment (in.-lbs./in. for slabs) (in.-lbs. for
beams)

(2) total mass (lb. -ms 2 /in.)
(3) design moment (in. -lbs.)

2Me effective total mass (lb.- s2/in.)

Mu ultimate unit resisting moment (in.-lbs./in. for slabs) (in, -lbs,
for beams)

Mu" ultimate unit rebound moment (in.-lbs./in. for slabs) (in.-lbs.
for beams)

Mc moment of corncentrated loads about line of rotation of sector
(in. -lbs.)

MA fragment distribution factor

ME equivalent total mass (lb.-ms 2 /in.)

MHN ultimate unit negative moment capacity in horizontal direction
in. -lbs./in. )

MHp ultimate unit •ositive moment capacity in horizontal direction
(in. -lbs./in.)

MoL,MoL total panel moment for direction H and L respectively (in.-lbs.)

MN ultimate unit negative moment capacity at supports (in.lbs./in.
for slabs) (in.-lbs. for beams)

MP ultimate unit positive moment capacity at midspan (in.-lbs./in.
for slabs) (in.-lbs. for beams)

See note at end of symbols 2B-10
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S1VN ultimate unit negative moment capacity in vertical direction(n.-lbs./in.)*

MVp ultimate unit Wositive moment capacity in vertical direction

(in. ibs./in.)

MI value of smaller end moment on column

M2 value of larger end moment on column

n (1) modular ratio
(2) number of time intervals
(3) number of glass pane tests
(4) caliber radius of the tangent ogive of fragment nose

N (1) number of adjacent reflecting surfaces

(2) nose shape factor

Nf number of primary fragments larger than Wf

Nu axial load normal to the cross section

NT total number of fragments
p reinforcement ratio equal to AT/bd or As/bdc

p1  reinforcement ratio equal to As/bd or As1 /bdc

Pb reinforcement ratio producing balanced conditions at ultimate
strength

Po ambient atmospheric pressure (psi)

pp prestressed reinforcement ratio equal to As/bdp

PI- mean pressure in a partially vented chamber (psi)

Pmo peak mean pressure in a partially vented chamber (psi)

average peak reflected pressure (psi)

PH reinforcement ratio in horizontal direction on each face*

PT total reinforcement ratio equal to PH + pV

PV reinforcement ratio in vertical direction on each face*

p(x) distributed load per unit length

P (1) pressure (psi)
(2) concentrated load (lbs.)

P negative pressure (psi)

PC critical axial load causing buckling (lbs.)

* See note at end of symbols 2B-11
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P maximum gas pressure (psi)
g

Pi interior pressure within structure (psi)

S Pi interior pressure increment (psi)

Pf fictitious peak pressure (psi)

Pmax maximum average pressure acting on interior face of wall (psi)

PO (1) peak pressure (psi)
(2) maximum axial load (lbs.)
(3) atmospheric pressure (psi)

Pr peak positive normal reflected pressure (psi)

Pr" peak negative normAl. reflected pressure (psi)

P peak reflected pressure at angle of incidence a (psi)

PRIB maximum average pressure on backwall (psi)

PS positive incident pressure (psi)

Psb, Pse positive incident pressure at points b and e, respectively (psi)

Ps0  peak positive incident pressure (psi)

Pso" peak negative incident pressure (psi)

PsobPsod,
Po peak positive incident pressure at points b, d, and e, respectively

(psi)

Pu ultimate axial load at actual eccentricity c (lbs.)

Px ultimate load when eccentricity ex is present (lbs.)

P ulcimate load when eccentricity ey is present (lbs.)

q dynamic pressure (psi)

qb,qe, ,ynamic pressure at points b and e, respectively (psi)

qo peak dynamic pressure (psi)

qobqoe peak dynamic p.essure at points b and e, respectively (psi)

r (1) unit resistance (psi)
(2) radius of spherical TNT [density equals 95 lb./ft. 3 ] charge

(ft.)
(3) radius of gyration of cross section of column (in.)

Ir- unit rebound resistance (psi, for slabs) (lb./in. for beams)
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ravail dynamic resistance available (psi)

6r change in unit resistance (psi, for slabs) (lb./in. for beams)

rd radius from center of impulse load to center of door rotation (in.)

rDL uniform dead load (psi)

re elastic unit resistance (psi, for slabs) (lb./in. for beamns)

rep elasto-plastic unit resistance (psi, for slabs) (lb./in. for beams)

rfs ultimate unit resistance of fragment shield (psi)

rT tension membrane resistance (psi)

ru ultimate unit resistance (psi, for slabs) (lb./in. for beams)

r post-ultimate unit resistance (psi)

rI radius of hemispherical portion of primary fragment (in.)

R (1) total internal resistance (lbs.)
(2) slant distance (ft.)
(3) ratio of S/G
(4) standoff distance (ft.)

Reff effective radius (ft.)

Rf (1) distance traveled by primary fragment (ft.)
(2) distance from center of detonation (ft.)

R uplift force at corners of window frame (lbs.)
g

RI radius of lacing bend (in.)

Rt target radius (ft.)

RA normal distance (ft.)

RE equivalent total internal resistance (lbs.)

RG ground distance (ft.)

Ru total ultimate resistance (lb.)

RIR 1 I total internal resistance of sectors I and II, respectively (lbs.)

s (1) sample standard deviation
(2) spacing of torsion reinforcement in a direction parallel to the

longitudinal reinforcement (in.)
(3) pitch of spiral (in.)
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ss spacing of stirrups in the direction parallel to the longitudinal
reinforcement (in.)

Si spacing of lacing in the direction parallel to the longitudinal
reinforcement (in.)

S height of front wall or one-half its width, whichever is smaller

(ft.)

so weighted average clearing distance with openings (ft.)

SE strain energy

t time (mis)

St time increment (ins)

ta any time (ins)

tb, te, tf
time of arrival. of blast wave at points b, e, and f, respectively

(ins)

tc (1) clearing time for reflected pressures (ins)
(2) average casing thickness of explosive charges (in.)

tcf (1) adjusted casing thickness (in.)
(2) Clearing time for reflected pressures adjusted for wall openings

(ins)

td rise time (ms)

tE time to reach maximum elastic deflection (ins)

tg fictitious gas duration (ms)

tm time at which maximumi deflection occurs (ins)
In duration of positive phase of blast pressure (ms)

to duration of negative phase of blast pressure (ins)10
tof fictitious positive phase pressure duration (ms)

tof fictitious negative phase pressure duration (ins)

tr fictitious reflected pressure duration (nis)

tu time at which ultimate deflection occurs (ms)

V Y time to reach yield (ms)

tA time of arrival of blast wave (Ins)

tAG time of arrival of ground shock (nis)
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V tItime at which partial failure occurs (ms)

T (1) duration of equivalent triangular loading function (ins)
(2) thickness of masonry wall (in.)
(3) toughness of material (psi-in./in.)

iT thickness of concrete section (in.)

Tc scaled thickness of concrete section (ft./lb. 1 / 3 )

ST; thickness of glass (il.)

TH force in the continuous reinforcement in the short span direction(lbs.)

Ti angular impulse load (lb. -ms-in.)

TL force in the continuous reinforcement in the long span direction
(lbs.)

TN effective natural period of vibration (ins)

Tpf minimum thickness of concrete to prevent perforation by a given
fragment (in.)

Tr rise time (nis)

STS (1) thickness of sand fill (in.)
(2) thickness of slab (in.)

T minimum concrete thickness to prevent spalling (in.)
sp

Ts scaled thickness of sand fill (ft./lb.1 /3)

Tu total torsional moment at critical section (in.-lbs.)

Tw thickness of wall (in.)

Ty force of the continuous reinforcement in the Short direction (lbs.)

u particle velocity (ft./ms)

uu ultimate flexural or anchorage bond stress (psi)

U shock front velocity (ft./ms)

Us strain energy

v velocity (in./ms)

va instantaneous velocity at any time (in,/ms)

vb boundary velocity for primary fragments (ft./sec.)
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vc ultimate shear stress permitted on an unreinforced web (psi)

Vf maximum post-failure fragment velocity (in./ms)

vf(avg.) average post-failure fragment velocity (in./ms)

Vi velocity at incipient failure deflection (in./ms)

Vol initial velocity of primary fragment (ft./sec.)

vr residual velocity of primary fragment after perforation (ft./sec.)

vs striking velocity of primary fragment (ft./sec.)

vie maximum torsion capacity of an unreinforced web (psi)

vtu nominal torsion stress in the direction of vu (psi)

"VU ultimate shear stress (psi)

VuH ultimate shear stress at distance de from the horizontal support
(psi)*

VuV ultimate shear stress at distance de from the vertical support (psi)*

A velocity in x direction (in./ms.)

Vy velocity in y direction (in./ms.)

V (I) volume of partially vented chamber (ft.3)
(2) velocity of compression wave through concrete (in./sec.)
(3) velocity of mass under shock load (in./sec.)

Vd ultimate direct shear capacity of the concrete of width b (lbs.)

VdH shear at distance d from the vertical support on a unit width(lbs./in.)*

VON shear at distance de from the horizontal support on a unit width
(lbs./in.)*

Vf free volume (ft.3)

V1.1  waximwii horizontal velocity of the ground surface (in./sec.)

Vo volume of structure (ft?3 )

Vs shear at the support (lb./in., for panels) (lbs. for beam)

VSH shear at the vertical support on a unit width (lbs./in.)*

VsV shear at the horizontal support on a unit width (lbs./in.)*

Vu total shear on a width b (lbs.)

* See note at end of symbols 2B-16
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S VV maximum vertical velocity of the ground surface (in./sec.)

VX unit shear along the long side of window frame (lb./in.)

Vy unit shear along the short side of window frame, (lbs./in.)

w applied uniform load (lbs.-in.2)

w (1) unit weight (psi, for panels) (lb./in. for beam)(2) weight density of concrete (lbs./ft. 3 )

ws weight density of sand (lbs./ft. 3)

W (1) design charge weight (lbs.)
(2) external work (in.-lbs.)
(3) width of wall (ft.)

WA weight of fluid (lbs.)

WACT actual quantity of explosives (lbs.)

Wc total weight of explosive containers (lbs.)

WE effective charge weight (lbs.)

W effective charge weight for gas pressure (lb.)

WEXP weight of explosive in question (lbs.)

Wf weight of primary fragment (oz.)

Wf average fragment weight (oz.)

WF weight of frangible element (lb./ft. 2)

WGI weight of inner casing (lbs,)

WCo total weight of steel core (lbs.)

WC1O weight of outer casing (lbs.)

Wel, Wc2 total weight of plates 1 and 2, respectively (lbs.)

Ws width of structure (ft.)

WD work done

x yield line location in horizontal direction (in.)*

X (1) deflection (in.)(2) distance from front of object to location of largest crosssection to plane of shock front (ft.)

X any deflection (in.)

* See note at end of symbols 2B-17
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Xc lateral deflection to which a masonry w4ll develops no resistance
(in.) 1

XDL deflection due to dead load (in.)

Xe elastic deflection (in.)

Xz equivalent elastic deflection (in.)

Xep elasto-plastic deflection (in.)
Xf maximum penetration into concrete of armor-piercing fragments (in.)

Xf maximum penetration into concrete of fragments other than

armor-piercing (in.)

Y-11 maximum transient deflection (in.)

X plastic deflection (in.)

Xs (1) maximum penetration into sand of armor-piercing fragments (in.)
(2) static deflection (in.)

Xu ultimate deflection (in.)

X1 (1) partial failure deflection (in.)
(2) deflection at maximum ultimate resistance of masonry wall (in.)

y yield line location in vertical direction (in.)*

Yt distance from the top of section to centroid (in.)

Z scaled slant distance (ft./lb.1 / 3 )

ZA scaled normal distance (ft./lb. 1 / 3 )

ZG scaled ground distance (ft./lb. 1 / 3 )

c (1) angle formed by the plane of stirrups, lacing, or diagonal
reinforcement and the plane of the longitudinal reinforcement
(deg)

(2) angle of incidence of the pressure front (deg)
(3) acceptance coefficient
(4) trajectory angle (deg.)

lec ratio of flexural stiffness of exterior wall to flat slab

AecH, aecL
ratio of flexural stiffness of exterior wall to slab in direc-tion H
and L respectively

* See note at end of symbols 2B-18
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(1) coefficient for determining elastic and elasto-plastic
resistances

(2) particular support rotation angle (deg)
(3) rejection coefficient
(4) target shape factor from Figure 2-212

B1  factor equal to 0.85 for concrete strengths up to 4,000 psi and is
reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

y coefficient for determining elastic and elasto-plastic deflections

7p fuctor for type of' prestressing tendon

6 moment magnifier

Sn clearing factor

S deflection at sector's displacement (in.)

ec' average strain rate for concrete (in./in./ms)

Cm unit strain in mortar (in./in.)

Csl average strain rate for reinforcement (in./in./ms)

eu rupture strain (in./in./ms)

8 (1) support rotation angle (deg)2
(2) angular acceleration (rad/ms2 )

ema.x maximum support rotation angle (deg)

61 horizontal rotation angle (deg)*

eV vertical rotation angle (deg)

(1) ductility factor
(2) coefficient of friction

v Poisson's ratio

p (1) mass density (Ibs.-ms. 2 /in. 4 )

(2) density of air behind shock front (lbs/ft. 3 )

Pa density of air (oz./in. 3 )

PC density of casing (oz./in. 3)

PE mass density of fragment (oz./in. 3)

Po mass density of medium (lb.-ms. 2/in. 4)

CT u fracture strength of concrete (psi)

* See note at end of symbols 2B-19



TM 5-1300/NAVFAC P-397/AFR 88-22

zo effective perimeter of reinforcing bars (in.)

EM summation of moments (in.-lbs.)

EMN sum of the ultimate unit resisting moments acting along the negative
yield lines (in.-lbs.)

F11p sum of the ultimate unit resisting moments acting along the positive
yield lines (in.-lbs.)

S(1) capacity reduction factor
(2) bar diameter (in.)
(3) TNT conversion factor

Or assumed shape function for concentrated loads

W(x) assumed shape function for distributed loads free edge

simple support

///// fixed support

XXXXX either fixed, restrained, or simple support

* Note. This symbol was developed for two-way elements which are used as

walls. When roof slabs or other horizontal elements are under consideration,
this symo3 will also be applicable if the element is treated as being rotated
into a veL'Lical position.
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CHAPTER 3

PRINCIPLES OF DYNAMIC ANALYSIS

INTRODUCTION

3-1. Purpose

The purpose of this manual is to present methods of design for protective
construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

3-2, Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximuii cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

3-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic ev,'nts were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with material. other than reinforced con-
crete which was the principal. construction material referenced in rhe initial
version of the manual..

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material. than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental, explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evidernt that a requirement for more accu-
rate design techniques is essential. This manual describes rational design

Al methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

* The design techniques !,et forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

3-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipmnent are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicabl~e to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facilities in the D)epartment of Defense manual, "Aimmun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques F~or these materials. However, ':his does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods, for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or- nuclear detonations. The procedures in these
manuals will. quite often complement this manual- and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are requixed, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

3-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter 1 Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS

3-6. General

This chapter contains the procedures for analyzing structural elements subject
to blast overpressures. These procedures are contained in the next eleven
sections; Section 3-7 deals with a simplified discussion of the basic prin-
ciples of dynamics as well as the procedures for calculating the various
components used to perform the dynamic analyses. Presented in Sections 3-8
through 3-15 are resistance-deflection functions for various elements includ-
ing both one- and two-way panels as well as beam elements. These functions
include the elastic, elasto-plastic, and plastic ranges of response. In
addition, a discussion of dynamic equivalent systems is presented in Sections
3-1.6 and 3-17. These include single- and multi-degree-of-freedom systems.
Presented in this Section also are methods for calculating load and mass
factors required to perf.;rm the dynamic analyses.

Sections 3-18 through 3-20 include both a step-by-step numerical integration
of an element's motion under dynamic loads utilizir.g the Acceleration-Impulse-
Extrapolation Method or the Average Acceleration Method and design charts for
idealized loads. Presented also in these Sections are methods for analyzing
elements subjected to impulse type loadings; that is, loadings whose durations
are short in comparison to the time to reach maximum response of the elements.

Ali
3-4
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BASIC PRINCIPLES

3-7. General

The principles used in the anallysis of structures under static load will be
reviewed briefly, since the same principles are used in the analysis and
design of structures subjected to dynamic loads. Two different methods are
used either separately or concurrently in static analysis: one is based on
the principle of equilibrium, and the other on work do~ie and internal energy
stored.

Under: the application, o17 external loads, a given structure is deformed and
internal. for'-es devcloped in its members. In order to satisfy static equi-
i ibri~uii, the vector stum of all t'ic external anid internal forces acting on any
fre,2 body portion of the structure mnust be equal to zero. For the equilibrium
ol the zstruct~ure as a whole, the vector sum of the external forces and the
reiclactions of tilt foundation must br' equal to zero.

The mot~hod hased on work done and energy con~siderations is sometimiess used when
it is nvrccssar~y to detcrmiine the deformation of a structure. In this method,

usc. Ls made of tho tact that t~he deformation of the Structure cau.ses the point
oL application of the external load to tbe. disp laced. The force then does work
on thr structure. Mieanwhile because of the structural deformations, poten-
tial tenergy is stored in the structure in the form of strain energy. By thi
prtincipli, ot enevtrgy conservation, the work done by the external force and the
entergy ste' ed iii the inenbers must be equal. In st~atic analysis, simplified
meLthodis Such as thec wet-hod of .vi ctual wo-,k anid the methAod of the unit load are
derived from the gonoral principle of energy coniservation.

hI the analysis of' statically indet~eimiriate. structur'es, in addition to
sa Li sfyinrg Othe equa-,tions of eq'ai-li r iuma, it is necessary to include a
calculat ion of the deformot ion of- the structure in order to arrive at a
complete solkaut i1onf thc in -erval forces in the structure. The methods based
cri eiiergy cozitsidora tions such as the method of least work and the met hod based
on Cast.igl iano 's theoremns are generAal ~y used.

For Ihe anlal y.S IOf S t rlc tlures under d1viami c I oadIng, thle same two rnc thods; are
l)a-s i;0 a].i used; but the load changes rap idly wi th t line and the acce icrat.ion
ye1or U ty aa d, hence , hie icir tl~a force anld kiate t. ~c ce rgy are of maagni tudes
reqa aiiring cons;i de rat iont. Thius i.n add it.ion to Uite irate rria I and external
forc e s, t ha. equat ion of v e 01ili r ium i nclIude s ýhe ine1rtia force arid th~e
keqUn civ of: dynnain ic equ il hr ium t~akes tho forin of' Newton' s equation of motion:

F - R-Ma 3-1

F 't otal.et e foarce as a fune tion of time
R total inte'iial force as a funictioni of timie
M -total mass
a aclrtca of thle muass

A5 for the principle of consirvationO of energy, the work dione Must be equal to
the sum of' the kinetic eniergy and the strain energy:

WD) -~ KE -i SE 3-2
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where WD - work done_

iKE - kinetic energy
SE - strain energy

and the strairi energy includes both reversible elastic strain energy and the

irreversible plastic strain energy. Thus, the difference between structures

under static and dynamic loads is the presence of inertial force (Ma) in the

equation of dynamnic equilibritum, and of kinetic energy in the equation of

energy conservation. Both terms are related to the mass of the structure;

hence, the mass of the structure becomes an important consideration in dynamic

analysis.

In the dynamic analysis of structures, both the energy balance equation and
the force balatice eupation are applied with explicit des ription of the
external foricig, tuint ion F, and the internal resisting forcing function R.
Thi differerRke bI tw,.en these forcing functions is the inertia force as

dcscrib:d Aa.'e The following is a disrussion of the dutails of hiow these

forck,; ai'r. 1,t il 'k.(i ill t.he design of structures whirb r,,,Z'Tr- in the ductile

modc

In the desli, ; ot a ;ruetiure to resist the blast from an HE explosion, the

total ext Arr• 1 '' rc . tinig on the structure can be obtained by the principles

discussed ChajtAr 2. The design method also consists of the deternination of
the total itor:r-nt tor-e. i.e. the resistance of the structure required to

li it di . A kil,.ct on; of the individual members and the struc ture as a
who .I undtr t hi. e×xc'.n -i toc e (blast. loading), to within prescribed maximxuwi

vii, ' ''lno sTkiano of thu resistance of the individual membt. ra of the

!tru;tt ,, i>t 11i Sect ions 3-8 through 3-11. Subsekquent sections of
thUi isrelIAO 1., ,, t. ., rinciples and methods of dwoamic analysi.s an,
equ.At iota,. ,LA. :.... ptl r)Cudure:.; for de sign

1'-6



TM 5-1300/NAVFAC P-397/AFR 88-22

RESISTANCE - DEFLECTION FUNCTIONS

3-8, introduction

Under the action of external loads, a stiuctural element is deformed and
internal forces set up. The sum of these internal forces tending to restore
the elemcnt to its unloaded static position is defined as the resistance. The
resistance of a structural element is a reactive force associated with the
deflection of the element produced by the applied load. It is convenient to
consider the resistance as an equivalent load in the same manner as the
applied load, but opposite in direction. The variation ot the resistance vs.
displacement is expressed by a resistance-deflectLion function and may be
represented graphically. An idealized resistance-deflection function for an
element spanning in two directions and covering in the complete flexural range
to incipient failure is shown in Figure 3-1.

As load i, applied to a structural element, the element deflects and, at any
instant, exerts a resistance to further deformation, which is a function cf
its units stiffness K, until the ultimate unit resistance ru (total resistance
is ru where A is the element area) of the element is reached at deflection XP.
The initial portion of the resistance-deflection diagram is cowposed of the
elastic and elasto-plastic ranges, each with its corresponding stiffness, the
transition from one range to another o.curring as plastic hinges are formed at
points of maximum stress (yield lines). The number of elasto-plastic ranges
required before the ultimate resistance of a particular element is reached
depends upon the type and number of support-. and the placement of reinforcing
steel (inl the case of reinforced concrete elements). For example a beam with
simple supports subjected to uniformly distributed loads needs only one
plastic hinge! to develop the ultimate resistance (or full plastic strength) of
the elemcrnt; whereas for the same beam fixed at both ends. more than one
plastic hinrg, is required.

In subsequen ~t ptaragraphs, various procedures, equations and illustrations are
present.ed to enable the dk-sigier to determine the resistances of both one- and

, two-way elements. The procedures outlined apply mainly to reinforced concrete
elements and so do the equations appe~aring in the text, unless the equations
are giv\x-l as part of an illustrative example. However, they can also be used
for structural steul elements as well as other structural elements such as
aluminum, plastics, etc. Equations have been derived for specific cases most
often encountered iii practice. These are applicable for structural steel and
reinforced coucrete elernezits of uniform thickness in both the horizontal and
vertical directions. Before the equations and figures can be used for rein-
forced concrett. olemenit, however, the reinforcing steel across any yield line
must havt, e: uniturin distribution in both the vertical and horizontal direc-
Pions; howwv'er, the reiilforoement across the positive yi(!Id lines can be
differernt frem that across the negative yield lines and the reinforcing
pattern in the vertical diiQction different from that in the horizontal
dirct ionl.

Regardless of whether i.L is reinforced concrete or structural steel element,
any opening in the clement must be compact in shape and small, in area,
compared to thu total area of the element.

3-7
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3-9. Ultimate Resistance

3-9.1. General

The ultimate resistance of an element depends upon:

(1) The distribution of the applied loads.
(2) The geometry of the element (length and width).
(3) The number and type of supports.
(4) The distribution of the moment capacity or reinforcement in the

case of -einforced concrete elements.

The distribution of the loads depends upon the design range of the element;
i.e., high, intermediate or low pressure. For intermediate and low pressure
ranges, it can be assumed that the pressure is uniform across the surface of
the element although it varies with time. At high pressure ranges, however,
the blast loads are variable across the surface of the element. Hovever, for
structural steel elements and concrete elements utilizing laced reinforcement,
or for concrete elements with standard shear reinforcement which sustain
relatively small deflections, a good cstimate of the resulting deflections can
be made using the resistance functions conforming to those of uniformly loaded
elements.

The other factors that affect Lhe ultimate resistance of an element are prede-
termined by the requirements of the protective structure (where the element is
used) and the magnitude of the blast output.

3-9.2. One-Way Elements

The ultimate resistance of a. one-way reinforced concrete element with an
"elastic distribution of its reinforcing steel is based on the moment capacity
at first yield since all critical sections yield simultaneously. For one-way
reinforced concrete elements (such as beams or slabs) with non-elastic
distribution of reinforcing steel and for structural steel elaments, the
ultimate resistance is a function of the moment capacity at the first yield
plus the added moment capacity due to subsequent yielding at other critical
sections.

Values of the ultimate resistance for one-way elements are show•n in Table 3-1
where the following symbols are used:

MN - ultimate negative unit moment capacity at the support.
- ultimat~e positive unit moment capacity at midspan.

.1 L -. length
ru - ultimate unit resistance
Ru- total ultimate resistance

Table 3-1 applies to both beams and slabs. However, special attention must bt
paid to the units used for the respective element. The moment capacity of a
slab is expressed for a unit strip of the slab (inch-pounds per inch) whereas
the total moment capacity (inch-pounds) is considered for a beam. Consequent-
ly, the resistance of a slab is expressed in load per unit area (psi) where
the resistance of a beam is expressed in load per length along the beam 6
(pounds per inch).
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3-9.3. Two-Way Elements

The amount of data available on the limit analysis of rectangular steel plates
is very limited. However, an elementary approach imagines a mechanism formed
of straight yield lines, as is customary in reinforced concrete. This
approach for reinforced concrete elements will be considered appropriate for
structural steel elements.

In the design of two-way reinforced concrete elements, it is not necessary to
define accurately the stress distribution during the initial and intermediate
stages of loading since the ultimate load capa.ity can be readily determined
by the use of yield line procedures. The yield line method assumes that after
initial cracking of the concrete at points of maximum moment, yielding spreads
until the full moment capacity is developed along the length of the cracks on
which failure will take place. Several illustrative examples of the simpli-
fied yield or crack lines for two-way elements are illustrated in Figure 3-2.

In using the yield line solutIon, the initial step is to assume a yield line
pattern (as shown in Figure 3-2) applying the following rules:

(1) To act as plastic hinges of a collapse mechanism made up of plane
segments, yield lines must be straight lines forming axes of
rotation for the movements of the segments.

(2) The supports of the slabs will act as axes of rotation. A yield
line may form along a fixed support and an axis of rotation will
pass over a column.

(3) For compatibility of deformations, a yield line must pass through
the intersection of the axes of rotation of the adjacent slab
segments.

Tests indicate that the actual location and extent of these lines on rein-
forced concrete elements differ only slightly at failure from the theoretical
ones. Use of the idealized yield lines results in little error in the
determination of the ultimate vcsistanc- and the error is on the side of
safety.

The corner sections of two-way elements are stiff in comparison to the
remainder of the member; therefore. straining of the reinforcement which is
associated with the reduced rotations at these sections will be less. To
account for the corner effects, the design of any one particular section of a
two-way ele.nent should consider a variation of the moment capacity along the
yield lines rather than a unifoim distribution.

This variation is approximated by taking the full moment capacity along the
yield lines, except in the corners where two-thirds of the moment capacity
over the lengths described i. Figure 3-3 are used. The variation applies to
both the negative moments along the supports and the positive moments at the
interior. The ultimate unit resistance can be determined from the yield line
pattern using either the principle of virtual work or the equations of
equilibrium. Each approach has its advantages; in general, the virtual work
method is easier in principle but difficult to manipulate algebraically since
it involves differentiating a usually complex mathematical expression for a
minimum value of resistance. The equilibritum method, which i.s used in this

3-9
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manual, also has its disadvantages. Since equilibrium requires that the shear
forces acting on each side of a yield line have to be equal and opposite,
correction forces (also known as nodal forces) have to be introduced around
openings in two-way members and at free edges, and these correction forces may
not be available from simple analysis. However, in three of the six cases
shown in Figure 3-2, (cases c, e, f), nodal forces exist; but their effects
are negligible.

In order to calculate the ultimate unit resistance ru of a two-way element,
the equation of equilibrium of each sector formed by the yield lines is
expressed in terms of the moments produced by the internal and external
forces. The sum of the resisting moments acting along the yield lines (both
positive and negative) of each sector is equated to the moment produced by the
applied load about the axis of rotation (support of the sector), assuming that
the shear forces are zero along the positive yield lines.

EM + 7M - Rc - ruAc 3-3

where MN - sum of the ultimate unit resisting moments
acting along the support (negative yield lines)

S4P- sum of the ultimate unit resisting moments
acting along the interior failure lines (positive
yield lines)

R - total ultimate resistance of the sector
c - distance from the centroid of the load to

the line of rotation of the sector
ru - ultimate unit resistance of the sector
in - area of the sector

Once the equations of equilibrium are known for all sectors, the ultimate
remittance is obtained either by solving the equations simultaneously or by a
trial and error procedure noting that the unit resistance of all sectors must
be equal.

To illustrate the above procedure (Equation 3-3), consider the two-way
concrete element shown in Figure 3-3 which is fixed on three edges and free on
the fourth, and where the nomenclature is as follows:

L - length of element
H - height of element
x - yield line location in horizontal direction
y - yield line location in vertical direction

MVN - ultimate unit negative moment capacity in
the vertical direction

Mvp - ultimate ur.it positive mo,,ent capacity

in the vertical direction
M11N - ultimate unit negative moment capacity

in the horizontal direction
MHP - ultimate unit positive moment capacity

in the horizontal direction

The nomenclature as stated in the paragraph above is strictly applicable to
two-way elements which are used as walls. However, when ruoF slabs or other
horizontal elements are under consideration, the preceding n,.menclature will
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'- also be applicable if the eloment is treated as being rotated into a vertical
position.

The first step in the solution is to assume the location of the yield lines as
defined by the coorditnates x and y. It should be noted that in some cases,
because of geometry, the value of x and y will be known and therefore need not
be evaluated. In this example, the negative reinforcement in the horizontal
direction at opposite supports is assumed to be equal; therefore, the vertical
yield line is located at the center of the span and the value of x is numeri-
cally equal to L/2 (a, Figure 3-3). However, in other cases, neither the
location of x nor y will be known, and the solution will require the deter-
mination of both coordinates.

Once the yield lines have been assumed, the distribution of the resisting
moments along the yield lines is determined. In the case at hand, the reduced
moments, as a result of the increased stiffness at the corners, act over
lengths equal to x/2 and y/2 in the horizontal and vertical directions,
respectively (a, Figure 3-3). The equations of equilibrium are then written
for each sector with the use of the free body diagrams (b, Figure 3-3). For
the triangular sector I:

MVN - (2/3)MvN (1/4 + L/4) + MVN (L/2)

- (5/ 6 )MVN L 3-4

Mvp - (2/3)Mvp (L/4 + L/4) + MVp (L/2)

- (5/6)Mvp L 3-5

C. - y/3 3-6

I- ( MV + MVp)/CI

- [5L(!VN 4 Mvp)]/2y 3-7

Al - Ly/2 3-8

ru(Sector 1) - RI/AI

- [5(MvN A Mvp)]/y 2  3-9

For the trapezoidal sector II, a similar procedure gives

MHN - ( 2 / 3 )MHN (y/2) + MIIN (H{ y/2)

- MHN (H - y/6) 3-10

MHp - ( 2 / 3 )MHp (y/2) + MHp (H y/2)

- MHP (H - y/6) 3-11

C1 1  (1/3)(L/2)(2(H-y) + H]/(H + H - y)

- [L(3H - 2y)]/6(2H - y) 3-12
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RII - ( MHN + MHP)/CII

- [(6H - y)(2H - y)(MHN + MHP)]/L(3H - 2y) 3-13

A,, - (1/2)(L/2)(H + H - y)

- [L(2H - y)1/4 3-14

ru(Sector II) - RII/AII

- [ 4 (MHN + MHP)( 6 H -y)]/L 2 (3H - 2y) 3-15

Equations 3-9 and 3-15 are the equations of equilibrium for the triangular (I)
and the trapezoidal (II) sectors, respectively. As mentioned previously,
these equations can be solved simultaneously or by a trial and error proce-
dure. In the latter method, values of y are substituted into both equations
until ru (sector 1) is equal to ru (sector II).

If a numerical solution based on the above procedure (Equation 3-3)-yields
negative values for either x, y or r then the assumed yield line location is
wrong. In this example, the only other possible yield line pattern (x • L/2)
would be as shown in Figure 3-2c.

The solution of Equation 3-3 is universally applicable for any two-way
element. If the negative reinforcement in the horizontal direction had been
unequal at the opposing supports, the value of x - L/2 would have changed, and
all three sectors wold have had to be considered to determine x, y and hence,
ru.

Simultaneous solution of Equations 3-9 and 3-15 reveals that the locations of
the yield lines are a function of the ratio of the spans L/H and the ratio of
the sum of the unit vertical to horizontal moment capacities as follows:

ru(Sector I) - ru(Sector II) 3-16

5(MvN + Mv_)/y - [4 (MHN + M~1p)(6H - y)]/L 2 (311 - 2y) 3-17a

L2 (MVN + MVp)/112 (MHN + MHP) -

[4y 2 (6 - y/H)]/[5H2 (3 - 2y/H)] 3-17b

(L/H)[(MvN + MVN)/(MHiN + MHP)]1/ 2 -

(y/H)[(4(6 - y/H)/5(3 - 2y/H)] 1 / 2  3-17c

Equation 3-17c, which relates the location of the yield lines to the moment
capacity of the element, is used to plot Figure 3-6. Knowing the location of
the.yield lines, the resistance of the two-way element can be obtained from
either Equation 3-9 oz 3-15 which are also presented in Table 3-2.

Using the procedure outlined above, the values of the ultimate unit resis-
tances for several two-way elements with various support conditions are given
in Tables 3-2 and 3-3, the nomenclature confirming to that previously listed..
TablA 3-2 covers the special cases where opposite supports provide the same
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degree of restraint thus resulting in symmetrical yield line patterns. Table
3-3 deals with the general cases when the yield line patterns are not sym-
metrical (that is, when opposite supports provide different restraints).
Yield line location ratios x/L and y/H for the same elements are depicted in
Figures 3-4 through 3-20.

Figures 3-4 and 3-5 show the location of the yield lines for two-way elements
with two adjacent edges supported and the other two free. In each of these
figures eight curves are Lhown which represent different ratios of the
positive to the negative moment capacities in both the vertical and horizontal
directions. Figures 3-6 through 3-16 illustrate the yield line location for
two-way elements with three edges supported and one edge free. Figures 3-6
and 3-11 covers the case when the yield line pattern is symmetrical opposite
supports provide the same degree of restraint). Figures 3-17 through 3-20
show the yield line location for two-way elements with four sides supported.

Figure 3-17 covers the special case when opposite supports provide the same
degree of restraint thus resulting in a symmetrical yield pattern. An example
illustrating the use of some of these figures is provided in Appendix A.

3-9.4. Openings in Two-Way Elements

The use of openings in two-way elements, whether for access as a door opening
or for visual communication as in the case of observation ports, is permis-
sible with certain reservations. It is difficult co state exact rules
concerning openings, but their effect on the design is generally a function of
location, size and shape.

Small compact openings with approximate areas of less than 5 percent of the
panel area and located away from regions of high sL,•ass can usually be ignored
in the design. However, as in the case of conventional design, reinforcement
at least equal to the amount interrupted should be placed adj,.cent to the
opening. For example, in Figure 3-21, the openings shown in Ia) and (b) can
be disregarded. If the opening in (b) were made more rectangutlar as in (c),

then the design must be modified to account for the change in the yield lines
and, hence, the change in the resistance. This change in resistance is a
function of both the shape and the location of the opening.

Door openings invariably require special analysis because of their size. As
depicted in (d), (e) and (f), Figure 3-21, the presence of door openings
causes gross relocations of the yield lines which generally propagate from the
corners of the openings. Since the door also sustains the blast loading,
concentrated line loads are presei.t around the periphery of such openings.
These concentrated loads must be included in the analysis since they change
the resistance. As previously outlined for solid elements and for this case
also, the yield line locations are assumed and each sector is individually
analyzed. The presence of line loads modifies Equation 3-3 to

EMN + Mp - ruAc + Mc 3-18

where Mc is the moment of the concentrated loads about the line of rotatihn of
the sector being considered. Solution of elements with openings is most
easily accomplished through a trial and error procedure by setting up the
simultaneous equations for each sector and assuming various values of x and y
until the several values of ru agree to within a few percent.

3-13
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3-10. Post-Ultimate Resistance

In general, the two-way elements described in this manual exhibit a post-
ultimate resistance after initial failure occurs as indicated in Figure 3-1.
Prior to this partial failure, the element is spanning in two directions with
a resistance equal to the ultimate resistance ru. At a particular deflection,
denoted as X1 , failure occurs along one side or two opposite sides, and the
element then spans in one direction with the reduced post-ultimate unit resis-
tance r. until complete failure occurs at deflection X.,. One-way elements do
not exhibit this behavior.

The location~ of the yield lines determines the presence or absence of this
range. If the yield lines emanating from the corners of the elements bisect
the 90-degree corner angle, then all supports fail simultaneously and there is
no post-ultimate range, As previously shown, the location of the yield line s
for a particular element is a function of L/ll and the ratio of th., unit
vertical to horizontal moment capacities. Post-ultimate resistaices for two-
way elements are shown in Table 3-4.

3-11. Partial Failure and Ultimate Deflection

Partial failure deflection X1, for two-way elements and ultimate deflections
Xufor both one-way and two-way elements are a function of the angle of

rotation of the element at its supports and the geometry of the sectors formed
by the position yield lines.

Once the ultimate resistance ru is re ached (full moment capacity developed
along the yield lines), the structural element becomes a mechanism which
rotates with no further increase in either the moment or curvature between the
hinges. For one-way elements, the rotation continues and the deflection
increases until either the maximum deflection Xmis reached or failure occurs
at 0 max. The equations for the maximum deflection Xmin the range 0 5 X < X
for several one-way elements as a function of the rotation angle 0 and the
ultimate deflection Xuare given in Table 3-5, when the values for Kuare
based on the development: of a maximum support rotation, 6 max. , prior to
failure,

Actually, the maximum support rotation will vary with the material type and
geometry of the element. The criteria for partial and incipient failure for
concrete and structural steel elements can be found in Chapters 4 and 5
respectivel.y.

For two-way elements, the rotations of all the sectors must be considered in
order to define the deflections of partial and incipient failure. Prior to
partial failure (0 1 Xm X X&) the maximum deflection is a function of the
larger angle of rotation formed along either the vertical or horizontal sup-
ports. At deflection X1, this larger angle equals 0 max, and failure occurs
along this support. Beyond this point, the element spans in one direction
until the angle of rotation at the adjacent supports (in the direction
opposite to that at which failure has already occurred) reaches 0 at which
time total collapse occurs J.Xm W

To illustrate the above, consider a two-way element (Figure 3-22) which is
fully restrained on four edges and whose positive yield lines are defined by
H/2 < x < L/2 and y - H1/2. Denoting OH as the angle of rotation in the
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horizontal direction (along vertical, supports) and 1V as the vertical angle of
rotation (along horizontal supports), the maximum deflection Xm at the center
of the element prior to reaching the deflection XI is

Xm - (1 tan Qv)/2 3-19

and at the partial failure deflection X, where R. max

X1 - (H tan 9 max)/ 2  3-20

Referring to Figure 3-22, the deflected shape at deflection X, is indicated by
the solid line and 0 11 has value 3 which is defined as

B - tan l(Xl/x) - tan1l(H tan ermax/ 2 x) 3-21

As the element continues to deflect the angle of rotation OH increases, its
magnitude becoming equal to

9.1 - 8 + B 3-22

where I is the angular rotation in excass of B. For a two-way element which
undergoes partial failure but does reach incipient failure, the maximum
deflection in the range X1 < Xm !5 Xu becomes

Xm - x tan 01, + [(L/2) - x)] tan (eH - B3) 3-23

When e(9 equal 6 max, the ultimate deflection X. at incipient failure is
, u " X tan eniax + [(L/2 - x)] tan [emax - tan"1 (11 tan emax/ 2 X)] 3-24

Equations 3-19 through 3-24 are specifically for two-way elements described in
Figure 3-2 and will vary for other two-way elements with different material
properties and geometry.

The maxiiiium deflection Xm for several two-way elements in the ranges 0 <X _< :
X1, and X1 < X11 • Xu as a function of the rotation angles OH and eV are given
in Table 3-6 along with the values of partial failure (X1 ) and ultimate (Xu)
deflections. The support which fails at partial deflection X, is also indi-
cated.

3-12. Elasto-Plastic Resistance

As stated in Seccion 3-8, the initial portion of the resistance function
(Figure 3-1) generally is composed of an elastic and one or more elasto-
plastic ranges. The elastic unit resistance re is defined as the resistance
at which first yield occurs; similarly, the elasto-plastic unit resistance rep
is the iesistance at which second yields subsequently occur. Where all hinges
form in a member at one time, re will be equal to the ultimate unit resistance
ru; where two or more hinges are formed at separate times, the maximum value
of r., will be equal to ru (depending upon the hinges formed, one or more
values of rep may exist).

These resistances for one-way elements are listed in Table 3-7. 1i1 those
cases where the elasto-plastic resistance is equal to the ultimate resistance,
the value can be determined from Table 3-1.
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The determination of the elasto-plastic resistances of two-way elements is
more complicated than that for one-way elements, since the resistance varies
with the span ratio and, in the case of reinforced concrete elements, with the
placement of the reinforcement. Data for calculating the resistances of two-
wav elements during the elasto-plastic ranges (graphically summarized in
Figure 3-23) are presented in Figures 3-24 through 3-33.

Figures 3-24 through 3-26 are for a two-way element supported on two adjacent
sides and free at the others. Figures 3-27 through 3-32 are for a two-way
element supported on three sides and free on the fourth, while Figures 3-33
through 3-38 are for elements fixed on four sides. The resistances in each
range can readily be determined using the coefficients B, the subscript refer-
ring to the points listed in the accompanying illustration.

For example, in Figure 3-27, for an element fixed on three sides and free on
the fourth, if the ultimate unit resisting moments Mu are known for points 1,
2 and 3, a resistance r for each point can be calculated from

r - Mu /B31 2  3-25

where the values of B are found in Figure 3-27. The smallest value of resis-
tance r, (say at point 2) corresponds to the first yield and is equal to re.
Next, the moments at the remaining two points are computed for this value of
re, and the differences between these and the ultimate values are determined.
These differences represent the remaining moment capacities available for
additional load. At re, the elements supports become free, fixed, and simply-
supported on opposite sides. Using the moment differences and entering Figure
3-29 two values of the change in resistance can be calculated as above, the
smaller being Ar and therefore:

rep - re + Ar 3-26

In similar fashion, the resistance at the end of each range can be determined
until the ultimate unit resistance ru is reached.

3-13. Elasto-Plastic Stiffnesses and Deflections

The slopes of the elastic and elasto-plastic ranges of the resistance function

are defined by the stiffness K of the element:

K - r/X 3-27

where r is the unit resistance and X is the deflection corresponding to the
value of r. The elastic range stiffness is denoted as Ke, the elasto-plastic
range as Kep, while in the plastic range the stiffness is zero.

Typical resistance-deflection functions used for design are shown in Figure 3-
39. One- and two-step systems are generally used for one-way elements while
two- and three-step systems are used for two-way elements. Two way elements
fixed on all four sides will exhibit a four step system. As can be seen from
the figure, the elastic range stiffness

Ke - re /Xe 3-28

the elasto-plastic stiffness for a two-step system
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Kep - (ru - re) /(XI -Xe) 3-29

and for a three-step system, the elasto-plastic stiffnesses

Kep- (rep - re) / (Xep Xe) 3-30

and

K'ep- (ru - rep) /(Xp Xep) 3-31

The elastic and elasto-plastic stiffnessas of one-way elements are given in
Table 3-8 as a function of the modulus of elasticity E, moment of inertia I,
and span length. Knowing the resistances and stiffnesses, the corresponding
elastic and elasto-plastic deflections can be computed from the above equa-
tions.

The determination of the elasto-plastic stiffnesses and deflections of two-way
elements is more complicated than for one-way elements since another variable,
namely, the aspect ratio L/H, must be considered. For two-way elements, the
deflections at the end of each range of behavior is obtained from the y
coefficients presented in Figures 3-24 through 3-38. The deflection for each
range of behavior is obtained from

XD - yrH4  3-32

where D, the flexural rigidity of the element is defined as

D - EI/(l-v ) 3-33

E is the modulus of elasticity, I is the moment of inertia, and v is Poisson's
ratio. It must be realized that except for the elastic range, the values of X
(the displacement) and r in Equation 3-32 represent change in deflection anO
resistance from one range of behavior to another. Therefore, for two-way
members the change in deflection and resistance (as previously explained) is
obtained from Figures 3-24 through 3-38 and the stiffnesses are computed from
Equations 3-28 through 3-33.

3-14. Resistance-Deflection Functions for Design

3-14.1. General

The resistance-defloction function used for design depends upon the maximum
permitted deflection according to the design criteria of the element being
considered. This maxiiiiun deflection XM can be categorized as either limited
or large. In the limited deflection range, the maximum deflection of the
system is limited to the elastic, elasto-plastic and plastic ranges. When the
maximum deflection falls in the large deflection range, the response of the
system is mainly within the plastic range and the elastic and elasto-plastic
ranges need not be considered. The error resulting from the omission of the
elastic and elasto-plastic portions in this analysis is negligible.

The support rotation that corr3sponds to limited deflection varies for the
different materials used in protection design. The response criteria for each
material is obtained from the chapter that describes the design procedures for
that material.
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3-14.2. Limited Deflections

When designing for limited deflections, the maximum deflection Xm of the
element is kept within the elastic, elasto-plastic, and limited plastic
ranges, and the resistance-deflection function for design takes the form shown
in Figure 3-39 a, b, and c for a one-step system, a two-step system, and a
three-step system, rcspectively. The design charts presented in Section 3-
19.3 were established for a one-step system; for two- and three-step systems,
these charts can be used if the resistance-deflection functions are replaced
with equivalent elastic resistance-deflection functions defined by KE and XE

as indicated by the dotted lines in Figure 3-39. The equivalent elastic
stiffness FE and the equivalent maximum elastic deflection XE are calculated
such that the area under the dotted curve is equal to the area under the solid
curve, thereby producing the same potential energy in each system. The
equivalent maximum elastic deflection XE for the two-step and three-step
systems shown is expressed by Equations 3-34 and 3-35, respectively.

XE -Xe + Xp(l - re/ru) 3-34

XE -xe (rep/ru) + Xep(l re/ru) + X(l - rep/ru) 335

The equivalent elastic stiffness KE in each case is equal to

KE - ru/XE 3-36

One-way elements exhibit one- and two-step resistance deflection curves
depending on the type of supports. Consequently, the equivalent elastic
stiffness KE is given for one-way elements in Table 3-8. The equivalent
elastic deflection can then be calculated from Equation 3-36. Two-way
elements generally exhibit two- and three-step resistance-deflection curves
which are a function of not only the type of supports but also of the aspect
ratio L/11 of the element. The equivalent elastic deflection XE of the element
under consideration must be calculated from Equations 3-34 and 3-35 for two-
and three-step systems, respectively. The value of KE for the system can then
be obtained from Equation 3-36.

3-14.3. Large Deflections

When designing for a large deflection, it can be assumed without significant
error that the resistance rises instantaneously from zero to its ultimate
value r. at the onset of the blast loading thus neglecting the elastic and
elasto-plastic ranges. The design resistance function for cne-way elements is
approximated by a constant plastic range resistance as shown in Figure 3-40a,
while for two-way elements, the resistance function becomes that shown in
Figure 3-40b, where the maximum deflection Xm can be either smaller or larger
than the partial failure deflection XI.

3-15. Support Shears or Reactions

Support shears or reactions are a function the applied load and the maximuw
resistance attained by an element, its geometry and yield line location.
However, for short duration blast loads, the support shears can be reasonably
estimated by neglecting the applied load. Therefore, the ultimate support
shear can be ascmed to be developed when the resistance reaches the ultimate
value, ru.

3-13



TM 5-J.0OO/NAVFAC F-397/AFR 88-22

Equations for the ultimate support shears V. for one-way elements are given in

Table 3-9. For those cases where an element does not reach its ultimate
resistance, the support shears are obtained based upon elastic theory for the

actual resistance r attained by the element.

For two-way elements, the ultimate shears acting at each section are calcu-

lated by use of the "yield line procedure" previously outlined for the
determination of the ultimate resistance ru. The ;hear along the support is
assumed to vary in the same manner as the moment varies (2/3 V at the corners
and V elsewhere) to account for the higher stiffness of 'i'e corners (Figure 3-
41). Since the shear is assumed to be zero along the interior (usually
positive) yield lines, the total shear at any section of a sector is equal to
the resistance ru times the area between the section being considered and the
positive yield lines. Referring to Figure 3-41, the support shear VsV for the
triangular sector I is

( 2 / 3 )Vsv(L/ 4 + L/4) + Vsv(L/2) - ru(Ly/2) 3-37

4 VsV- 3ruy/ 5  3-38

and for the trapezoidal sector II

(2/3)VsH(y/2) + VsH(H - y/2) =

ru(L/2)[(H - y + H)/2] 3..39

VsH - [3ruL(2-y/H)]/2(6 y/H) 3-40

Values of the ultimate support shears VsH and V for several two-way ciwments
derived as above are presented in Tables 3-10 and 3-11. Table 3-10 givw:s the
ultimate support shears for the case where opposite supports provide the same
degree of restraint resulting in symmetrical yield line patterns. Table 2'-Il
is for completely general situations where opposing supports provide different
degrees of restraint and result in the formation of unsymmetrical yield 'ines.
In these cases, the ultimate support shears are not equal at opposing sur-

ports.For the situations where the ultimate resistance of an element is not
attained, the support shears are less than the ultimate value. The proportion
of the total load along each support as well as the distribution of the shears
along the support is - -sumed to be the same as previously cited for the
ultimate support shear. Therefore, the support shears corresponding to th.
resistance r of the element is obtained from the equations presentE.d in Tables
3-1.0 and 3-11 by replacing ru with the actual. resistance attained (r., rP
etc.).

3-19



-4J

Cj

zt a

- ~x 0

CLC

3-2-

Ni U- -0



NEGATIVE YIELD LINES

fPOSITIVE 
YIELD LINES

((b)
FOUR EDGES FIXED-

4004

TwoADAENT EDGES FIXED AND O WO EDGES FREE

3-210

, 00



I L ;-

L
x L/2

ww

=.=.L._ xl, M ,•. HN MHP

AT NEGATIVE 2
TTYIELD LINES

AT POSITIVEYIEL. ;LNeS

SMvW

a) YIELD LINES AND DISTRIBUTION OF MOMENTS

L -

I~~~~ :lv lW jX:HN

y2

b) FREE - BODY DIAGRAMS FOR INDIVIDUAL SECTOiiG

Figyure 3-3 Determi nati on of ultimate uni t res is tanc-ý

3-22



a -I
N.l

rU

A

-0 )

0 '
4 - (

.- ru

04-L

(A~

12-I
0

44C

XI:

1 ~

0

3-2-



0 41

R3a)

014

34- Q

0

3 -24-



a)

ZWIT 4-J

JL to)Ixmst W 46-

HEE

00

00

0c0)

0U 0

M3l 431

0 4-. 0~

3-25



1-do

7-. 4-. (L

CL .Q. a)

> +

CCD

Eu
- E

00(

IL.-
maw

..... ( ....

-7 0 L.)

Ix



Q) -4

4-) CW

47- 4.- WD

CL - CL

F., I P. 4-3 C

It IL E -

6 d c 6 6 cOff

x t-27



.

.4 .

X1 . . . ....

.........

a)C

C14

ffi -0

Q0CL,-~

4-CL

(V)

Lf.-4 - - , 1 19 0-w

LI I Lor I

A3-2



WC

00

Lc) 0

0 ..- 4-

._ _ .... ...

000 Q)
C02

0 60 1ý

C4 0

LL

xtif> >

3-29



cCD

4-- fJ

0 (V

mix (U4-ý

> +

-74 - _____4

.-.. L.--~... . -... . .

3-7:3



-771

1 --1
a -n

a) Cj

><

><-

aw

cqo -a

__ __ o -

x x

4 L

[T- 0 
ILIo 

o

3 3



X1

C. I

0 _

L.0 OR ~

co C\o

-1 T
U')

44 4J

00
> 0-C4

+ 0a)

CL >

0

CLi

3-4-



4-.4

o >I r I "

-0>,4

T-A 0

---.--. -o

Ai) a)

C-)

OL

0 a
___, .i t .I . . - 1

ci~~~~- a)c i ci c i c

3-133-



4-j

Žbl 0ell

4-H 4-) 1.4.

I, 20

_ _ 0

777~~.i...i.- a - *c ;

-34)



-7-

IIN

0 >3

+ + + 
+ 4

- N - 1 Ný-V
z z -1H tia

to 04~

CLL

4-

M

-~ 4.j00

u

3-35



00

P4-441

343

'4-

C (

>-

'-U

0

4-)

L4.) 0

d~ 0

3-36.



a. CL ( a.
>J > >

Y 0

(4 a,

a.

(A

r- C'a,

+ --

_o _ 4-

__0_ A0

___ _ _ __c~f>

00

71~3



4
-3

4.)

4- t __

>w

10 .. ....

U>

.4L

+~~~~~ 4- ++4.-.. .

-3-3



;.I.
Z J.

(4-

4-

_L 4

IN~~. --------

a. ..... .. ..

>7q >- C G'

77 -- 7 7:-
If 4+

... . . . . . .. . . ._. ._. . . . . .
-=77=

LA-J

3-39



Vt0

st0

it1

I~CA

Lai

3-40

I IU
jlý Bit



ix

ELEVATION Y =rH

A

J5 H

e_[

_X[H/ 2  H/2

L/2 ___ H

SECTION A-A SECTION 6-8

PARTIAL FAILURE

-- INCIPIENT FAILURE

Figure 3-22 Deflection of two-way element

3-43. 

B W



L L L

FIG. 3-24 FIG. 3-25 FIG. 3-26

_I 2

L IL
F IG. 3-27 FIG. 3-28 FIG. 3-29

I-L L

FIG. 3-30 FIG. 3-31 FIG. 3-32

02 1 2

L L L

FrG. 3-33 FIG. 3-34 FIG. 3-35

1•1
FIG. 3-36 FIG. 3-37 FIG. 3-38

LEGEND* EDGE CONDITIONS

FREE SIMPLE FIXED

Figure 3-23 Graphical summary of two-way elementsA 3-42



1, 1.0
......................... ...... .....

0.5
i l

01

0.30

.000

H8 max

3-3

L83



M 2
... .. ...

LD ~
.t- 4  ...... ... .. ...

1.0.

.001 .~ t:
10.7750 3020 100705 . .

0.H/L

Figure -25 Moent an def77i6 ncef.et o uiorl-odd

tw-a0.mn it2n defxd a dae~ de
.~pysup e and.wo.dgesf.e

.. ... 3.4.



P

- 2
M $rH......
XD YrH .....

1.0i F-T

0.7 _ _ _ _ _ _ _ _ _ _ _ _

0.5

g71.

Q 0.2 ...

S .07 ._.....

4. Q~.05

.03....

.01 ..

.007 _

.003 -_

.002--

.OL
!0 7.0 5.0 3.0 2.0 1.0 0.7 0.5 0.3 0.2 0.1

H /L

FýI-gure 3-26 Moment and deflectIon coefficients for uniformly-lo-aded,
two-way element with two adjacent edges simply-supported
and two edges free

3-45



1.0 I.-

0.7-2

.033

.0002 - .. ............

HL/

0.2

'~0.1



1.0

0.7 T.-

0.35

0.3-

M - I~rH*Z-..: .

XD yrH4

.07t_ ___

.03

.02

.01 .. i~ 77
.003 _ _ __ _ _ _ _

I.00

.002 --

..... ....

.0002

.O005....... . -. . . . . .

.0002*, - _-

.0007

.0001
10 7.0 5.0 3.0 2.0 1.0 0.7 0.5 0.3 0.2 0.1

H/L

Figure 3-28 Monment and deflection coefficients for uniformly-loaded,
two-way element with two opposite edges fixed, one-edge
simply-supported and one edge free

2-4



1.0.q.

0.7- 7

0.22

0.3-

4 .-................

.. .......~. ........

.005.

d .003

....................

.0 03.-. . . .... .-....

.0002 ---- ' ..-- -- - ~ - ..-- ... ......... --

.......................

.0001
I 0 5 ...0 3..0 2. 0 . . . . 2

0H/

Figure ~~ .... 3.29 Moen and...... deflctio coffcens.o.. if...1o~ ed
two-way..... elmn wit two. opost edges.. simpy-sppot.d

on. dg0ied0n oeegefe

.03-7;



1 .0-

0.23

XO = rH 4  
*-..*-**.--~.*-.

.007;-:.__

...0 .....

.003

.000 17-71" - -.----, .- o

.0 7000 . . .00705 0.5. .

.003!

Figur 3-3 Momet an defectio coeficiets fr... fo.......ade.
tw-a.leetwthtreege2ipy-upreda. n

.........ree.

.. .....4. ..



1.0 I 2.1

0.7 T.07

0.5 .1 .....

0.2 .... 0

rf~ *03F .............-_ _

0077 .0-
~. .. ... ._ _ .. ..

.005 .... .. ........... .... 00.5

.002-0-

.001/.3. .0001
.0 0 / ................. ..... 00007

.0 0 . : ....... 00...

.(00 ........ - .0000

.0002 .......
.. ...... . ...... .

C .00 U i ...A..... ._ _ _ _ _ _ _ _- .o o
.00 05. . .0 0070.0.0. .0007

..... H00
Figur 3-1 Mmn7n dfeto offcet ovunfrl-odd

.00-wa e0mn00t3w djcn dgsfxd
one ed. si.ysp td a...on.edge..e

Ir;~~ .02.00

.........



1.01
0.2 70.0 ~ .07

0.5.- 
.05

0.3.

L .008

.02 .002

200

.0005.....................
.0000

.07.
.0003- -~ --- ~.0000

.000 - 0000

.00003.0 .0 .... 30 200....5 03 0...

.02L
Fiue -~ oe ..an..... ~ n coficets fr n fom.002 od

two-way~~~~~~~...... elmn..t...djcn dessml-spotdo.~ edge.. fie..rd.n.eg f

CO L ...................



0.5

03~I~IA~LJ .003

.005 -- .0005

'03 .0002

.01.0001

o.0007._- ~{ .00007

..... .00......-- .00005

.0003 - .00031

.00007 - M -Gr .00000

... ..... _7o..........

.001.00002

.0007~ .000071

E-.00 7.:.77070kG0705 . . 00.i
CH /

... ... .. .. ,



1.0 + 4!.77

Li -. i N 00

0.2r .007 ~_

0. ..........

..... ... ... ..
.05 ~ IV.005

..... . M 00
0.3 102 ......... .

0.2.00 ...... .0000' Z

.0A5 Ti J- r~'-r .0000
1'*4

.0037 .00003

.03 .00032

.0022/00

.0007 - M/r .000007

.05X .000003
.000 / rOoo

H /

Figure~~~~~~~~~~~~7 ..:Mtn n dfeto c~fiinsfrunfrl-odd
tw0-wa elmntwt0t0opoie0de0fxdanw

edge .simp...y-supported....
. .... ..... ... ... . . 0 0 0



0.7: -. 007

0.5 .0

0.2-00

.002

0. 1.0 7

.0000

.7 - -1:1 7V .00003

.05 .00005

.001~~ "F F7 i " 1~ 00

.3. .................. .00030'

.002 7/ .00000

QL.000 - .00010

.007!-q -- - -- - - -- ~ .000002

.0001/f. 5 .00005I

.0 7.50 3. 2. .00705 0302 .0. 00

'OOP .0H/L

F.ur 3-3 M.e. and. defe.io coffcint fo... 77f''yo~d
two0wa elmn.wt0hreege0iedadon0de1 ipy

.000 supp0rted

.0005 .03000



.o 01 ...

00.

0. .05.::

Q3__ __ _ --- .03

.............. ....

0. .0020

.0005 - -............

H.00003

I IV

.07:j.0000
.0 70.05 0 .. 7. . 0.2 .005

.03 ..... H/L

I77

Figure 3-36..... Moet an.el ct o.oe f c e ts .r un f r l -l ae.w-a
elemnt wth al edes smplysup00te



1.0 . 1

0.7- . . - -. 0

0.5 .__ _ _ _ __ _ _ _ 0005

A~ wF
0.3 .0003

0.2 .... ... .0021

0.1___ 9 .00001

.07_ .00007

.. .. .........- .000.

.05 IV .00000

10~~~~~~~ 7. 5....20.0.705 0..02..

.03~~~~ /L......... 0 0

Figure3~~~~~~~~~~-37... .oet.n.efetoncefiint .o...o. l-oa~, tw-a
elee .wit two... adaen.desf.e..d.w egssip..... ... ...... ..

.0 pported
QX .... 3-56



0.7- ._ _ __ _ _07

-----.............

0. 2

*0.5 .005

.03k........003

...02.. .002

002 .. 0002.

0.2.. .... ......... .... ~ .0 0

...................... .............. 0
40 0 .......

H/L

F i g u r e 3.8.oe t a n.e.et o.ce f c i n s f o..f..- o a e , t w - a
element~~~~~~~~9v,9 wihtreegssipyspotdan n de1ie

3-57 91



Q
z

DEFLECTION

()ONi STEP ELASTO-PLASTIC SYSTEM

r r*

II __

DEFLECTION

(b) TWOE STEP ELASTO-PLASTIC SYSTEM

I3-5



lu

(0 'ImwI

Xm X1 =Xu

DEFLECTION

a) ONE-WAY ELEMENT

-'

z I

Xm X1 Xm x u
DEFLECTION

b) TWO-WAY ELEMENT

Figure 3-40 Resistance-deflection functions for large ýeflections

3-59



V.-'.

Figur 3 k

24 eemnto futmt upr ha

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _3 _ _ 6-0

wo WRA



Table 3-1 Ultimate Unit Resistances for One-Way Elements

Edge Conditions and Loading Diagrams Ultimate Resistance
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Table 3-5 General-and Ultimate Deflect-ons for One-Way Elem.ents

d LOd DrMaximum ] Ultimate
Ed eConditions and Lodng Diagrams Deflection, Xm Oaflection,X u

-Ltan 9 Ltan ma
L2

L2 L2(L/2) tan ( (L/2) tan 0max

L 2 2

A

L/2 L/2(L/2) tan e (L/2) tan 8 max

L. L-tone -tane max
L 2

(L/2) tan 6 (L/2) tan E)rnax

L tan E L tan 0max

L tan 0 L ton8 max
L

jr/2 PA/4
___________(L/3) tan G (L /3) tan E max

L/3 -L/3 L/3 I_ _ _ _ _ _ _ _ _
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k ~Table 3-7 Elastic and Elasto-Plastic Ujnit Resistances for One-Way Elements.

Edge Conditions and Loading Diagrams Ela'ntic Elasto - Plastic
Resistance, re Resistance, rep

L/2 L/2

8MN

ru
LL

____________ 8MNRu

3L

ruu

p'

L/ L3 L/2 A L

I I I

Vp
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Table 3-8 Elastic, Elasto-Plastic and Equivalent Elastic Stiffnesses

for One-Way Elements

Edge Conditions and Loading Diagrams EIlstic Elast0-PlOstic Equiv. Elastic
Stiffness,Ks Stiffness,Kep Stiffness,KE

384EI 384ET
5L4  50

P 48EI 48El
LL/2-L

S185EI 384EI E, OEI*

__ _ _107 EI 48EI IOe EI*
L/3

384EI _4 307[:1*
LL 50

ip

__________ 92 El 483FT*; 29-2-w

LL

-I--

__8_E 8EI

___ __ 3EI -E

P/2 IP/2
56.4 E_ 56,A E

t L/3 iL/3L I JL
* Valid only if MN MP

** Valid only if MN < M
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Table 3-9 Support Shears for One-Way Elements

Edge Conditions and Loading Diagrams Support Reaciions,Vs

ruL

L2

L2 L -L/2 2

L. Reaction "ruL

R. Reaction

IIRU
L. Reaction 16

L/2 R. Reaction 5 Ru
16

4 ru L_____ 2

2
Ru

L Ru
P/2 P/2

_ L/3 L/ 1.3 L/I.,3,42
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DYNAMICALLY EQUIVALENT SYSTEMS

3-16. Introduction

In dynamic analysis, there are only three quantities to be considered: (1)
the work done, (2) the strain energy, and (3) the kinetic energy. To evaluate
the work done, the displacement at any point on the structure under externally
distributed or concentrated loads must be known. The strain energy is equal
to the summation of the strain energies in all the struccural elements which
may be in bending, tension, compression, shear or torsion. The kinetic energy
involves the energy of translation and rotation of all the masses of the
structure. The actual evaluation of these quantities for a given structure
under dynamic load would be complicated. However, for practical problems,
this can be avoided by using appropriate assumptions.

In most cases, a structure can be replaced by an idealized (or dynamically
equivalent) system which behaves timewise in nearly the same manner as the
actual structure. The distributed masses of the given structure are lumped
together into a number of concentrated masses. The strain energy is assumed
to be stored in several weightless springs which do not have to behave
elastically; similarly, the distributed load is replaced by a number of
concentrated loads acting on the concentraýzd masses. Therefore, the e-
quivalent system consists merely of a numb of concentrated masses joined
together by weightless springs and subject to concentrated loads which vary
with time. This concentrated mass-spring-load system is defined as an
equivalent dynamic system.

Although all structures possess many degrees of freedom, one mode usually
predominates in the response to short duration loads; thus, for all practical
purposes, this one mode may be considered to define the behavior of the struc-
ture and the problem can be simplified by considering a single-degree-of-
freedom system whose properties are those of the fundamental mode of the
structures. A single-degree-of-freedom system is defined as one in which only
one type of motion is possible or, in other words, only one coordinate is
required to define its motion. Such a system is shown in Figure 3-42 which
consists of a concentrated mass on a frictionless surface attached to a
weightless spring and subjected to a concentrated load. A single displacement
variable x is sufficient to describe its motion. The material presented
herein will be limited to single-degree-of-freedom systems only.

Many structures, however, exist which can not be adequately described by the

first vibration, particularly when consideration of dynamic strain is neces-
sary. For these situations, a two-(or more)-degree-of-freedom analysis may be
required. Procedures are presented in section 3-19.2 for performing these
analyses.

Two fundamental methods are available for treating simple systems subjected to
dynamic forces. The first of these methods is concerned with solving the
differential. equations of the system by either classical, numerical or
graphical means. The second method of analysis and chart solutions depend on
solutions which have been determined by the use of the first method and are
approximate solutions to the problems in hand. There is a third method which
may also be very useful ia vibrational problems; this involves the energy
equation.
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In the following paragraphs the design factors used to determine the equiva-
lent dynamic system that is used to analyze structural elements are defined
aand the methods used to obtain these factors are discussed.

3-17. Dynamic Design Factors

3-17.1, Introduction

The values of the mass and external force used in the equation of motion
(Fquation 3-1.) are the actual values only if all the elements of the mass of
the structure experience the same force and, consequently, move as a unit, in
which case, the entire mass may be assumed co be concentrated at its center of
gravity. In other cases, the assumption of uniform motion of the entire mass
cannot be made without introducing serious error. This i& true for members
with uniformly distributed mass which bend or rotate under load. In such
cases, the motion of the parti.cles of mass varies along the length of the
member. Beams, slabs, etc., with such distributed mass actually have an
infinite number of degrees of freedom; however, such structural elements (an
be represented by an equivalent single-degree-of-freedom system.

In order to define an equivalent one-degree system, it is necessary to
evaluate the parameters of that system; namely, the equivalent mass ME, the
equivalent spring constant KE and the equivalent load FE. The equivalent
system is selected usually so that the deflection of the concentrated mass is
the same as that for a significant point of the structure. The single-degree-
of-freedom approximation of the dynamic behavior of the structural element may
be achi.eved by assuming a deflected shape for the element which is usually
taken as the shape resulting from the static application of the dynamic loads.
The assumption of a deflected shape establishes an equation relating the
relative Oeflection of all points of the element.

The accuracy of the computed deformation of the single-degree-of-freedom
system is dependent on the assumed deflected shape and the loading regiun.
For example, in the impulsive loading realm, if the assumed deformed shape for
a simply supported beam is taken to be a parabola, then the exact solution
will be obtained for the deflection of the beam. In the quasi-static loading
realm, however, the static deformed shape gives the exact answer. For blast
resistance design, however, the differences in eithcr a static deformed shape
or a first mode approximation is negligible and thus either way is permis-
sible, Usually, though, the static deformed shape is easier to use es it
covers both symmetric' and asymnmetric deformation.

To periiit rapid design if structural elements subjected to dynamic loads, it
Js convenient to introduce design or transfoimation factors. These factors
are used to convert th• real system to the equivalent system. To obtain them,
it is necessary to equate the relations expressing the kinetic energy, strain
and work done on the act-ual scr-ctural element deflecting according to the
assumed deflected shape, with the corresponding relations for O-e equivalent
mass and spring system.
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3-17.2. Load, Mass, and Resistance Factors

3-17.2.1. Load Factor

The load factor is the design or transformation factor by which the total load
applied on the structural element is multiplied to obtain the equivalent
concentrated load for the equivalent single-degree-of-freedom system. If the
actual total load on the structure is F and the equivalent load is FE, the
load factor KL is defined by the equation

KL - FE /F 3-41

The load factor is derived by setting the external work done by the equivalent
load FE on the equivalent system equal to the external work done by the actual
load F on the actual element deflecting to the assumed deflected shape.

Foi a structure with distributed loads;

L

WD - FE6 max - i p(x)6(x) dx 3-42a

0

where 6 max - maximum deflection of actual structure

p(x) - distributed load per unit length

6(x) - deflection at any point of actual structure

L - length of structure

rearranging terms
LC

FE " J p(x)o(x) dx 3-42b

0

where O(x) (x)/max 3-43

and is called the shape function.

NOTE, The shape function, O(x) is different for the elastic range and the
plastic range and therefore the load factor, KL, will be different.

For example; the shape factor for a simply supported beam with a uniformly

distributed load, in the elastic rangers is defined as

O(x) - (16/5L 4 )(L 3x - 2Lx 3 + x4 ) 3-44a

while for the pl stic range

O(x) - 2x/L x < L/2 3-44b
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For a structure with concentrated loads

WD- Femax - Frr 3-45a
r-l

where Fr - rth concentrated load

6 r - deflection at load r

i - number of concentrated loads

rearranging terms
i

FE- Z Frbr 3-45b
r-l

where the shape factor is defined as

i

r- 6 r /Smax 3-46
r-l

Again there is a KL for the elastic range and a KL for the plastic range.
However, for a single concentrated load located at the point of maximum
deflection (i.e. the center of a simply supported or fixed-fixed beam, or the
end of a cantilever beam) (Ar is equal to one for both the elastic and plastic
ranges and therefore KL is equal to one for both ranges.

Values for KL for one-way el(,aents are presented in Table 3-12. Equation 3-41
through 3-46 were used to calculate theso values. An example calculating KL
is shown in Appendix A.

3-17.2.2. Mass Factor

The mass factor is the design or transformation factor by which the total
distributed mass of an element is multiplied to obtain the equivalent lumped
mass of the equivalent single-degree-of-freedom system. If the total mass of
the actual element is M and the mass of the equivalent system is ME, the mass
fact-r KM is defined by the equation

KM - ME /M 3-47

KM can be obtained by setting the kinetic energy of the equivalent system
equal to the kinetic energy of the actual structure as determined from its
deflected shape.

For a structure with continuous mass

L

KE - i/ 2 ME(?)Smax) -2/21 m(x)[Z)S(x)]2 dx 3-48a

3
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where - natural circular frequency

m(x) - distributed mass per unit length

rearranging terms

L

ME - F m(x)0 2 (x) dx 3-48bE
0

where the shape function O(x) is based on the deflected shape of the element
due to the applied loading and not to the distribution of the mass. Since the
doflected shape of the element is different for the elastic and plastic
ranges, O(x), and therefore KM, will also be different.

Using Equations 3-47 and 3-48, values for KM were calculated for one-way
elements with constant mass. These values are shown in Table 3-12.

For a concentrated mass system,

i
KE - 1/2ME( Slax) 2 - 1/2 Z Mr(•6r) 2  3-49a

r-l

where
Mr - rth mass

6r- deflection of mass r

i - number of lumped masses

rearranging terms

i
ME- Z Mror2. 3-49b

r-l

An example of calculations for finding KM can be found in Appendix A.

3-1"7.2.3. Resistance Function

Resistance factor is the design factor by which the resistance of the actual
structural element must be multiplied to obtain the resistance of the e-
quivalent single-degree-of-freedom system. To obtain the resistance factor,
it is necessary to equate the strain energy of the structural element, as
computed from the assumed deflection shape, and the strain energy of the
equivalent single-degree-of-freedom system. If the computed total resistance
of the structural element is R and the equivalent total resistance of the
equivalent system is RE, then the resistance factor is defined by the equation

KR -RE /R 3-50
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Since the resistance of an element is the internal force tending to restore
the element to its unloaied static position, it can be shown that the resis-
tance factor KR must always equal the load factor KL.

3-17.3. Load-Mass Factor

The load-mass factor is a factor formed by combining the two basic transforma-
tion factors, KL and KM. It is merely the ratio of the mass factor to the
load factor, and it is convenient since the equation of motion may be written
in terms of that factor alone. The equation of motion of the actual system is
given as

F -R -Ma -51

and for the equivalent system
"KLF - KLR - KMMa 3-52a

which can be re-written as

F - R - (KM /KL)Ma 3-52b

or F - R - KL4Ma - Mea 3-52c

where KLM - load-mass factor

r - KM /KL 3-53

and Me - effective total mass of the equivalent system

when expressed in terms of the unit area of the element, Equation 3-52c can be
written as

f - r - KLma - mea 3-54

Values of load, moss and load-mass factors are presented in Table 3-12.
Equation 3-53 was used to calculate the load mass factor.

Instead of computing the several factors above, the load-mass factors in the
elastic and elasto-plastic ranges can be determined by relating the primary
mode of vibration of the member to that of an equivalent single-dagree-of-
freedom system. In the plastic range, it can be assumed that neither the
moment nor the curvature changes between the plastic hinges under increasing
deflection. This behavior results in a linkage action, consideration of which
can be used to evaluate the effective plastic mass as follows;

In Figure 3-43, a portion of a two-way element bounded by the support and the

yield line is shown. The equation of angular motion for this section is

EM- Ime" 3-55

where ZM - summation of moments

Im- mass moment of inertia about the axis of rotation
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0- angul.ar acceleration

Substituting in equation

Fc - (EMN + ZMp) (I. /tl ) a 3-56a

where a is the acceleration. Dividing through by c

F - (ZMN + EMp)/c - (Im /cLl)a 3-56b

Since the second term is the resistance R

F - R - (Im /cLl)a - Mea 3-56c

and the load-mass factor KLM for the sector shown is

LM - II /cLJM 3-57

where c is the distance from the resultant applied load to the axis of
rotation, LI is the total length of the sector normal to the axis of rotation
and M is the total mass of the sector.

When the element is composed of several sectors, each sector must be con-
sidered separately and the contributions then summed to determine the load-
mass factor for the entire element.

KLU - Z(lm /cLI)/M 3-58

For elements of constant depth and, therefore, of constant unit mass, the
above equation can be written in terms of the area moment of inertia I and the
areas A of the individual sectors.

LM- ,(I/cLI)/A 3-59

Table 3-13 gives tho load-mass factors for the elastic and elasto-plastic
response ranges for various two-way elements. The values given in the table
apply for two-way elements of uniform thickness and supported as indicated.
Also if there are openings in the element, they must be compact in shape and
small in area compared to the total area of the element.

Figure 3-44 gives the load-mass factors for the plastic response of various
two-way elements. The load-mass factors are a junction of support condition
and yield line location. These two-way elements must conform to the following
limitations:

(1) Element must be of constant thickness.

(2) Opposite support must provide the same restraint so that a symmet-
rical yield line pattern occurs.

(3) Any openings must be compact in shape and small in area compared
to the total area of the element.
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3-17.4. Natural Period of Vibration

To determine the maximumi response of a system either by numerical methods or
design charts (both methods are described in Section 3-19), the effective
natural period of vibration is required. This effective natural period of
vibration, when related to the duration of a blast loading of given intensity
and a given structural resistance, determines the maximum transient deflection
,., of the structural element.

The Pffective natural period of vibration is

Tn - 2T(1e/KE)I/ 2 - 27r(KLMm/KE)I/ 2  3-60

where Me -the effective unit mass

KE - the equivalent unit stiffness of system

The values used for the effective mass and stiffness for a particular element
depends on the allowable maximum deflection. When designing for completely
elastic behavior, the elastic stiffness is used. In all other cases the
equivalent elasto-plastic stiffness, KE, is used. The elastic value of the
effective mass is used for the elastic range, while in the elasto-plastic
range the effective mass is the average of the elastic and elasto-plastic
values. For small plastic deflections (E 5 2*), the value of the effective
mass is equal to the average of the plastic value and the equivalent elastic
value. The plastic effective mass is used for large plastic deflections.
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Figure 3-42 Typical single-degree-of-freedom system
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Figure 3-43 Determination of load-mass factor in the plastic range
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Table 3-12 Transformation Factors for One-Way Elenments

Range Load IMass Load-Mass
Edge Conditions and Loading Diagrams of Factor Factor Factor

Behavior KL KM KLM

Elastic 0.64 0.50 0.78

Plastic 0.50 0.33 0.66

E~lastic 1.0 0.49 0.49

L2Plastic 1.0 0.33 0.33

Elastic 0.58 0.45 0.78
EHasta- 0.64 0.50 0.78

L Plastic
_________ ________Plastic 0,50 0.33 0.66

Elastic 1.0 0.43 0.43
P lastic 1.0 0.49 0.49

IVIplastib 1.0 0.33 0.533

Elastic 0.53 0.41 0., ('
___________Elasto 0.64 0.50 0.38

L Plastic
Plastic 0.50 0.33 0.66

___________Eati .0 037 03
P lastic 1.0 0.33 0.33

L/2 /2 Pasti 1.0 0.33 0.3

Elastic 0.40 0.26 06
LPlastic 0.50 0.33 06

p ........
Elastic 1.0 0.24 0.24

LPlastic 1.0 0.33 0.33
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DYNAMIC ANALYSIS

3-18. Introduction

Structural elements must develop an internal resistance sufficient to maintain
all motion within the limits of deflection prescribed for the particular
design. The load capacity of the member depends on the peak strength devel-
oped by the specific member (see Chapters 4 and 5) and on the ability of the
member to sustain its resistance for a specific though relatively short period
of time. This section describes the methods u.;ed for the analysis of struc-
tural elements subjected to dynamic loads, and these elements are divided into
three groups, namely: (1) elements which respond to the pressure only (low
pressure range), (2) elements which respond to pressure-time relationship
(intermediate-pressure design range) and (3) elements which respond to the
impulse which corresponds to the high pressure design range.

The method of analysis is different for the groups of elements. Those
elements that respond to pressure only (this is still a pressure-time rela-
tion) and those that respond to pressure-time relationship may be analyzed
using either numerical methods or design charts, while elements that respond
to the impulse are analyzed using either design charts for large deflection or
an impulse method for designs with limited deflections.

The method of analysis employing numerical techniques provides a solution that
is obtained by a step-by-step integration, and is generally applicable for any
type of load and resistance function. This mi-,ethod of analysis is presented in
this section, Also presented is the result of a systematic analysis of
single-degree dynamic systems for several idealized, loadings plotted in non-
dimensional design charts.

3-19. Elements Which Respond to Pressure Only and Pressure-Time Relationship.

3-19.1. General

To analyze these elements, the true magnitudes for the pressure-time relation-
ship of the applied blast loads must be known. The determination of the
dynamic response of these systems is accomplished using numerical techniques
or design charts which relate the dynamic properties of the element (natural
period of vibration, resistance, and deflection) to those of the blast
overpressures.

3-19.2. Analysis by Numerical Methods

The numerical method of analysis involves a step-by-step integration proce-
dure, starting at zero time, when displacement and the velocity of the system
are presumably knowyL. The time scale is divided into several discrete
intervals, and one progresses by successively extrapolating the displacement
from one time station to the next. As the time interval in the sequence of
time is reduced, i.e., as the number of discrete intervals is increased, the
accuracy of the ntumerical method is improved.
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3-19.2.1. Single-Degree-Of-Freedom Systems

As stated previously, a single degree of freedom system is one in which only
one coordinate is essential to define its motion. The equation of motion for
the single-degree-of-{i:eedom system shown in Figure 3-42 can be expressed as:

F - kx - cv - Ma 3-61

when c - damping constant

There are several methods that can b3 used to numerically integrate Equation

3-61, but the two procedures applied to this problem will be the average
acceleration, and the acceleration-impulse extrapolation methods.

3-19.2.1.1. Average Acceleration Method

In the average acceleration method, the velocity and displacement at any time
t are expressed as

vt - vt. + 1/2 (at + ati)At 3-62

x - xt.l + 1/2 (vt + Vt_1) At 3-63

Substituting Equation 3-62 into Equation 3-63,

x - xtI + vt.I At + 1/4 (at + at-,) At 2  3-64

Substituting Equations 3-62 and 3-63 into Equation 3-61, we have

F - k [xt.l + l/ 2 (vt + vt_,)At] c[vt. + 1/2 (at , atl)At] - Ma 3-65

Equation 3-.65 can be simplified to

a + (1/2)c At + (1/4)k At2  [F - k (xt.l + vt.I At + 1/ 4 at.I At 2 )

- c (vtl + 1/2 at-, At)] 3-66

The integrating procedure can be zuminarized as follows:

Step I. At t - 0: Compute: ao usin~g Equation 3-61 and specified values

for xo(t - o), vo(t - o), and F(t - o).

Step 2. Increment time: t - t + At

Step 3. At t - t + At: Compute a(t - t + At) using Equation 3-66, v (t
t + At) using Equation 3-62 and x (t - t + At) using Equation 3-
63.

Step 4. Repeat steps 2 and 3 until some specified time or until the
maximum displacement is reached.
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It should be noted that if x (t - 0) and v (t - 0) are zero, then the system
will not move as long as F (t - 0) is zero; however, if F (t - 0) is not zero,
Equation 3-66 will give an acceleration and motion will start. Thus the
system of equation is self-starting and requires no special starting provi-
sions.

The procedure outlined above for an elastic single-degree-of-freedom system
! an be easily extended to accomodate elastic-plastic behavior. To do so,
Equation 3-61 is re-written to include the restoring force R which replaces
the spring restoring force kx, Equaticn 3-61. becomes

F - P - cv - ma 3-67

Substituting Equations 3-62 and 3-63 into Equation 3-67, the following
equation for acceleration is obtained:

at - - R - c t-1 + At at-, / 9 3-68
.m + (cAt)i2 I

Unlike Equation 3-66, Equation 3-68 has a non-linear term R, and it depends on
the displacement x at time t. Therefore, instead of using the direct integra-
tion approach as in the previous case, a Fredictor-corrector method is
utilized. Briefly, the displacement x at time t is estimated (predicted) and
then corrected and convergence of this procedure can be obtained in a single
iteration if the value of At is s' 11 enough. The step-by-step procedlure is
outlined as follows:

Step 1. At t - 0: Compute at (t - to) from Equation 3-67 and the initial
conditions.

Step 2. Increment time: t - t + At

Step 3. At t - t + At: Set at - at-l (t - 1 - 0, initially)I
Step 4. Compute vt and xt from Equations 3-62 and 3-63

Step 5. Compute R

Step 6. Compute at from Equation 3-68

SLup 7. If you are in tha predicting pass, return to Step 4, if in the
correcting pass, set xt-l - xt, vt-i - vt, at - at-i and go to Step
2.

3-!19.2.1.2. Acceleration Impulse Extrapolation Method

Suppose tWe acceleration of the system is defined by Figure 3-45a. The
acceleration-impulse extrapolation method assumes that the actulal acceleration
curve can be replaced by a series of equally sprced impulses occurring at to,
t]., t2, .. .1 tn, as shown in Figure 3-45b.

The magnitude of the acceleration impulse at tn is given by

3-87



TM 5-1300/NAVFAC P-397/AFR 88-22

I(tn) - an(At) 3-69

where t- tI - tO - t2 - . - tn - tn.I. This is shown in Figure 3-
45b. Since an impulse is applied at tn, there is a discontinuity in the value
of velocity at tn. In the time interval from t to tn~i, the velocity is
constant and the displacement varies linearly with time. The velocity and
displacement thus obtained are shown in Figures 3-45c and 3-45d.

Suppose tn and tn+ indicate the time immediately before and after the
n n +application of the impulse at tni and let vn- and Vn indicate respectively

the velocity at tn- and t,+; these two velocities are related by the following
equation:

Vn+ - Vn" + an(At) 3-70

The relaticaship between Xn.l and Xn, and between xn and Xn+I are given by:

X1r Xn-ni - Vn(At) 3-71a

Xn+l - xn - Vn+(At) 3-71b

Combining Equations 3-70 and 3-71, the three successive displacements are
related by:

Xn+l - 2 xn - Xnl + an(At) 3-72

This is the basic recurrence formula for the acceleration impulse extrapola-
tion method. Once the values of x at tnI and tn are known, the value at tn+l
can be directly computed without resortiLg to a trial and error procedure.

It is necessary, however, to use a special procedure in the first time
interval because, at t - 0, no value of Xn-, is available. Two different
procedures may be used. The first assumes the acceleration varies linearly up
to the first time station, in which case, the displacement of the system at
that time can be expressed as:

x, - (I/6)(2a 0 + al)(At)2 3-73

The second procedure assumes that the acceleration is constant during the
first. time interval and is equal to the initial value. This assumption
results in the following ixpression for xl:

x, - (i/2)ao(At)2 3 -74

It should be noted that Equacion 3-73 has to be solved by trial and error
since a1 depends on x1 . This trial-and-error procedure can be avoided by
taking the value of a1 to be f(t)/m instead of the exact value of [f(tl) -

R(t 1 ) ]/m. In Figure 3-46a if a.' - 0, a. is equal to a,'/6 and in Figure 3-
46b if a. and al are approximately equal to each other, the value a,'/2 may be
used for ao. The recurrence formula is directly applicable for the evaluation
of X2 , x 3 .... , Xn1+ whenever the acceleration is a continuous function. When
there is a discontinuity 4-1 the acceleration, this equation can still be used
but not before some modifications are made to reflect this discontinuity. In
Figure 3-46a there is a discontinuity at t 4 which occurs at the end of the
time interval At. Under this condition, the value of a used in the numerical
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piocedure is the average value at discontinuity, namely 1/2 (a 4 ' + a4 )fo
i• a4 . In Figure 3-46b the discontinuity occurs within time interval, t. The

correct value for a 3 in this prccedure is:

a 3 - (I/2)[a3 + a 3 " + (a 3 ' -a 3 ") (At'/At)2] 3-75

When there are more t'•an two discontinuities., this procedure becomes cumber-
some and it is more convenient to replace the givenl acceleration by a smooth
curve. Equation 3-73 m~ust be used if there is zero force (and hence zero
acceleration) at zero time, for in no other way can xI be determined. If
acceleration at t - 0 is not zero, Equation 3-74 may be used without appreci-
able error, provided the force does not change greatly in the first interval.

The tedious method of numerical analysis is made somewhat easier if the
computation procedure is set up as shown in Table 3-14. In the first time
interval, the value used for the acceleration, a0 , depends on the forcing
function. If the value of the forcing function is zero at time zero, then a0
is taken as one-.3ixth of a1 , where a, is the ratio of the value of the forcing

function at t, to the mass of the system [a0 - f(tl)/6m]. When the value of
the forcing function is not zero at time zero, and if the values of the
forcing function at times t-0 and t-tI are approximately equal, then a0 may be
taken as (Po-R 0 )/2. The recurrence formula (Equation 3-72) is used in the
other intervals.

.It may be necessary during the computational procedure, to increase the value
of t so as to reduce the ntumber of time intervals. In Figure 3-47, for

!•',<•example, the f'orcing frnction varies linearly after time ,j For the next time
i••,• station (j •- l)st, the value of At, can be increased (At 2 - 2At 4I for example)
l:•,•lw without introducing any errors in the computations. In such cases, caution

has to be exercised when using the recurrence formula. In Table 3-14, the
value of At changes after the jth step, to At2 -2AtI. In the (j + l)st step,
Xn.I should be the value of x for the (J-l)n.: step and xn will be tbe value of
Xn+I for the (J-l)st step.

3-19.2.2. A Two-Degree-of~-Freedom-System

A two-degree-of-freedom system is shown in Figure 3-48 where the coordinates
defining the configuration of the system are XIand X.2 . The equation of

motion for each of the two masses can be expressed as follows:

F1 + R2 R - Mla 1  3-76a

F2 R - M2 a 2  3-76b

Equation 3-76 can be rewritten as:

F''a 1 - F1 /MI + R2 /MI - RI/MI 3-77a

a 2 - F2 /M2 -R 2 /M2  3-77b

The integration procedures described for a single-degree-of-freedom s'ystem can
also be applied to two-degrees~cof-freedom systems. In the average accelera-
tion procedure, if the equation:s ar• placed in the same form as Equation 3-61,

i.e., if the acceleration at time t are written in terms of' displacements and
velocities at time t - At, then two equations are obtained which must be
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solved simultaneously for a1 and a 2. In the other numerical integration
procedure, the iecurrence formula (Equation 3.72) applies to each of the two
displacements independently.

3-19.2.3. Damping

The effects of damping are hardly ever considered in blast design because of
the following reasons:

(1) Damping has very little effect on the first peak of response which
is usually the only cycle of response that is of intorest.

(2) The energy dissipated through plastic deformation is much greater
than that dissipated by normal structvral. damping.

(3) Ignoring damping is a conservative approach.

If damping has to be considered in an analysis, however, it should be ex-
pressed as some percentage of critical damping. For flee vibration, this is
the amount of damping that would remove all vibration from ch• system and
allow it to return to its neutral position. Critical damping i; expressed as

0cr -2 kM 3-78

where k stiffness of the system

M- mass of system

The damping coefficient, c, in Equations 3-61. aný 3-67 is expressed as a
percentage of critical damping, Ccr. For steel structures, c should be taken
as 0.0 5CCr and 0.01 Ccr for reinforced concrete structures.

3-19.3. Design Charts for Idealized Loadings

3-19.3.1. General

The response of single-degree-of-freedom systems subjected to idealized blast
loadings is presented in the form of non-dimensional curves. In order to
utilize these response charts, both the blast loads (pressure - time history)
and the resistance-deflection curve of the structural system are idealized to
linear or bilinear functions. Methods for computing these idealized blast
loads are given in Chapter 2 while the methods for computing the resistance-
deflection functions as well as converting the actual system to an elastic or
elasto.-plastic single-degree-of-freedom system have been prcsented in previous
sections of this chapter.

The response of a structural system subjected to a dynamic load is defined in
terms of its maximum deflection Xm. and the time tm to reach this maximum
deflection. The dynamic load is defined by its peak value P and duration T
while the single-degree-of-freedom system is defined in terms of its u].timate
resistance ru, elastic deflection XE and natural period TN Response charts
relate the dynamic properties of the blast load (P and T) to those of the
element (r, X, TN), that is, Xm/XE and tm/T are plotted as a function of ru/P
and T/TN.

Response charts have been prepared for simplified loads as well as for the
more complex bilinear loadings. The simplified loadings include triangular,
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rectangular, step load with finite rise time, triangular with rise time and
sinusoidal pulse. The idealized triangular loading is utilized in the
analyses of acceptor structures. These structures are subjected to the
effects of unconfined explosions, such as free-air or surface bursts or
partially confined explosions in donor structures which are fully vented. On
the other hand, idealized instantaneously applied or gradually applied flat
top loads are usually encountered in the design of roof elements of acceptor
structures. These structures are subjected to very long duration loads
produced by very large explosive quantities. The triangular loading with a
rise time is similar to the previously mentioned triangular load except that
it is an aquivalent loading produced by the blast traversing an element. The
sinusoidal loadings is usually associated with the vibrational type of load
rather than blast induced input. The bilinear loading is utilized in the
analysis of containment structures which allow partial venting of an explosion
and in the analysis of acceptor structures where reflected pressures clear
rapidly around the structure.

The effects of damping have not been included in the preparation of the
response charts. In the design of the blast resistant structures, the first
peak of response is usually the only cycle of response that is of interest
since the maximum resistance and deflection is attained in that cycle.
Damping has very little effect on this first peak and consequently, neglecting
damping has negligible effects on maximum response calculations.

3-19.3.2, Maximum Response Of Linear Elastic System To Simplified Loads

To obtain the rcsponse of a linear elastic system, it is convenient to
consider the concept of the dynamic load factor. This factor is defined as
the ratio of the maximum dynamic deflection to the deflection which would have
resulted fror xhe static application of the peak load P, which is used in
specifying the load-time variation. Thus the dynamic load factor (DLF) is.
given by:

DLF - Xm /Xs 3-79a

where Xs - static deflection or, in other words, the displacement:
produced in the system when the peak load is applied stati-
cally.

in - maximum dynamic deflection

Since deflections, spring forces, and stresses in an elastic s ;tem are all
proportional, the dynamic load factor may be applied to any oh these to deter-
mine the ratio of dynamic to static effects. Therefore, the dynamic load
factor may be considered as the ratio of the maximum resistance attained to
the peak load or:

DLF - r/p 3-79b

where r - maximum dynamic resistance
p - peak load used in specifying the load-time variation.

S For a linear elastic system subjected to a simplified dynamic load, themaximum response is defined by the dynamic load factor, DLF and maximum
response time, ti. The dynamic load factor and time ratio tm/T are plotted
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versus the time ratio T/TN for a triangular load, rectangular load, step load
with finite rise time (Tr), triangular load with rise time, and sinusoidal
pulse in Figuies 3-49 through 3-53.

In many structural problems only the maximum value of the DLF is of interest.
For the most prevalent load case, namely, the triangular load as well as the
rectangular and step load with rise time, the maximum value of the DLF is 2.

This immediately indicates that all maximum displacements, forces, and
stresses due to the dynamic load are twice the value that would be obtained
from a static analysis for the maximum load P.

The above response charts apply for elastic systems. However, the charts can
be applied to the entire elasto-plastic range if the actual resistance-
deflection curve (two step system, three step system, eta.) is replaced by the
equivalent elastic system where the equivalent elastic stiffness KE and the
equivalent elastic deflection XE are obtained according to previously ex-
plained precedures.

In a typical design example, the pressure-time loading is calculated and
idealized to one of the simplified loads defined by P and T or Tr. A struc-
tural member is assumed and its corresponding dynamic properties are calcu-'
lated. For a completely elastic response, the values of re and TN are
calculated while for a response in the elasto-plaiztic range, ru, XE and TN are
obtained. It should be noted that for a response in the elasto-plasý.ic range,
the value of TN is calculated using the effective mas: -.;hich is an average of
the elastic and elasto-plastic values. Knowing the ratio of T/TN the dynamic
load factor (DLF) and the time ratio ian be read f'rom the appropriate figures.
The maximum resistance r attained by the structural member is calculated from
the DLF and the response time is obtained from the time ratio. If the
resistance r is greater than r. for a completely elastic response in the
elasto-plastic range, then the analysis is not valid an& the procedure is
repeated. Th,• maximum deflection is obtained from the resistance r and the
stliffness K. or KE.

3-19.3.3. Maximum Plastic Response Of An Elasto-Plastic System To Simplified
Loads

An elasto-plastic system may have an elastic or plastic response dep6Aing
upon the magnitude of the blast load. If tlhs response is elastic, that is,
the member attains a resistance r which is less than its uitimat_ resistance
ru, then the charts of the preceding section are used. The response charts
preseiited in this section are only for the plasti' resnonse of members where
the ultimate resistance ru is attained.

The maximum plastic responi-, of an elasto-plastic systcw- subjected to a blast
load is defined by the maximum deflection, Xn it attains and the time, tm it
takes to reach this deflection. The blast load is defined by its peak value P
aand duration T wvhile the singe-degree-of-freedom system is defined by its
ultimate resistance ru, eiastic uef].ection XE and natural period TN. A non-
dimensional 5response chart is constructed by plotting the ductility ratio

• Xm/XE and the time rati) tm/T as a function of rd/P and T/TN, Response charts
are given for a triangular load, recrehgq].ar load, step load with finite rise
ti'ie Tr and tr.iangular load with rise time in Figures 3-54 through 3-61. It
should be noted that for the step load with finite rise time, the load is
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defined by the rise time Tr and, consequently, the response curves are plotted
using Tr rather than T.

In a typical example, the pressure-time loading is calculated and idealized to
one of the simplified loads defined by either P and T or P and Tr. A struc-
tural member is assumed and is corresponding dynamic properties (ru, XE, TO)
are calculated. Knowing the ratios of ru/P and T/TN (or Tr/TN), the ductility
ratio Xm/XE and the time ratio tm/T can be read from the appropriate figures.
The maximum deflection Xm and response time tm can readily be calculated. If
the ductility ratio Km/XE or the maximum deflection X. and corresponding
response time tm are unsatisfactory, the procedure is repeated.

It should be noted that the value of the natural period of vibration TN used
in conjunction with the response charts varies according to the magnitude of
the ductility ratio Xm/XE. For small plastic deformations (Xm/XE less than
5), the calculations of TN is based on an average of the equivalent elastic
and plastic masses. Whereas, for larger plastic deformations (Xn/XE greater
than 5), the equivalent plastic mass is used to obtain TN.

3-19.3.4. Maximum Plastic Response Of An Elasto-Plastic System to Idealized
Bilinear Loads

Response charts have been prepared for bilinear loads in much the same manner
as for simplified loads. However, four parameters are required to define the
bilinear loading rather than two parameters which are required for the simpli-
fied loads. These additional parameters greatly increase the number of charts
required for the rapid prediction of the dynamic response of an elasto-plastic
system. However, the computational procedures remain comparatively simple.

A bilinear load is illustrated in Figure 3-62c. Four parameters are required

to define this load shape, namely:

- peak pressure of shock load (primary pulse)

C1P - peak pressure of gas load (secondary pulse)

T - duration of shock load

C2 T - duration of gas load

It can be seen from Figure 3-62c that the value of CI will always be less than
1 while the value of C2 will always be greater than 1.

Response charts for the bilinear load are prepared in the samre way as the
simplified loads except that each chart is prepared for a given value of Cl
and C2. The ductility ratio XK/XE versus T/TN is plotted on each chart for
various values of P/ru, tm/TN and tE/T (where tE is the :ime to reach the
maximum elastic deflection xE). Therefore, each chart contains three families
of curves. In addition, each chart contains one, two or three boundaries
which are formed by symbols. These boundaries delineate regions of each chart
where certain approximations are preferable to chart interpolation. These
approximations involve modification of the bilinear load for the various
regions. The loads considered for each of the regions are given in Figure 3-
62 while the boundary for the various regions are defined in Figure 3-63.
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;4
Numerous response charts are required for bilinear loads. Table 3-15 lists
the figure numbers of the response charts prepared for the selected values of
C1 and C2 . These response charts are presented in Figures 3-64 through 3-266.

To use the response charts, the first step is to enter Table 3-15 with the
required values of C1 and C2 . Locate the points in tl'.e table with coordinates
C1 and C2 . The number in the box containing the point is the appropriate
figure number to use to solve the problem. If the point is not located in a
box having a number, the two or, more frequently, four numbers bracketing the
point are the appropriate figure numbers to use. Interpolation for the.
required values of C1 and C2 must be performed. A graphical and mathematical
interpolation procedure is presented in subsequent sections.

In a typical design, a structural member is assumed and the idealized resis-
tance function defined by ru, XE and KE can be determined along with the
natural period. As previously explained for simplified loads; the equivalent
mass used to calculated TN varies according to the amount of plastic deforma-
tion. Knowing the ratio of P/ru and T/TN, note if the intersection point
corresponding to these parameters, is located in region A,B,C or D on the
response chart(s) for the required values of C1 and C2 . The boundaries for
these regions are represented by a line of asterisks, solid circles, and solid
squares, as illustrated in Figure 3-63.

The final step in obtaining the solution depends on which region of the
response chart(s) is applicable. These regions were established to reduce the
amount of calculations required for a solution by eliminating, where possible,
interpolation between charts. Except for one of the four regions, the actual
bilinear blast load is replaced by a simplified load. Solution of the
response for these simplified loads will predict a solution which is within 10
percent of the exact solution. Of course, the exact solution of the response
for the structural member in these three regions can be obtained by using the
required response charts and interpolating, where required, between charts.

3-19.3,4.1. Region A

This region is defined as the area to t. left of the solid circles on the

response charts. If a chart does not have a line of solid circles, then
region A does not exist. Figures 3-221, 3-222 and 3-223 illustrate this case.

In region A the maximum dynamic response depends primarily upon the total
"impulse in the blast loading (area under the pressure-time curve). The actual
pressure-,time distribution does not significantly affect the maximum dynamic
response because in these regions the durations T and C2 T are small in
comparison to the response time, tm of the structural member. In this region
the response charts are not used and a solution is obtained by considering the
modified loading shown in Figure 3-62a. This load shape yields the following
equations:

Xmi P T

- + ... F "-80
XE 2 2 rujTn
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and

tm IP TK-i F '-1K i3-81
where

C2 [l-C01 11-C2]
F -C2 3-82

02 Cl

3-19.3.4.2. Region B

This region is defined as the area in the chart to the left of the asterisks.
If a chart has no line of asterisks, then region B does not exist. Figure 3-
65 illustrates the case where region B does not exist.

In region B the maximum dynamic response depends primarily upon the gas load
which is described by tIP and C2 T. The shock load described by P and T is
neglected. This load condition is shown in Figure 3-62b. Therefore the
solution is obtained from consideration of a single triangular load. The
dynamic response is obtained from Figure 3-64 which like Figures 3-54 and 3-55
is for a triangular load and will yield the same results. When using Figure
3-64 it must be realized that the P and T used in the chart are actually tIP
and C2 T, respectively. In a typical design, enter Figure 3-64 with the
normalized parameters, CIP/ru and C2 T/TN, and read the solution, Xm/XE, tmU/TN,
and tE/0 2 T.

Figure 3-63 depicts region B as the area between the line of solid circles and

the line of asterisks. It should be understood that the solution technique
associated with region B (i.e., neglect the shock load and use Figure 3-64)
applies everywhere to the left of the line of asterisks, including region A.
In other words, two solution techniques are available in region A.

3-19.3.4.3. Region D

This region is defined as the area in the charts to the right of the line of
solid squares. If a chart has no line of solid squares, then region D does
not exist. Figure 3-69 illustrates the case where region D does not exist.

In region D the maximum dynamic response depends primarily upon the shock load
which is described by P and T. The gas load described by ClP and C2 T is
neglected. This load condition is shown in Figure 3-62d. Therefore, the
solution is obtained from consideration of a single triangular load. Similar
to region L, the dynamic response is obtained from Figure 3-64 which is for a
triangular load. Unlikc. region B, the parameters, P and T which describe the
load are used in the figure. Therefore, in a typical design, enter Figure 3-
64 with the norm.alized parameters P/ru and T/TN, and read the solution, XJXE,

tm/TN and tE/T.

3-19.3.4.4. Region C

This is the region in' the chearts which do not meeot the definitions of regions
A, B and D. In wost charts, region C is the area co the left of the. line of~
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solid squares and to the right of the line of asterisks, as illustrated in
Figure 3-63. Region C does not exist in some charts, such as Figure 3-97
which have over lapping regions A and D.

In region C, both the shock and gas load must be considered. Replacement of
the actual bilinear load with a simplified load, as done for the other
regions, will yield an incorrect solution. Therefore, in this region the
response charts n•ust be used. If the required values of G1 and/or C2 do not
correspond to the response chart values, interpolation between response charts
will be -ýquired to obtain a solution. In a few cases one or two response
charts are needed, however, in general four response charts are required for a
solution.

3-19.3,4.5. Response Chart Interpolation

Interpolation between four response charts will usually be required for region
C. For regions A, B, or D, if conditions warrant an exact solutioa rather
than the approximate solution usually used in these regions, interpolation
between charts may be required. Either a graphical or mathematical interpola-
tion procedure may be employed. The method selected depends upon personal
choice. A brief description of each procedure is presented below and an
example of each Is given iTn Appendix A.

Graphical. interpolation requires a sheet of log-log graph paper. A convenient
size is 2 x I cycle with the single-cycle axis represeifting C1 and C2, and the
two-cycle axis representing the desired lparaweter (X111/XI, till/TN or tE/T)
called Y for ease of presentation. The appi'opriate figures to be used for a
solution are obtained form Table 3-15 for the required values of C- and C2.
The procedure will illustrate the interpolation between four figures since
this is by far the usual case. Fcr the values of P/r 1 • and T/TN corresponding
to the structural system selected, determine the desired para~meter Y for each
of the four figures. Organize a table in the same format as Table 3-16 and
enter each figure number and corresponding value of Cl, £2 and Y.

In the table, C11 and Cp.1 are the values of Cl and C2, respectively, frow
Figure 1. Likewise, C1 2 and £22 are the values of C1 and C2, respectively
from Figure 2, etc. The symbol Y1 , is the ceisired parameter, such as Xu/XE,
which is read from Figure 1. The s-ymbol N2 is the value read from Figure 2,
etc. The interpolation is first performed for the required value of C and
then fo).r the required value of C2, That is, with £21 constant, graph-rally
interpolate on the log-log paper between points (Y1 , C11) and (Y2 , C£.2) to
find Ya corresponding to Cl and C21, as shown on Figure 3-267. Similarly,
with C23 constant, graphically interpolate between (Y3, C13) and (Y4 , CI4) to
find Yb corresponding to C, and C23, also shown in Figure 3-267. The values
of Ya and Yb are recorded in Table 3-16. Finally, with G1 constant, graphi-cally interpolate on the log-log paper between (Ya' 021) and (Yb, £23) to find

Y corresponding to the required C1 and £2, as shown on Figure 3-267. The
values of Y is the solution. Since there are three parameters to define the
response of a structutJl, namely, Xm/XE, tm/TN and tE/T, the interpolation
procedurt, is repeated three times, once for each parameter.

Mathematical interpolation requires the same initial steps as graphical
interpolation. That is, the appropriate figures to be used for a solution are
obtained from Table 3-15 and the required parameters are determined and
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entered into Table 3-16. Logarithmic equations are used to obtain the values
of Ya, Yb and Y. The value of lnYa is obtained from:

In( Y2 /Y1 ) In( C0 /CII)
InYa lnYI + 3-83

in( 012 / C11)

and the value of InYb is obtained from:

nn( Y4 /Y 3 ) in( CI /C13)
InYb 1"IY3 + 3-84

in( C14 / C1 3 )

Using the values of lnYa and lnYb; the value of InY is obtained from:

(InYb - InYa) In( C2 /C21"
InY - lnYa + 3-85

ln( C23 / C21)

The desired parameter Y is then obtained from:

Y - ellY 3-86a

The above equations use natural logarithms. Common logarithms can be used to
solve the above equations and then solve for Y using:

yY - 1 0logY 3-86b

It should be noted that if C2 is represented by a response chart, then only
two charts will be involved, and only Equation 3-83 will apply.

3-19.3.4.6. Accuracy

The prediction error is less than 10 percent for the approximate solutions
obtained in regions A, B and D. This is true provided the recomnmended proce-
dures are employed, that is, the actual load is replaced by the approximate
L•ads as shown on Figure 3--62 and the solution is obtained using the equations
provided for region A and using Figure 3-64 for regions B and D.

Exact solutions are obtained from the response charts if the required values
of Cl and C2 corzer•pond to those given in the charts. This is true for all
four regions. Errors result from interpolation between the response charts.
The prediction error in Xm/XE for region C, where interpolation between charts
is required, is less than 10 percent provided response charts bounded by the
dashed or solid lines on Table 3-15 are not used. The prediction error in
Xm/Xr. will range from 55 to 100 percent for solutions in region C, if the
point (CI, C2) lies in the area bounded by the solid line in Table 3-15, and
will
range from 10 to 55 percent for the area bounded by the dashed line. If the
solution irvolves charts from both sides of either the dashed or solid lines,
the prediction error will range from 10 to 55 percent. The large interpola-
tion error for these charts result from the big change in YX/XE for a small
change in P/ru which is peculiar to this chart.
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It should be noted that the large errors described above will always be on the
high side, that is, the predicted value of Xm/XE will always be greater than
the exact value. Hence, a conservative design will always result. In
addition, it should be noted that the prediction error in tm/TN is about half
the error in XIR/XE.

While the errors produced from interpolation between the charts in Table 3-15
bounded by the dashed and solid lines is large, the aren in which they apply
is small. As can be seen, region C is rather small on these charts. It is
for points in this small area where interpolation must be performed. For the
remaining areas (A, B and D), the approximate solutions may be used rather
than interpolation, These approximate solutions will result in a error of
less than 10 percent.

Solutions involving 0.920 < C1 < 1.00 and C2 > 100 can result in very large
errors if interpolating procedures are employed. In this region, the dynamic
response is primarily due to the gas load. Therefore, Figure 3-64 is used to
obtain Xm/XE for the gas lGad. However, this value is too low and should be
increased by 20 percent. The value of tm/TN corresponding to the increased
value of XI/XE is then obtained from Figuxe 3-64.

3-19.3.5. Determination of Rebound

In the design of elements which respond to the pressure only and pressure-time
relationship, the element must be designed to resist the negative deflection
or rebound which can occur after maximum positive deflection has been reached.
The ratio of the required unit rebound resistance to the ultimate unit
resistance r/ru, such that the element will remain elastic during rebound is I
presented iik Figure 3-268 for a single-degree-of-freedom system subjected to a

triangular loading function. Entering with ratios Xn/XE and t/TN previously
determined for design, the required unit rebound resistance r- can be read in
terms of the originally designed ultimate unit resistance ru. To obtain the
rebound resistarnce for an element subjected to another form of load other than
the triangular loading function, a time-history analysis such as the one
described in Section 3-19 has to be performed.

It may be noted that if the loading is applied in a relatively short time

compared to the natural period of vibration of the system, the required
rebound resistance can be equal to the resistance in the initial design
direction. When the loading is applied for a relatively long time, the
maximnum ,1flection is reached when the positive forces are still large and the
rebound resistalice is reduced.

3-20. Elements Which Respond to Impulse

3-20.1. General

When an element responds to the impulse, the maximum response depends upon the
area under the pressure time curve (impulse of blast loading). The magnitude
and time variation of the pressure are not important. The response charts
presented in Section 3-19, which are based on pressure-time relationship are
therefore not required for these problems. Instead. the element resistance
required to limit the maximum deflection to a specific value is obtained
through the use of a semigraphical method of analysis.
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Consider the pressure-time and resistance-time functions shown in Figure 3-
269. The resistance curve depicted is for a two-way element with a resistance-
deflection function having a post-ultimate range. From Newton's equation of
motion it can be shown that the summation of the areas (considering area A as
positive and area B as negative) under the load-time curves up to any time ta
divided by the corresponding effective masses is equal to the instantaneous
velocity of that time:

ta

va - 3-87

me

The displacement at time ta is found by aultiplying each differential area
divided by the appropriite effective mass by its distance to ta and summing
the values algebraically:

ta

(f-r)
Xa - ta " t dt 3-88

0J

In each range the mass is the effective plastic mass:

Time Interval Resistance Effective Mass

0 5 t : tI ru mu - [KLM ] mu

ti : t • tm rup mup- [KLM ] mup

Time tI is the time at which the partial failure deflection X, occurs, and
time tm is the time at which maximum deflection Xm is reached (Xm < Xu).

For an element to be in equilibrium at its maximum deflection, its impulse
capacity must be numerically equal to the impulse of the applied blast load.
With the use of the foregoing equations, the expressions which define the
motion and capacity of elements subjected to impulse type loads, can be
defined. These expressions are presented for both large and limited deflec-
tion criteria. This criteria varies for the different materials used in
protective design. The criteria for each material is obtained from the
chapter that describes the design procedures for that material.

Case I - large deflections. Utilizing Equation 3-88 and by taking moments of
the areas under the pressure-time and resistance-time curves (Figure 3-269)
about time tm, assuming that the unit blast impulse ib is applied instan-
taneously at time t-O, and that time to reach yield ty is also close to zero
the expression for the maximum deflection is
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'b tm ru tI [tm-tl/ 2] 1up [tm-t tl] 8y - [Cm - t1] 3-89

MU MU 2mup

If moments of the areas are taken about tl, then the deflection at partial
failure XI, is

ib tl ru t 1 2

XI 3-90

mu 2 mu

Using Equation 3-87 and summing the areas of tm and recognizing that the
instantaneous velocity at tm equals zero.

it ru ti rup Itm - ti]
-0 3-91

mu mu mup

Solution of the above three simultaneous equations is accomplished by solving
Equation 3-91 for tm and substituting this expression into Equation 3-89, and
solving Equation 3-90 for tI and substituting this expression into the
modified Equation 3-89. After continuing and rearranging terms, the general
response equation becomes

'ib2 mu
- rux + - rup (xm - xl) 3-92

2 mu nup

The left side of this equation is simply the initial kinetic energy resulting
from the applied blast impulse and the right side is the modified potential
energy of the element. The modification is required since the above analysis
requires the use of two equivalent dynamic systerns (before and after time tl).
The modification factor mu/mup equates the two dynamic systems. If the effec-
tive mass in each range was the same, mu/mup would equal one and the right
side of the expression would be r uXn which is the potential energy.

For one-way elements which do not exhibit the post-ultimate resistance range,
or for two-way panels where the maximum deflection Xm is less than Xl,
Equation 3-92 becomes

ib 2
ib rXm 3-93

The above solutions are valid only for what is considered large deflection
design since the variation of resistance with deflection in the elasto-plastic
range has been ignored. This limitation is based on the assumption that the
time to reach yield t and the duration of the impulse to are small in
comparison to tm.

Case 2 - limited deflections. For elements which respond to the impulse with
limited deflections where the time to reach maximum deflection t. is greater
than three times the duration to of the load, but where the support rotations
are equal to or less than the established criteria, the elasto-plastic iange
behavior of the element must be accounted for in determining the overal
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response of the element to the applied blast load. For tiis case, Equation 3-
92 hecomes

ib ru XE ma
+ -___ _- + r [X i1 3-94.2 ma 2 mu

where ma is the average of the effectivn Flastic and plastic masses and XE the
eqvivalent defleclion.

When the response time tm of an element is less than three times the load
duration to, the element will respond to the pressure pulse rather than to the
impulse alone. In this case the response of the element may be obtained
through the use of a response chart considering a fictitious pressure pulse as
outlined in Chapter 2. However, if the e,ement's maximum deflection is
greater than given in the response charts (ductility ratio Xm/XE greater than
100), the response of the element may be obtained through use of the semi-
graphical method of analysis as outlined in this paragraph considering the
fictitious pressure pulse. It should be noted thaý the resistance time
relationship used in the analysis to express the element's response should
include the elasto-plastic region.

3-20.2. Determination of Time to Reach Maximum Deflection

The time tm for each of the cases coverel previously can be dezermined by
applying Equations 3-87 and 3-83 to the particular problem. The resulting
equations are as follows:

Case 1 - large deflections.

A. X1 , Xm : Xu

tm - + ip ib- - 2nruXI 1 3-95
ru murup ru

B. XMf X1

til " b / ru

Case 2 - limited deflections.

Since the variation of resistance with time is no,: known in the elasto-plastic
range, t. can only be determined approximately by assum.L.ig a linear variation
of resistance with time.

ib mu 1 mu 1/2

tM(approx) - 3 - + 1 9 ib2 6 maruXE 3-97
ru 2 1na ru 2ma
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Figure 3-269 Pressure-time and resistance-time curves for elements which
respond to impulse
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Table 3-14 Details of computation by acceleration impulse extrapolation
method

PO01% R0 P0- R0  a0 a0(t) 0 0 X,

1 At1  1'i R1  P'- R1  a, al(At,) 2x, 0 X

2 2(Atj) P2 R2 P2 - R2  a2 a2 (AtI)
2 2X2 X1 X3

J-1 (i-1)At1 Pj-1 Rj- 1 Pj.. 1-R3.1  aj-1 aj-i (At1)2 2X J-1 XJ.2 Xj

J+ J(At 1 + Pj1 Rj j Pj j-R l aji. ajj~(At1 ) 6 ZX~ ~ 1 X+

t2 P______ LJL IJI 2
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Table 3-15 Figure numbers corresponding to various cowbinations of C0
and C2

C2 1.00 1.70 3.G0 5.50 10.0 30.0 100. 300 1000
Cl I

1.000 3-64 3-64 3-64 3-64 3-34 3-64 3-64 3-64 3-64

0,909 3-114 3-141 3-17J 3-220
0.866 3-115 3-142 3-174 3-221
0.825 3-116 3-143 3-175 3-222

0.787 3-144 3-176 .1-223

0.750 3-85 3-99 3-117 3-145 3-177 3-224
0.71. 3-118 3-146 3-178 3-225

0.681 3-64 3-65 3-75 3-119 3-147 3-179 3-226
0.048 3-100 3-120 3-148 3-180 3-227
0,619 3-121 3-140 3-181 3-228
0.590 3-150 3-182 3-.ý29
0.562 3-66 3-101 3-122 3-151 3-183 3-230
0.536 3-18.4 3-231
0.511 3-123 3-152 3-185 3-232
0.487 3-186 3-233
0.464 3-64 3-66 3-76 3-124 3-153 3-187 3-234
0.422 3-87 3-102 3-154 3-188 3-235
0.383 3-125 3-189 3-236
0.365 3-155 3-190 3-237
0.348 3-191 2-238

0.315 3-64 3-67 3-77 3-88 3-103 3-126 3-156 3-192 3-239

0.287 3-193 3-240
0.274 3-157 3-194 3-241
0.261 3-127 3-156 3-195 3-242
0.237 3-89 3-10'1 3-159 3-196 3-243

0.215 3-64 3-68 3-78 1 3-128 3-160 3-197 3-2'1J
0. 19 3-198 3-245
0.178 3-90 3-105 3-129 3-161 3-199 3-246
0.162 3-200 3-247
0.147 3-64 3-69 3-79 3-130 3-162 3-201 3-248
0.133 3-91 3-106 3-202 3-249

0.121 3-131 3-163 3-203 3-250
0.110 3-204 3-25).
0.100 3-64 3-7Cr 3-80 3-92 3- 1.07 3-132 3-164 3-205 3-252
0.091 3-206 3-253
0,083 3-207 3-254
0.075 3-133 3-165 3-208 3-255
0.068 3-93 3-'1V8 3-209 3-256
0.056 3-64 3-711 3-81 3-134 3-166 3-210 3-257
0.046 3-94 3-109 3-211 3-258
0.042 3-135 3-167 3-212 3-259
0.03P 3-64 3-72 3-82 3-95 3-110 3-136 3-168 3'213 3-260
0.026 3-137 3-169 3-214 3-261
0.922 3-96 3-111 3-21j 3-281
0.018 3-64 3-73 3-83 3-138 3-170 3-216 3-203
0.015 3-97 3-112 3-217 3-264
0.013 , 3-139 3-171I 3-21.8 3-265

0.010 3-64 3-74 3-84I 3-98 3-113 3-140 3-172 3-219 3-266 1

.. . .. - 3 9.. L
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Table 3-16 Response Chart Interpolation

Figure Number Cl 02 Desired Parameter

011 021
1 Y1

01 021

012 022 C 21
2 Y

cl 02

y
013 023

4 C14  024 -C 23  Y
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APPENDIX 3A

ILLUSTRATIVE EXAMPLES
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Problem 3A-l(A) Ultimate Unit Resistance

Problem: Determine the ultimate unit resistance of a two-way structural
element using (1) general. solution and (2) charts.

Procedure: Part (a) - General Solution

Step 1. Establish design parameters.

Step 2. Assime yield line locations in terms of x and/or y consider-
ing support conditions, presence of openings, etc.

Step 3. Determine negative and positive moment capacities of sec-
tions crossed by assumed yield lines.

Step 4. Establish distribution of moments across negative and as-
sumed yield lines, considering corner effects and those of
openings.

Step 5. Determine the ultimate unit resistance for each sector in
terms of x and/or y considering free body diagram of the
sectors (fig. 3-3). Summation of the moments about the axis
of rotation (support) of the sector yields equation 3-3.

Step 6. Equate the ultimate unit resistance of the sectors and solve
for the yield line location x and/or y.

Step 7. With known yield line location, solve for ultimate unit
resistance of the element, using equations obtained In Step
6.

Note: For complex problems (three or -are different sectors) the
solution for the ultimate unit resistance is most easily accom-
plished through a trial-an.d-error procedure by determining ru for
each sector for a given (assumed) yield line location and adjust-
ing the yield lines until the several values of ru agree to within
a few percent.

Procedure: Part (b) - Chart Solution

Step 1. Same as in step I of part a.

Step 2. Same as in step 2 of part a.

Step 3. Determine the negative and positive ultimate moment capaci-
ties in vertical and horizontal directions.

3A-1
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Step 4. For given support conditions (and value of x2 /xI in the case
of an element with three edges supported and fourth free),
use the appropriate chart (figs. 3-4 through 3-20) to obtain
yield line location ratios x/L or y/H for value of quantity
obtained in step 4. Then calculate x or y.

Step 5. Using the appropriate equation from table 3-2, determine the
ultimate unit resistance of the element.

Example 3A-1 Ultimate Resistance

Required: Ultimate unit resistance of two-way structural steel element shown
below using (1) gen-ral solution and (2) charts.

240'

,FREE EDGE

" ~10

Jr"-2" .re 5 • rrJ1. . .. ,,.

Figure 3A-1

(Solution: Part (a) - General Solution)

Step 1. Given:

(a) L 240 in H = 168 in
(b) Fixed on three sides and free at the fourth

Step 2. Assume yield line location (fig. 3A - 2)

Stey 3. The negative and positive moment capacities in both the
horizontal and vertical directions are determined from the
properties of the material. For this example, it will be
assumed that the moment capacities are equal to M 20,000
inlbs/in.

3A-2
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240

120

_0
w W

zezzzze120 60 L 4 -I ~~jMHP

FFB1T1I111h111AT NEGATIVE
YIELD LINE

>Li__________ AT POSITIVE
~ ~j_______________________________YIELD LINE

a) ASSUMED YIELD LINES AND DISTRIBUTION OF MOMENTS

24 120

XMVN(

ZMN )MVP ZMHP(2H

R I ~ I IVN

b) FREE-BODY DIAGRAMS FOR INDIVIDUAL SECTORS

Figure 3A-2
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-H MI -V MVP- 20,000 in lbs/in.

Step 4. For distribution of moments across negative and assumed
positive lines, see figure 3A - 2(a).

Step 5. The ultimate unit resistance of each sector is obtained by
taking the summation of the moments about its axis of rota.-
tion (supports) so that

EN+ Zp- Rc - ruAc

a. Sector I (fig. 5A - 2)

'4VN + --V 120(20,000) + 2(2/3)(20,000)(60) +
120(20 000) + 2(2/3)(20,000) (60)

-8.OxlO in-lbs.

240(y)y
ruAc -r,', [ - 40 ruy&

2 3

therefore,

ru -400(20,000)/40y 2- 0.2x1 6 /y 2

b. Sector II (fig. 3A - 2)

ZMHN + EM - (168-y/2) (20,000) + 2/3(20,000)(y/2) +

(20,000)(l 68-y/2) + 2/3(20,000)(y/2)

336(20,000) - y/3(20,000)

120(168+168-y) 3.20(168+2 (168-y)
ruAc - I[ (168+168-y)

2 3

-4, 8O0ru(252-y)

therefore,

336(20,000) -y/
3(20,000)

4800 (252-y)

Step 6. Equate the ultimate unit resistance of the sectors..

10(20,000) -336(20,000) - y/bý(2O1,OOO)

y ~4800 (252-y

Simplifying:

y3 _1008y2  1 44000y + 36288000 - 0

and the desired roo~t is: y - 137.6 ins.

3A- 4
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Step 7. The ultimate unit resistance is obtained by substituting the
value of y into either equation obtained in step 5, both of
which yield:

ru - (20,000)/(137.6)2 - 10.6 psi

Solution: Part (b) - Chart Solution

Note:
Element conforms to the requirements of section ?-8 since it is fixed on
three- sides and free on the remainitig side and has uniform thickness in
the horizontal and verticai directions,

Step 1. Same as step 1 in part a.

Step 2. For illustrative purposes, a different yield pattern (fig.
?A-3) will be assumned.

24C."

/ V

Figure 3A-3

Step 3. For ultimate moment capacities, see step 3 of part a

Step 4. For three sides fixed and the fourtU free, calculate the
parameter.

X2/XI-[(MHN3 + MkHP)/(MHN1 +"'MHP)]l/2 - [(20,000)(2)/(20,000)(2)]1/2 = 1.0

From figure 3-11, (X 2 /X 1 - 1.0) calculate the parameters:

L/H[Mvp/(MHNl + WHp)] - 240/168[20,000/(2)(20,000)]1/2 - 1.01

3A-5
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and
MVp 20,000(

- _--1.0

MVN 2  20,000

Read yield line location

XI/L exceeds the maximum possible value of 0.5 therefore, assumed yield
line pattern is wrong. Assume alternate yield line pattern as shown in
figure 3A-2.

Fy.om figure 3-16 calculate the following parameters:

L (MvN3+ MVp)/ 2

H 1N. M ) 1/ 2 + (MHNI + M 1p)I/2

240 [ (20,000+20,000)1/2

168 L - 0.71.

L(20,000+20,000)1/2
and

X/L r M 12 1 Nl+ MHP) /(MHN2± MHP)]/ /11+ [HN+ MlIP)/(MHN2 "~ "K)]l/ 2

0,000oo/40,000 1/2 /1 +[40,000/40,000 1/2 -1/2

from figure 3-16 read of yield line location:

y/11 - 0.82; y - 0.8(168) - 137.6 in

X/L - 0.50; X - 0.5(240) - 120.0 in

Step 5. From table 3-2

NOTE: Both equations given in the table for each edge condition and
yield line location, will provide identical values of ru.

5 (MVN+ MVp) 5(20,000+20,000)
ru - - (0.00055)20,000 - 10.5 psi.

y 2 137.62

Example 3A-I(B) Ultimate Unit Resistance

Required: Ultimate unit resistance of the element cunsidered in example 3A-
I(A) except there is an opening as shown in figure 3A-4.
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TM 5-1300/NAVFAC P-397/AFR 88-22

240'

Figure 3A-4

solution:

Step 1. Given:
(a) L - 240", H -168"1 Two additional free edges are formed

due to the presence of the opening.

Step 2. Assumed yield line location is shown in fiLgrue 3A-5 (three
different sectors are formed).

Step 3. Same as step 3 of Example 3A-l(A), part a.

180% so

'LIM I;

IM i~s240

Figure 3A.5
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Step 4. For distribution of moments across negative and assumed
positively yield lines see figure 3A-5. (Since opening is
located at lower right corner, there is no reduced moment
capacity in this area.,,

Step 5. The ultimate unit resistance is obtained from,

MN + % - Rc - ruAc

a, Sector 1 (fig. 3A-5)

12IN '11Fi - (20,000)(168-y/2) + 2/3(20,000)(y/2) +
(20,000)(168-y/2) + 2/3(20,000)(y/2)

- 336(20,000) - y/3(20,000)
- (336-y/3)(20,000)

ruAc - ru[x(168+168-y)/21 [x(168+2(l68-y))/3(184.168-y)]

- rux2 (252-y)/3

therefore,
(1008-y)(20,000)

ru - x 2 (252-y)

b. Sector II (fig. 5A-5)

aILN + ZMHP - (20,000)(80) + (20,000)(80)

- 1.60(20,000)

Note:

The sector is divided into parts a, b, and c so that the centriod
may be obtained (see table below).

Portion of Area Distance from Centroid
Sector (A') to axis of rotation (c') A'co

(y-88)(180-x) (180-x) + 60 - 360-x (y-88)(180-x)( 3 6 0-x)
a

3 3 6

b (y-88)(60) 60 (y-88)(60'2

2 2

C (168-y)(240-x) (240-x) (168-y)(240-x) 2

3A-- 8
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(y-88)(180-x)(360-x) + (y-88)(60)2 + (168-y)(240-x)2

Ac -ZA'c'- -

6 2 2

-ý 1/2(r-88 [(180-x)(36o-x) +10800] +(168-y)(240-x) 
2

3

(7'M'H + 4HP)
r -

Ac

6,400,000

(Y-88)

-- [(180-x)(360-x) + 10,800] +(168-y)(240-X) 2

c. Sector III (fig. 3A-5)

DV + EM - 20,000) (180-x/2) + 2/3(20,000)(x/2)+
(2,00(80x2 + 2/3(20,000)(x/2)

-360(20,000) -(20,000)x/3

Portion of Area Distance from Centroid
Sector (A') to axis of rotation (c') A'c'

(108-x)(y-88) \y-88) + 88 -y + 176 (l80-x)(y-88)(y+176)

2 3 3 6

b (180-x)(88) 88 (180-x)(88)2

or2 2

c yy xy2

2 3 6

Ac -ZA'c' - (y-88)(180-x)(y+176)/6 + (180-x,)(88) 2/2 +xy 2/6
-1/6 (180-x)[(y-88)(y+176)+23,23-)2] + xy2

~HN + ZM4HP

(2160-2x) (20,000)

""'m2
(1,80-x) [(y-88)('y+176)+f23,232]+xy2

Step 6. Paoe to the complexity of obtaining a direct solution for
ultimate unit resistance, a trial.-and-error solution will be
used (see table below):
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x y r, rii rii

125 130 9.21 T 7.67 9.33
125 135 9.55 7.92 8.77
125 140 9.92 8.19 8.25
125 145 10.3% 8.4.8 7.78
125 150 10.77 8.79 7.35
130 130 8.52 8.29 9.50
130 135 8.83 8.55 8.92
131 135 8.70 8.68 8.85

Therefore:

x - 1.31 ins
y - 135 ins

ru - 8.68 psi

Problem 3A-2 Kvsistance Deflection Function

Problem: Determine the actual and equivalent resistance deflection function
in the elasto.plastic region for a two-way structural element.

Procedure:

Step 1. Establish design parameters
a. Geometry of element.
b. Support conditions

Step 2. Determine ultimate positive and negative moment capacities.

Step 3. Determine static properties:
a. Modules of elasticity for the element.
b. Moment of inertia of the element,

Step 4. Establish points of interest and their ultimate moment
capacities (fig. 3-23)

Step 5. Compute properties at first yield.
a. Location of first yield
b. Resistance at first yield re
c. Moments at remaining points consistenL wich r.
d. Maximum deflection at first yield.

Step 6. Compute properties at second yield
a. Remaining moment capacity at other points
b. Lccation of second yield.
c. Change in onit resistance Ar between first and second yield,
0. Unit resistance at second yield rep.
e. Moment at remaining point consistent with

3ep

3A-10
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f. Change in maximum deflection.
g. Total maximum deflection.

Note:

An element with unsymmetrical support conditions may exhibit three
or four support yields. Therefore, repeat Step 6 as many times as
necessary to obtain properties at the various yield points.

Step 7. Compute properties at final yield (ultimate unit resistance)

a. Ultimate unit resistance.
b. Change in resistance between ultimate unit resistance and

resistance at prior yield.
c. Change in maximum deflection (for elements supported on

two, three, or four sides, use stiffness obtained from
figure 3-26, 3-30 and 3-36, respectively).

d. Total maximum deflection.

Step 8. Draw the actual resistance-deflection curve (fig. 3-39).

Step 9. Calculate equivalent maximum elastic deflection of the
element.

Example: 3A-2 Resistance-Deflection Function

Required: The actual and equivalent resistance-deflection function (curve)
in the elasto-plastic region for the two-way structural steel
element.

Solution:

Step 1. Given:

a. L - 240 in. H - 168 in.
b. Fixed on three sides and free at the fourth.

Step 2. Same as step 3 of example 3A-I(A), part a.

Step 3. Static properties.

a. Modulus of elasticity, Es for steel

Es - 29 x 106 psi

IIb. Considering a 1-inch strip (b - I inch)

Assume I - 144 in 4

Step 4. For points of interest, see figure 3A-6.

Step 5. Properties at first yield.

3A-11
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PON 2 POINT I POINT 2
,MHN MPMHN

P~OINT ~3

Figure 3A-6

From figure 3-27 for 1I/L - 0.7

-3 0.077 A2 - 0.160 J3 -0.115

-j 0.01.2 v - 0.3

a. M1.w - MHN -MVP MVN -20,000 in-lbs/in

P- BrH2

r - M/BH2

-20,000/[(0.077)(168)2] -9.20 psi

r2 -20,000/[(0.160)(168)2] 4.43 psi

r3 -20,000/[(0.115)(168)2] -6.16 psi

First yield at point 2 (smallest r)

b. re - 4.43 psi

C. Mp (Point 1) -(0.077)(4.43)(168)2 -9,627 in-lbs/in

MN (Point 3) -(0.115)(4,43)(168)2 14,379 in-lbs/in

d . D -EI/b(l- v)

-29 x 106 x 144/1[1-(0.3)2] - 4.5.9 x 1.08 i~n-lbs

Xe yireH /D) - (0.0120)(4,.43)(168) /31)-0092n

Step 6. Properties at second yiel~d.

3A-12
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After first yield element assumes a simple-simple-fixed-free
stiffness, therefore from figure 3-29 for H/L- - 0.7.

131 - 0.120 B3 - 0.220

YJ- 0.045 v - 0.3

a. Mp (Point 1) - -il Mp (at re)

- 20,000 - 9627 -10373 in-lbs/in

MN (Point 3) - MVN M'P (at re)

- 20,000 - 14,379 - 5621 in-lbs/in

b. mp (Point 1) - 10373 in-lbs/in - Bplffl 2

Ar - 10373/(0.120)(168)2 _ 3.06 psi

Mn (Point 3) - 5,621 in-lbs/in - 133ArH
2

Ar - 5,621/[(0.2ý20)(168)2] _ 0.90 psi

Second yield at Point 3 (smnaller Ar)

c. Ar -0.90 psi

d. rep ~re + Ar - 4.43÷ 0.90 - 5.33 psi

- 3.048 in-lbs/in

f.D-EI/b(l.-v2) - (29)(106)(l44)/l[l-(0.3)2]

- 45.9 x 108 in-lbs/in

Ax -y 1ArH4/D - 0,030(0.90)(168)4/45.9/10)8

-0.0047 in

g. Xe- Xe + AX - 0.0092 + 0.0047 - 0.014 in

Step 7. Properties at final yield (ultimate unit resistance). After
second yield element as~sumnes a simple-simple-simple-free
stiffness, therefore frcai figure 3-30 for H-/L - 0.7.

YJ- 0.045 v - 0.3

a. ru - 10.6 psi (part a, example 3A-l(A)'ý

b. Ar - r~ - re1 - 10,6 - 5.33 - 5,47 p--

3A-1 3
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c. D - El/b(l-v2 ) - 29(10 )(144)/1[l-(0.3)2]
- 45.9 x 108 in-lbsAf

Ax - yirH4 /D - (0.045-(5.27)(168)4/45.9 x 108

- 0.041 in

d. Xp - Xep v AX - 0.014 + 0.041 9 0.05 5 in

Step 8. For actual resistonce-deflection curve, see figure 3A-7.

St .E Xe(rep/ru) + Xep[!-(reru)] Xp[l.-(rep/ru)]
Equation 3-35

XE- 0.0092(5.33/10.6) + 0.014 [1-(4.43/10.6)]

+ 0.055[l-(5.33/10.6)]

- 0.00463 + 0.0081 + 0.0273

- 0.040 in

The equivalent resistance-deflection curve is shown in figure 3A-

'77.

Problem 3A-3 Dynamic Design Factors For A One Way Element

Problem: Determine the plastic load, mass and load-mass factors for a one-
way element.

Procedure:

Step 1. Establish design parameters.

Step 2. Determine deflected shape.

a. geometry of element
b. support conditions
c. type of load and mass

Step 3. Determine maximnti deflection

Step 4. Determine deflection function

a. For distributed load and/or continuous mass determine the
deflection at any point.
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b. For concentrated loads and concentrated mass determine the
deflection at the load.

Step 5. Calculate the shape function

a. For distributed load and/or continuous mass calculate O(x),
equation 3-43.

b. For concentrated load and concentrated mass calculate Or,
equation J-46.

Step 6. Calculate the load factor, KL.

a. Use equations 3-41 and 3-42 for a distributed load.

b. Use equations 3-41 and 3-45 for a c';ncentratcd load

Step 7 Calculate the mass factor, KM.

a. Use equations 3-47 and 3-48 for a continuous mass

b. Use equations 3-44 and 3-49 for concentrated mass

Step 8. Calculate the load-mass factor KLM, from equation 3-53.

Example 3A-3(A) Dynamic Design Factors For A One-Way Element

Required: The load, mass and load-mass factors for a structural steel beam
in the elastic range, with a distributed load.

Solution:

Step 1: Given structural steel beam shown in figure 3A...8

IL-X-

A

Figure 3A-8

a. L 120 in.
b. Simply supported on both edges
c. p(x) - 2,000 lb/in

m(x) 0.0055(lb-s 2/in 4 )/in

3A-16
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Figure 3A-9

Step 2: Assumed deflected shape for elastic range is shown in figure
3A-9

Step 3: The maximum deflection at the center is
5p(x)L4

6max-
384 El

Step 4: Determine deflection function
p (x)

(x) .. . (L 3 _ 2Lx2 + x 3)
24EI

Step 5: Calculate the shape function using equation 3-43
6(x) p(x)x 384EI6(x (L 3 - 2Lx 2 + x 3 )

6 max 24EI 5p(x)L4

16
(L 3 x - 2Lx 3 + x 4 )5L+

Step 6: a. Using equation 3-42, determine equivalent force
L 120

FE - p(x)O(x)dx - (2,000 lb/in) 6 (L 3x - 2Lx 3 + x4 )dx0 0 5L4

-120

6,400 L3 x2  2Lx 4  x5 20
- - -- + -- - 1,280L •-

114 2 4 5

S153,600 lb.

b. From equation 3-41, find the load factor

FE 153,600 lb.

F (2,000 lb/in x 120 in.)

KL 0.64 in the elastic range

3A-17
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Step 7: a. Find the equivalent mass from equation 3-48

L 2 256 120

ME - f m(x)0(x)dx - .0055 - (13x - 2Lx 3 + x4 ) 2 dx
oj 5L8 Ox

00

1.408 120
- f (L 6 x2 _ 4L4 x4 + 2L 3x5 + 4L2 x6 - 4Lx7 + x 8 )dx

r 120

1.408 L6 X3  - 4L 4 x5 + 2L 3 x 6 + 4L 2 x7 - 4Lx 8 + x91

251,8  3 5 6 7 8 91
- .00277L

- 0.3325 lb2- s 3 /in

b. From equation 3-47, calculate the mass factor

ME 0.3325 lb - s2 /in3

KM -. . . . . x 12in
M (0.0055 lb - s /in 4  x 120 in)

KM - 0.50 in the elastic range

Step 8: Calculate the load-mass factor as defined by equation 3-51

YKLM - KM/KL

- 0.50/0.64

KLM- 0.78 in the elastic range

Example 3A-3(B) Dynamic Design Factors For A One-Way Element

Required: The load, mass and load-mass factors for a structural steel beam
in the plastic range with a distributed load.

Solution:

Step 1. Given the structural steel beam shown in figure 3A-8

a. L - 120 in.
b. Simply-supported on both ends
c. p(x) - 2,000 lb/in
d. m(x) - 0.0055 (lb s2/in )/in

Step 2. Assume deflected shape for the plastic range is shown in
figure 3A-I0
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L/2 L/2

Figure 3A-10

Step 3. Determine maximum deflection
6mr~ax - (1./2) tarO

K'Step 4. Determine the deflection at any point.
6(x) - xtanO x < L/2

Step 5. Calculate the shape fune:tion, equation 3-43
6(x) xtanE)

95(x) - - _ _

6max (L/2)tanO

* - 2x/L x < L/2

Step 6:
a, Find FE using equation 3-42.

L 60

Fe - p(x)95(x)dx - 2 f2,000 lb/in) (2x/L)dx
00

- 4, 000 lb/i L. /L6)

- 120,000 lb

b. Front equation 3-41

* FE 1z,000 lb.

F (2,000 lb/in) 120 in

KL *-0.5 in the pla~stic range

Step 7:
a. Use equation 3-48 to find the equivalent mass

L 60
ME j- mn(x)0 2 (x)dx - 2 J(0.0055) (4 x2/L )CIX

0 0
ffl'!' 60

-0.044 [ L2 1
-0.22 lb -s

2 /i

3A-19
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b. As defined by equation 3-47

ME 0.22 lb s 2 /in3
KM

M (0.0055 lb - s2 /in 4 )120 in

KM - 0.33 in the plastic range

Step 8. Calculate KLM using equation 3-53

KLM- KM/KL

- 0.33/0.5

KLM - 0.66 in the plastic range

Example 3A-3(C) Dynamic Design Factors For A One-Way Element

Required: The load, mass and load-mass factors for a structural steel beam

in the elastic range, with a concentrated load.

Solution:

Step 1: Given structural steel beam shown in figure 3A-11

L/2 L/2

Figure 3A-11

a. L - 120 in.
b. Simply supported on both sides
c. F - 240 kips

m(x) - 0.0055(lb s2/in4)/in.

Step 2: Assume deflected shape for elastic range is shown in figure
3A-12
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Figure 3A.-12

Step 3: Determine maximum deflection

F3

max
48 EI

Step 4: Determine deflection functions
a. for continuous wass,

6(x) - Px (3L/-4 2

48 EI

b. for concentrated load

PL3

6r
48EI

Step 5: Calculate shape functions
a. for continuous mass use equation 3-.43

*6(x) Px(3L3 _ 4x2) 48EI

6max 48EI PL3

- 3L x -4x )/L3

1b. for concentrated load, use equation 3-46
PL3  48EI

48EI PL3

Step 6:

a. Find equivalent force from equation 3-4.5

F1  E FrI Pxl =240 kips

E3A 21
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b. Using equation 3-41, calculate the load factor

FE 240 kips
KL -- .

F 240 kips

KL - 1.0 for the elastic range

Step 7: a. Equation 3-48 gives the equivalent mass.
SL 2120 (0.0055)

ME L J m(x)O2(x) dx - 120 ( 6 - (9L4x 2 - 24L 2 x4 + 16x 6 )dx

r120
0.0055 3L4 x 3 - 24L 2 x 5 + 16x7

L6  5 7

- 0.00271,

- 0.321b - s2/in3

b. From equation 3-47, calculate tho mass factor

ME 0.321b - s 2 /in 3

M (0.00551b - s 2 /in 4 x 120in)

KM - 0.49 in the elastic range

Step 8: Calculate the load-mass factor, from equation 3-53

-K11 - KM/KL

- 0.49/1.0

KLM - 0.49 for the elastic range

Example 3A-3(D) Dynamic Design Factors For A One-Way Element

Required: Determine the load, mass and the load-mass factors for a structur-
al steel beam, in the plastic range, with a concentrated load.

Solution:
Step I.. Given structural steel beams shown in [gure 3A-11.

a. L - 120 in
b. Simply-supported at both edges
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c. F -240 kips

m(x) -0.0055 (lb -s 2/in4 )/in

Step 2. Assumed deflected shape for the plastic range is shown in

figure 3A-13

L/2 L/2

Figure 3A-13

Step 3: Determine maximum deflection

6max - (L/2)taxO

Step 4: Determine deflection function.

a. for continuous mass

6(x) - xtarte x < L/2

b. for a concentrated load

6r - (L/2)tanE6

Step 5: Calculate shape factors using

a. equation 3-43 for continuous mass

6(x) xtanS3

Smax (L/2)tato

- 2x/L x <L/2

b). equation 3-46 for concentrated load

6r (1,/2) tanE)

Smax (L/2)tanO

- 1.0
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Step 6: a. The equivalent force is found using equation 3-45

FE Z Fror Pxl 240 kips
4 r-1

b. Equation 3-41 gives the load factor

FE 240 kips
KL--

F 240 kips

KL - 1.0 for plastic range

Step 7: a. The equivalent mass is found using equation 3-48

L 60

ME in (x)(x)dx 2 (0.0055)(4 x2 /I. 2 )dx

0 0

60x3

- 0.044 - 0.22 lb s 2 /in 3
52

-0

b. Solve for KM using equation 3-47

ME 0.22 lb s2 /in 3

M (0.0055 lb s 2 /in 4 )120 in

KM - 0.33 in the plastic range

Step 8: From equation 3-53, calculate KLM

KI - I(M/Kt

S0,33 in the plastic range

Problem 3A-4 Plastic Load-Mass Factor

Problem: Determine the plastic load-mass factor KIM for a two-way element
using (i) general solution and (2) chart solution.

Note: The determination of the plastic load-mass factor follows
the calculations for the ultimate resistance, hence the structural
configuration and the location of the plastic yield lines will be
known.

Procedure: Part (a) General Solution

Step 1. See part a, problem 3A-l for the structural configuration
and location of plastic yield lines. Denote sectors formed
by yield lines.
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Step 2. Determine the load-mass factors properties I, c, and L' for
all sectors.

Stip 3. Determine the factor I/cL' for all sectors.
Step 4. Calculate the total area of the element.
Step 5. With values obtained above, calculate the plastic load-mass

factor for the element using equation 3-57.

Note: In the above problem, an element of uniform thickness was
considered. For non-uniform elements, the load-mass factor is
calculated using equation 3-53 where the mass of the individual
sectors must be considered.

Procedure: Part (b) - Chart Solution

Step 1. See part b, problem 3A-1 for structural configuration and
location of plastic yield lines in terms of x/L or y/H.

Step 2. For known value of X/L or y/H and support condition, deter-
mine the load-mass factor for the element from figure 3-44.

Note: Chart solution may be used only if the element conforms to
the requirements listed in section 3-17.3

Example 3A-4 Plastic Load-Mass Factor

Required: Plastic load-mass factor for the element considered in example 3A-
1(A) using 4I) general solution and (2) chart solution.

Solution: Part (a) - General Solution

Step 1. Given structural configuration and location of yield lines
shown below (see part a, example 3A-I(A)) in figure 3A-14.

L - 240 in
H - 168 in

X - 120 in
y - 137.6 in

T- constant

II*

* /

/LI

Xp

Figure 3A-14.
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Step 2. Load-mass factor properties.
a. Sector I.

L' - y - 137.6 in
c - y!33 137.6/3

- L(L' 3 ) /12 - 240(137.6)3/12.

b. Sector II.

AXIS OF o.%.
RlOTATION +

L AXIS OF

- | ROTATION

Figure 3A-15 Figure 3A-16•

V' x 120 in
1i- y -168 -137.6 -30.4 in

L' [1- 2 (11-y)] 120 [168 + 2 (30.4)]

cg.

3 [H + (H-y)] 3 (168 + 30.4)
c -120 (0.384)

Fiur 3A1 Fiue3A1

(H-y)(L')3 + y(L')3

3 12

30.4 (120)3 + 137.6(120) 3 3

c 21..60(120)3

3 12

Step 3. Calculate factor l/eL' for each sector:

3 240(137.6)3 / 12
Sector 1. - 8,256 in 2

cL' (133.4/3)(133.4)

I 21.60(120)3
Sector I1. - 6,646 in 2

cL' (0.390 x 120)(120)

I
Sector III. - 6,646 in 2

Step 4. Area of panel
A - LH 240 (168) - 40,320 in 2
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Step 5. Load-mass factor

I/cL'
KLM* -. (eq. 6-14)

A

8,256 + 2(6,646)
KL - ____0.534

40,320

Solution: Part (b) Chart Solution

Step 1. Given: Panel fixed on 3 edges, I free and y/H - 0.803 (see
part b, example 3A-l(A)).

Step 2. From figure 3-44, read load-mass factor

KLM - 0. 543

Problem 3A-5 Response of a Single-Degree-of Freedom System subject to
Dynamic Load

Problem: Determine the maximwui response and the corresponding time it
occurs of a single-degree-of-freedom system subjected to dynamic
load using (a) numerical methods and (b) design charts.

Procedure: Part (a) - Numerical Methods

Step 1. Establish dimensional parameters of the system.

Step 2. Determine the natural period of vibration and integration
time interval.

Step 3. Construct a table similar to table 3-14 of section 3-19.2.
Note:For the first interval n-l, Equation 3-59 is used and
subsequent intervals, the recurrence formula (eqn. 3-56) is
used.

Procedure: Part (b) - Chart solution

Step 1. Same as step I of example 3A-5, part a.

Step 2. Determine the non-dimensional parameters.

Step 3. Determine.the ratio of the maximum displacement to the
elastic displacement Xm/XE and the ratio of the time at
which this maximun displacement occurs to the dur.ition of
the blast load.

Example 3A-5 Maximum Response of Single-Degree-of-Freedom System Sub-
jected to a Triangular Load.

Required: The maximum response and the time it occurs, of a single-degree-
of-freedom system subjected to blast loads, using (a) numerical
methods and (b) design charts.
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Solution. Part (E) -Numerical Methods

Step 1. Given:

P

ru
K

Sk

T XE
TIME DISPLACEMENT

(a) Single-Degree-of- Wb External Load (c) Resistance
Freedom System Function

Figure 3A-17

w - 2.5 Kips-see2 /f~t
K - 9,860 Kips/ft

u- 750 Kips
XE - 0.076 ft

P 1.000 Kips

Step 2. Natural period of vibration and integration time interval.

TN - 2,T [rn/K]'! - 27r [2.5/9,860]1/ - 0.10 sec

t -- TN/iO - 0.01 sec

Step 3. Construct table as shown below.
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1 3 4 5 6 7 I 8 9 10
n t Pn Rn Fn-Rn An-(Pn-Rn/m' n(At) 2! 2n Xn- .

(sac) Kips (Kips) (Kips) (ft/bsc
2

) (ft) (ft) (ft) (ft)

0 0 1000 0 1000 400 0.040 0.0 0.0 0,020
1 0.01 900 197.200 702.800 281.120 0.028112 0.0400 0.0 0.068112
2 0.02 800 671.684 128.426 51.366 0.05137 0.13622 0.020 0.121357
3 0.03 700 750 -50.0 -20.0 -0.00200 0.242714 0.06811 0.17261
4 0.04 600 750 -150.0 -60.0 -0.00600 0.34522 0.121357 0.21786
3 0.05 500 750 -250.0 -100.0 -0.0100 0.43673 0.17261 0.25312
6 0.06 40 750 -350.0 -140.0 -0.0140 0.050623 0.21786 0.27437
7 0.07 300 750 -450.0 -180.0 -0,0180 0.54874 0.25312 0.27762
8 0.08 200 750 -550.0 -220.0 -0.0220 0.55525 0.27437 0.25880
9 0.09

I__

Note: P - f(tn) - 1000 [l-n(At/T)] KXn for Xn < Xe

ru - 750 for Xn > Xe

Xn+l - 2Xn - Xnl+ an (At) 2

Note:

For n-0, Xn+I (Col n 10) - X0 + 1 - XI - (i/2)a0 (At) 2

- (1/2)(0.040)

- 0.02 ft

For n-I, 2Xn (Column 8)- 2X, - 2[(I/2)ao(At)2

- 2(0.02) - 0.04 ft

Xn.I (Column 9) - X0 - 0.0

Xn+I (Column 10) - X2 - 2Xl-X 0 + al(At) 2

- 2(0.02) - 0 + 0.02811

- 0.06811 ft

For n-2, 2Xn (Column 8)- 2X2 - 2(0.06811)

- 0.13622 ft.
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X,_I (Column 9) - X! - 0.02 ft.

Xn+i (Column 10) - X3 - 2X 2 - X + a 2 (At) 2

- (2)(0.06811) - 0.02 + 0.005137

- 0.121357 ft.

For n-3, 4, .... , repeat the above procedure.

Solution: Part (b) - Design Charts

Step 1. Same as step 1 of example 3A-5, part a

Step 2. Non-dimensional parameters

a. Natural period of vibration, Tn

Tn - 271[m/K]I/ 2 - 27([2.5/9,860]l/2 - 0.10 sec

b. Ratio of duration of blast load T to natural period TN

T/TY - 0.10/0.10 - 1.0

c. Ratio of peak resistance ru to peak load P

ru/P - 750/1000 - 0.75

Step 3. Using the ratios calculated in step 2 and figures 3-54 and

3-55, determine the value of Xm/XE and tm/TN.

For T/TN - 1 and ru/P 0.75IrI/XE - 3.7 from figure 3-54

t /T - 077 from figure 3-55

Step 4. Determine Xmand tm

Xm/XE - 3.7

Xm - ( 3 . 7 )XE - ( 3 ,7(ru/KE)

- (3.7)(750/9,860) - 0.28144 ft.

tm/T - 0.77

tm - (0.77)T - 0.77(0.10) - 0.077 sec
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Problem 3A-6 Maximum Response of a Single-Degree-of-Freedom System to
Bilinear Blast Loads

Problem: Determine Xm/XE, tm/TN and tE/T (when applicable) for a single-
degree-of-freedom system subject to various bilinear blast loads.

Procedure: Part (a) - Solution in Region D

Step 1. Establish normalized parameters

Step 2. Enter table 3-15 with the given C parameters and determine
which figures have to be used.

Step 3. Enter each of the figures determined in step 2, with the
given values of the other two parameters and determine the
region where the intersection points are located.

Step 4. Based on the region where the intersection points are locat-
ed,
enter the appropriate figure and find Xm/XE, tm/TN and tE/T.

Procedure: Part (b) - Solution in Region C Graphical Interpolati-n.

Step 1. Same as step 1 in part a.

Step 2. Same as step 2 in part a.

Step 3. Same as step 3 in part a.

Step 4. Set up a table as shown in table 3A-1. Post each figure

number and the corresponding values of CI and C2 , leaving a
space between each line of information. Post in the spaces

Sthe appropriate values of CI and C2 needed for interpola-

tion. Enter each of the figures determined in Step 2 with
the given parameters and find the values of Xm/XE. Post
these values in table 3A-1.

Step 5. Use log-log graph pape:: to plot the points obtained in Step
4. Post these values in table 3A-1, using linear interpola-
tion where necessary.

Step 6. Plot on log-log graph paper the points which represent
(Xm/XE, C2) for the given value of C. Use linear interpola-
tion to find Xm/XE for given value of C2.

Procedure: Part (c) - Solution in Region C - Mathematical Interpolation

Step 1. Same as step 1 in part a.

Step 2. Same as step 2 in part a.

Step 3. Same as step 3 in part a.
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Step 4. Same as step 4 in part b.

Step 5. Solve for inYa and InYb using equations 3-83 and 3-84.

Step 6, Solve for inY using equation 3-85.

Step 7. Solve for Y using equation 3-86.

Example 3A-6 Maximum Response of a Single-Degree-of-Freedom System to
Bilinear Blast Loads

Required: Determine Xm/XE, tm/TN and tE/T (when applicable) for a single-
degree-of-freedom system subject to various bilinear blast loads.

Solution: Part (a) - Solution in Region D

Step 1. Given: P/ru - 1.0

T/TN - 3,0

C1- 0.66

02 -50

Step 2. Enter table 3-15 with C1 , - 0.66 and C2 - 50. Note figures
3-119, 3-120, 3-147, and 3-148 apply.

Step 3, Enter each of the figures determined in step 2, with P/ru -

1.0 and T/TN - 3.0. Note that the intersection point is
located to the right of the line of solid squares, defined
as region D. In region 1), the maximum dynamic response
depends only on the shock loa.d described by P/ru and T/TN;
the gas load described by CIP/ru and C2T/Tn does not influ-
ence the maximum dynamic response. Consequently, figures 3-
64a and 3-64b for a single trianigular load pulse apply.
Enter figure 3-64a with P/ru - 1.0 and T/TN - 3.0 and find

Xm/XE - 3.55, tJ/TN - 0.98, tE/T - 0.086.

Solution: Part (b) - Solution in Region C - Graphical Interpolation

Step 1. Given: P/ru - 32

T/TN 0.10

C1 -0.06

C2 -20

Step 2. Erter table 3-15 with C1 - 0.06 and C2 - 20. Note figures
3- 108, 3-109, 3-133 and 3-134 apply.
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Step 3. Enter each of these figures with P/ru - 32 and T/Tn - 0.10.
Note that the intersection point is not located in regions
A, B or D. Therefore the intersection points lie in region
C and interpolation between charts is required to obtain a
solution.

Step 4. Set up table as shown in table 3A-1 below. Post each chart
number and the corresponding values of C1 and C2 leaving a
space between each line of information. Pist in che spaces
the appropriate values of Cl and C2 needed for interpola-
tion. Enter figure 3-108 with P/ru - 32 and T/TN - 0.10 and
find XIIf/XE - 112. Post this value in the table. Enter
figure 3-109 with P/ru - 32 and T/TN - 0.10 and find Xm/XE -

86. Post this value in the table. Repeat this process for
figures 3-133 and 3-134, and post values for Xm/XE in the
table.

Step 5. Use log-log graph paper to plot the points (112,0.068) and
(86,0.046) which represent (Xm/XE, C0) for C2 - 10 as shown
in figure 3-267. Use straight-line interpolation to find
O.n/XE - 103 for CI - 0.060. Post this value in the table.
Repeat this process for C2 - 30, and find XI,/XE - 251 for Cl
- 0.06 as showrn in figure 3-267.

Step 6. Plot on log-log graph paper the points (103,10) and (251,30)
which represent 'Xn/XE, C2) for Cl, '" 0.060. Use straight-
line interpolation for finding Xm/XE - 182 for C2 - 50 as
shown in figure 3-267. Thus the solution is Xm/XE - 182.

Table 3A-1

II[ Figure No. Cl 02 Xm/XE

3-108 0.068 112

0.060 10 "" - 103

3-109 0.046 10 86

0.060 20 -- 182

3-133 0.075 30 340

0.060 30 -- 251

3-134 0.056 30 230
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Solution: Part (c) -Solution in region C -Mathematical Interpolation

Step 1. Same as step 1 of part (b).

Step 2. Same as step 2 of part (b).

Stop 3. Same as step 3 of part (b).

Step 4. Same as step 4 of part (b).

Step 5. Using equation 3-83 and 3-84, find, mYa and "b

*iirA.Y2/ Y~j ln[01 / C11 ]
lnY. - )nY1 +

VIn 0 12 / C111

ln11 + ln(86/112) 1n(0 .060/0.068)

ln(0.046/0.068)

lnY. 4.6339

ln[Y4 /Y 3 Iln[G1 /C13)
lly'b - mY 3 +

1n[ C1 ~/03

ln(230/340) In(0 .06/0.075)
- n340 +--_ _ _ _ _ _

ln(0 .056/0.0715)

lnYb 5- 30

.4Step 6. Find InY from equation 3-85

(irlYb - lnya)ln(C2/0'21)
InY -lnYa +

ln(C23/1221)

(5.5304 - 4.639)1n(20/lO)
-4.6339 +

Iln(30/10)

InY -5.1995

Step 7. Solve for Y using equation 3-86

Y e

-e
5 .1995

Y 181
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a (1) acceleration (in./ms2)
(2) depth of equivalent rectangular stress block (in.)

A area (in. 2 )

Aa area of diagonal bars at the support within a width b (in. 2 )

Ao area of openings (ft2 )

As area of tension reinforcement within a width b (in. 2 )

Afs area of compression reinforcement within a width b (in. 2 )

AsH aioa of flexural reinforcement within a width b in the hori-
zontal direction on each face (in.2)*

AsV area of flexural reinforcement wlthin a width b in the verti-
cal direction on each face (in. 2 )*

Av total area of stirrups oi lacing reinforcement in tension
within a distance, s. or si and a width b. or b, (in. 2 ).

SA.[0AII area of sector I and II, respectively (in. 2)

b (1) width of compression face of flexural member (in.)
(2) width of concrete strip in which the direct shear

stresses at the supports are resisted by diagonal bars
(in.)

bs width of concrete strip in which the diagonal tension stresses
are resisted by stirrups of area AV (in.)

Sb width of concrete strip in which the diagonal tension stresses

are resisted by lacing of area Av (in.)

B constant defined in pargraph

c (I) distance from the resultant applied load to the axis of
rotation (in.)

(2) damping coefficient

SClCll distance from the resultant applied load to the.axis of

rotation for sectors I and II, respectively (in.)

SCs dilatational velocity of concrete (ft/sec)

C shear coefficient

Ccr critical damping

* See note at end of symbols 3B-I
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Cd shear coefficient for ultimate shear stress of one-way ele-
ments

Cf post-failure fragment coefficient (lb 2 -ms4 /in.)

Gra peak reflected pressure coefficient at angle of incidence a

Cs shear coefficient for ultimate support shear for one-way
elements

CsHi shear coefficient for ultimate support shear in horizontal
direction for two-way elements*

C6V shear coefficient for ultimate support shear in vertical
direction for two-way elements*

drag coefficient

CDq drag pressure (psi)

C'qo peak drPg pressure (psi)

CE equivalent load factor

CH shear coefficient for ultimate shear stress in horizontal
direction for two-way elements*

C leakage pressure coefficient

CM maximum shear coefficient

Cu impulse coefficient at deflection Xu (psi-ms 2 /in. 2 )

cup impulse coefficient at deflection X• (psi-ms 2 /in. 2 )

Cv shear coefficient for ultimate shear stress in vertical
direction for two-way elements*

Cl (1) impulse coefficient at deflection X1 (psi-ms2/in.2)
(2) parameter defined in figure
(3) ratio of gas load to shock load

CI' impulse coefficient at deflection X., (psi-ms 2 / 2

02 ratio of gas load duration to shock load duration

d distance from extreme compression fiber to centroid of tension
reinforcement (in.)

d' distance from extreme compression fiber to centroid of com-
pression reinforcement (in.)

dc distance between the centroids of the compression and tension
reinforcement (in.)

* See note at end of symbols 3B-2
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do distance from support and equal to distance d or dc (in.)

S di inside diameter of cylindrical explosive container (in.)

di distance between center lines of adjacent lacing bends mea-
sured normal to flexural reinforcement (in.)

,dco diameter of steel core (in.)

dI diameter of cylindrical portion of primary fragment (in.)

D (1) unit flexural rigidity (lb-in.)
(2) location of shock front for maximum stress (ft)
(3) minimum magazine separation distance (ft)

Do nominal diameter of reinforcing bar (in.)

DE equivalent loaded width of structure for non-planar wave front
(ft)

DIF dynamic increase factor

DLF dynamic load factor

e basn of natural. logarithms and equal to 2.71828...

(2E')1/2 Gurney Energy Constant (ft/sec)

E modulus of elasticity

SEC modulus of elasticity of concrete (psi)

Es modulus of elasticity of reinforcement (psi)

f unit external force (psi)

f' cstatic ultimate compressive strength of concrete at 28 days
(psi)

f'dc dynamic ultimate compressive strength of concrete (psi)

Sfds dynamic design stress for reinforcement (psi)

fdu dynamic ultimate stress of reinforcement (psi)

fdy dynamic yield stross of reinforcement (psi)

fs static design stress for reinforcement (a function of fy, fu
and 0) (psi)

fu static ultimate stress of reinfoi:cement (psi)

f-y static yield stress of reinforcement (psi)

* See note at end of symbols 3H-3



TH 5-1300/NAVFAC P-397/AFR 88-22

F (1) total external force (Ibs)
(2) coefficient for moment of inertia of cracked section
(3) function of C2 and Cl for bilinear triangular load

Fo force in the reinforcing bars (Ibs)

FE equivalent external force (lbs)

g variable defined in table 4-3

h charge location parameter (ft)

H (1) span height (in.)
(2) distance between reflecLIng surface(s) and/or free

edge(s) in vertical direction (ft)

Hc height of charge above ground (ft)

11c scaled height of charge above ground (ft/lbI/ 3)

Hs height of structure (ft)

HT scaled height of triple point (ft/1bI/ 3 )

Si unit positive impulse (psi-ms)

i" unit negative impulse (psi-ms)

ia sum of scaled unit blast impulse capacity of receiver panel
and scaled unit blast impulse attenuated through concrete and
sand in a composite element (psi-ms/lbI/ 3)

ib unit blast impulse (psi.-ms)

ib scaled unit blast impulse (psi-ins/1bI/ 3 )

ibt total scaled unit blast impulse capacity of composite element
(psi-ms/lb

1 /3)

iba scaled unit blast impulse capacity of receiver panel of
composite element (psi-ms/lbI/3)

ibd scaled unit blast impulse capacity of donor panel of composite

element (psi-ins/lbI/3)

ie unit excess blast impulse (psi-ms)

ir unit positive normal reflected impulse (psi-ins)

ir- unit negative normal reflected impulse (psi-ms)

is unit positive incident impulse (psi-ms)

is unit negative incident impulse (psi-ms)

* See note at end of symbols 3B.-4
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I moment of inertia (in.4)

Ia average of gross and cracked moments of inertia of width b(in.4

moment of inertia of cracked concrete section of width b
(in. 4 )

18 moment of inertia of gross concrete section of width b (in. 4 )

In mass moment of inertia (Ib-ms 2 -in.)

j ratio of distance between centroids of compression and tension
forces to the depth d

k constant defined in paragraph

K (1) unit stiffness (psi-in for slabs) (lb/in/in for beams)
(2) constant defined in paragraph

Ke elastic unit stiffness (psi/in for slabs) (lb/in/in for beams)

Kep elasto-plastic unit stiffness (psi-in for slabs) (psi for
beams)

KE equivalent elastic unit stiffness (psi-in for slabs) (psi for
beams)

KL load factorLI
KL load-mass factor
(Kl/)u load-mass factor in the ultimate range

(KLM)up load-mass factor in the post-ultimate range

KM mass factor

KR resistance factor

Sfactor defined in paragraphK1

KE kinetic energy

I charge location parameter (ft)

I spacing of same type of lacing bar (in.)
p

L (i) span length (in.) oxcept in chapter 4 (ft)*
(2) distance between reflecting surface(s) and/or frec:

edge(s) in horizontal direction (ft)

Llength of lacing bar required in distance sl (in.)

* See note at end of symbols 3B-5
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110 embedment length of reinforcing bars (in.)

LW wave length of positive pressure phase (ft)

wave length of negative pressure phase (ft)

Lwb, Lwd wave length of positive pressure phase at points b and d,
respectively (ft)

L1 total length of sector of element normal to axis of rotation
(in.)

2m unit mass (psi-ms /in.)

ma average of the effective elastic and piastic unit masses (psi-

me effective unit mass (psi-ms2/iu0) E

nql effective unit mass in the ultimate range (psi-ms /in.)

III effective unit mass in the post-ultimate range (psi-m2/in.)

M (1) unit bending moment (in-lbs/in.)
(2) total mass (lb-ms 2 /in.)

eM effective total mass (Ib-s 2 /in.)

ultimate unit resisting moment (in-lbs/in.)

Mc moment of concentrated loads about line of rotation of sector
(in. -ibs)

MA fragment distribution parameter 2|
ME equivalent total mass (lb-ms2/in.)

MHN ultimate unit negative montent capacity in horizontal direction
(in. -lbs/in. )*

M1ip ultimate unit positive moment capacity in horizontal direction
(in. -lbs/in. )*

MN ultimate unit negative moment capacity at supports (in.-
lbs/in.)

MP ultimate unit positive moment capacity at midspan (in.-
lbs/in.)

MVN ultimate unit negative moment capacity in vertical direction14VN
(in. -lbs/in.)*

MVi, ultimate unit positive moment capacity in vertical direction
(in. -lbs/in.)*

* See note at end of symbols 3B-6
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n (1) modular ratio
(2) number of time intervals

N ntunber of adjacent reflecting surfaces

Nf number of primary fragments larger than Wf

As As

reinforcement ratio equal to -A or --

bd bdc

As Ab'

p reinforcement ratio equal to -- or -bd bdc

Pb reinforcement ratio producing balanced conditions at ultimate

strength

pin1  mean pressure in a partially vented chamber (psi)

PMO Peak mean pressure in a partially vented chamber (psi)

PH reinforcement ratio in horizontal direction on each face*

PT reinforcement ratio equal to PH + Pv

SPv reinforcement ratio in vertical direction on each face*

p(x) distributed load per unit length

P (1) pressure (psi)
(2) concentrated load (lbs)

P- negative pressure (psi)

P1  interior pressure within structure (psi).

APi interior pressure increment (psi)

Pf fictitious peak pressure (psi)

P0  peak pressure (psi)

Pr peak positive normal. reflected pressure (psi)

r- peak negative normal reflected pressure (psi)

P peak reflected pressure at angle of incidence a (psi)

Ps positive incident pressure (psi)

PsbPse positive incident pressure at points b and e, respectively
(psi)

* See note at end of symbols 3B-7
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Ps peak positive incident pressure (psi)

Pso peak negative incident pressure

PsobPsod,'soe peak positive incident pressure at points b, d, and e, respec-
tive, ly (psi)

q dynamic pressure (psi)

qb,qe dynamic pressure at points b and e, respectively (psi)

qo peak dynamic pressure (psi)

qo b, qoe peak dynamic pressure at points b and e, respectively (psi)

r (1) unit resistance (psi)
(2) radius of spherical TNT (density equals 95 lb/ft 3 charge

(ft))

r unit rebound resistance (psi)

Ar change in unit resistance (psi)

re elastic unit resistance

rep elasto-plastic unit resistance (psi)

ru ultimate unit resistance (psi, for slabs) (lb/in for beams)

rup post-ultimate unit resistant (psi)

rI radius of hemispherical portion cf. primary fragment (in.)

R (1) total internal resistance (lbs)
(2) slant distance (ft)

Rf distance traveled by primary fragment (ft)

RI radius of lacing bend (in.)

RA normal distance (ft)

RE equivalent total internal resistance 'Ibs)

RG ground distance (ft)

Ru total ultimate resistaxce

R1IRII total internal resistance of sectors I and I, respectively(lbs)

ss s-acing of stirrups in the direction parallel to the longi-tudinal reinforcement (in.)

* See note at end of symbols 3B-8
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! I spacing of lacing in te direction parallel to the longitu-,
dinal reinforcement (in.)

S height of front wall o:' one-half its width, whichever is
smaller (ft)

SE strain energy

t time (ms)

At time increment (ms)

ta any time (ms)

tb,teLf time of arrival of blast wave at points b, e, and f. respec-
tively (ms)

tc (1) clearing time for reflected pressures (ms)
(2) container thickness of explosive charges (in.)

td rise time (ms)

tE time to reach maximum elastic deflection

tm time at which maximum deflection occurs (ms)

to duration of positive phase of blas pressure (ms)

to duration of negative phase of blast pressure (ms)

tof fictitious positive phase pressure duration (ms)

tof fictitious negative phase pressure duration (ms)

tr fictitious reflected pressure duration (ms)

tu time at which ultimate deflection occurs (ms)

ty time to reach yield (ms)

tA time of arrival of blast wave (ms)

ti time at which partial failure occurs (ms)

T duration of equivalent triaigular loading function (ms)

Tc thickness of concrete section (in.)

TC scaled thickness of concrete section (ft/lbI/ 3 )

TN effective natural prriod of vibration (ms)

S Tr rise time (ins)

Ts thickness of sand fill (in.)

* See note at end of symbols 3B-9



TH 5-1300/NAVFAC P-397/oYR 88-22

T scaled thickness of sand fill (ft/1bI/ 3 )

u particle velocity (ft/ms)

uu ultimate flexutal or anchorage bond stress (psi)

U shock front velocity (ft/ms)

v velocity (in./ms)

va instantaneous velocity at any time (in./ms)

vb boundary velocity for primary fragments (ft/see)

v lu'.timate shear stress permitted on an unreinforcad web (psi)

Nf maximum post-failure fragment velocity (in./ms)

vf(avg.) average post-failure fragment velocity (in./ms)

Vi velocity at incipient failure deflection (in./ms)

vo initial velocity of primary fragment (ft/sec)

vr residual velocity of primary fragment after perforation
(ft/sec)

vs striking velocity of primary fragment (ft/sec)

vu ultimate shear stress (psi)

SVuli ultimate shear stress at distance d from the horizontale
support (psi)*

VuV ultimate shear stress at distance d from the vertical stipporte
(psi)*

V volume of partially vented chamber (ft3

Vd ultimate direct shear capacity of the concrete of width b
(lbs)

V shear at distance de from the vertical support on a unit width
(lbs./in.)*

VdV shear at distance de from the horizontal support on a unit
width (lbs/in.)*

V0  volume of structure (ft 3)

0shear at the support on a unit width (lbs/in)*

VsH shear at the vertical support on a unit width (ibsiin.)*

* See note at end of symbols 3B-10
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VsV shear at the horizontal support on a unit width (lbs/in.)*

SVu total shear on a width b (ibs)

w weight density of concrete (lbs/ft3 )

I wweight density of sand (lbs/ft 3 )

W charge weight (ibs)

Wc total weight of explosive containers (Ibs)

Wf weight of primary fragment (oz)

W0o total weight of steel core (ibs)

WC1, Wc2 total weight of plates 1 and 2, respectively (Ibs)

Ws width of structurn (ft)

WD work done

x yield line location in horizontal direction (in.)*

X deflection (in.)

Xa eny deflection (in.)

Xe elastic deflection (in.)

Xep elasto-plastic deflection (in.)

Xf maximum penetrat n into concrete of armor-piercing fragments
(in.)

SXf' maximum penetration into concrete of fragments other than
armor-piercing (in.)

Xm maximtun transient deflection (in.)

Xp plastic deflection (in.)

Xs (1) maximum ,'enetration into sand of armor-piercing frag-
ments
(in.)

(2) static deflection

Xu ultimate deflection (in.)

XE equivalent elastic deflection (in.)

XI partial failure deflection (in.)

y yielA line location in vertical direction (in.)*

* See note at end of symbols 3B-11
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Z scaled slant dist1ance (ft/lbI/ 3 )

ZA scaled normal distance (ft/IbI/5)

ZG scaled ground distance (ft/ibI/ 3 )

w (1) angle formed by the plane of stirrups, lacing, or diago-
nal reinforcement and the plane of the longitudinal
reinforcement (deg)

a (2) angle of incidence of the pressure front (dpg)

S(1) coefficient for determining elastic and elasto-2lastic
resistances

(2) particular support rotation angle.(deg)

Y coefficient for determining elastic and elasto-plastic deflec-
tions

Y deflections increase in support rotation angle after partial
failure (deg)

8 support rotation angle (deg)

e angular acceleration (rad/ms2)

Xmax maximum support rotation angle (deg)

0H horizontal rotation angle (deg)*

vertical rotation angle (deg)*

Zo effective perimeter of reinforcing bars (in.)

)2 summation of moments 'in.-lbs)

EMN sum of the ultimate unit resisting momunts acting along the
negative yield lines (in.-lbs)

DIAp sum of the ultimate unit resisting.moments acting along the

positive yield lines (in.-lbs)

ductility factor

v Poisson's ratio

(1) capacity reduction factor
(2) bar diameter (in.)

Or assumed shape function fur concentrated loads

O(x) assumed shape function for distributed lcads

* See note at end of sym•,ols 3B-12
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free edge

simple support

fixed support

XXXXXXX either fixed, restrained, or simple support

*Note. This symbol was developed for two-way elements which are used as

walls. When roof slabs or other horizontal elements are under consideration,
this symbol will also be applicable if the elemient is treated as being rotated
into a vertical position.

3B-13
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CHAMTER 4

REINFORCED CONCRETE DESIGN

INTRODUCTION

4-1. Purpose

The purpose of this manual is to present methods of design for protective
construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

4-2. Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

4-3. Background

For the first 60 years of the 20th century, criteria and methods )ased upon
results of catastrophic events were used for the design of explosivte facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first editi.on of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development p:,-ograms which permitted a more reliable approach to current and
future design requir'ements. Sin'ýe the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual.

Modern methods for the manafacture anc storage of explosive materials, which
include many exotic chemicals, fuels, and p.opellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental exnlosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
higb explosive detonation. However, this approach is general, arid it is
applicable to the design of other explosive environments as well as other
explosive mat(-trials as mientioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

4-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are. included for information.

In this manual anl effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in order that application of the basic vheory can be made to
situations other than those which were fully considered.

This manual is applicable to thn d&.;gn of protective structures subjected to
the effects associated with high expluslve detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximium quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Ammun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressure3, this manual concentliates on design
procedures and techniLques for these materials. However, this does not imply
that concrete and steel are. the only useful. materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuatino and mass effects of soil. are contemplated. The

results of these tests may require, at a later date, the supplementation of
these design meLhods for thee. qnd other materials.

Other manuals are available to design protective str ictures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Departinmnt of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433I Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted

for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

4-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design, The titles of these chapters are as follows:

Chapter 1 Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special. Considerations in Explosive Facility Design

Whvn applicable, illustrative examples are included in the Appendices.

Conunonily accepted symbols are used as much as possible. However, protective
design involves mariy different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symhbtl is defined where it is first used, and in the list of symbols at the
end of each chapter,

4-3
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CHAPTER CONTENTS

4-6, General

This chapter is concerned with the design of above ground blast resistant
concrete structures. Procedures are presented to obtain the dynamic strength
of the various structural components of concrete structures. Except for the
particular case of the design of laced reinforced concrete elements, the
dynamic analysis of the structural components is presented in Chapter 3.

The dynamic strengths of both the concrete and reinforcement under various
stress conditions are given for the applicable design range and the allowable
deflection range. Using these strengths, the ultimate dynamic capacity of
various concrete elements are given. These capacities include the ultimate
moment capacity for various possible cross-section types, ultimate shear
capacity as a measure of diagonal tension as well as ultimate direct shear and
punching shear, torsion capacity of beams, and the development of the reinfor-
cement through bond with the concrete.

This chapter contains procedures for the design of non-laced (conventional
reinforcement) and laced concrete slabs and walls as well as procedures for
the design of flat slabs, beams and columns. Procedures are presented for the
design of laced and non-laced slabs and beams for close-in effects whereas
procedures for the design of non-laced and flat slabs, beams and coltumns are
given for far range effects. It is not economical to use laced slabs for far
range effects. Design procedures are given for the flexural response of one-
and two-way non-laced slabs, beams and flat slabs which undergo limited
deflections. Procedures are also given for large deflections of these
elements when they undergo tensile membrane action. Laced reinforced slabs
are designed for flexural action for both limited and large deflections.
Lastly, the design of columns is presented for elastic or, at best, slight
plastic action.

The above design procedures are concerned with the ductile response of
structural elements. Procedures are also given for the brittle mode response
of concrete elements. The occurrence of both spalling and scabbing of the
concrete as well as protection against their effects is treated. In addition,
procedures are presented for post-failure fragment design of laced concrete
walls and slabs. The resistance of concrete elements to primary fragment
impact is considered. For the primary fragments determined in Chapter 2,
methods are presented to determine if a fragment is embedded in or perforates
a concrete wall. If embedment occurs, the depth of penetration is determined
and the occurrence of spalling of the far face can be evaluated. If perfora-
tion occurs, the residual velocity of the fragment is determined.

Required construction details and procedures for conventionally reinforced and
laced reinforced concrete structures is the last item discussed in the
chapter. Conformance to these details will insure a ductile response of the
structure to the applied dynamic loawis.
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BASIS FOR STRUCTURAL DESIGN

4-7. General

Explosive storage and operating facilities are designed to provide a predeter-
mined level of protection against the 'hazards of accidental explosions. The
type of protective structure depends upon both the donor and acceptor systems.
The donor system (amount, type and lozation of the potentially detonating ex-
plosives) produces the damaging output while the acceptor system (personnel,
equipment, and "acceptor" explosives) requires a level of protection. The
protective structure or structural elements are designed to shield against or
attenuate the hazardous effects to levels which are tolerable to the acceptor
system.

Protective concrete structures are classified as either shelters or barriers.
Shelters enclose the receiver system and are generally located far from a
potential explosion. Barriers, on the other hand, generally enclose the donor
system and, consequently, are located close to the potential explosion. A
shelter is a fully enclosed structure which is designed to prevent its
contents (acceptor system) from being subjected to the direct effects of blast
pressures and fragments. A barrier may be either a fully enclosed structure
(containment structure) or an open structure (barricade or cubicle type
structure in which one or more surfaces are frangible or open to the atmo-
sphere). Barriers are generally designed to resist close-in detonations.
Their purpose is to prevent acceptor explosives, and to a lesser extent,
personnel and equipment from being subjected to primary fragment impact and to
attenuate blast pressures in accordance with the structural configuration of
the barrier.

4-8. Modes of Structural Behavior

The response of a concrete element can be expressed in terms of two modes of
structural behavior; ductile and brittle. In the ductile mode of response the
element may attain large inelastic deflections without complete collapse.
While, in the brittle mode, partial failure or total collapse of the element
occurs. The selected behavior of an element for a particular design is
governed by: (1) the magnitude and duration of the blast output, (2) the
occurrence of primary fragments, and (3) the function of the protective
structure, i.e., shelter or barrier depending upon the protection level
required.

4-9. Structural Behavior of Reinforced Concrete

4-9.1. General

When a reinforced concrete element is dynamically loaded, the element deflects
until such time that: (1) the strain energy of the element is developed
sufficiently to balance the kinetic energy produced by the blast load and the
element comes to rest, or (2) fragmentation of the concrete occurs resulting
in either partial or total collapse of the element. The maximum deflection
attainable is a function of the span of the element, the depth of the element,
and the type, amouat, and details of the reinforcement used in a particular
design.

4-5



TM 5-1300/NAVFAC P-397/AFR 88-22

The resistance-deflection curve shown in Figure 4-1 demonstrates the flexural
action of a reinforced concrete element. When the element is first loaded,
the resistance ideally increases linearly with deflection until yielding of
the reinforcement is first initiated. As the element continues to deflect,
all the reinforcing steel yields and the resistance is constant with increas-
ing deflection. Within this yield range at a deflection corresponding to 2•ili!+• Idegrees support rotation, the compression concrete crushes. For elementswithout shear reinforcement, this crushing of the concrete results in failure

of the element. For elements with shear reinforcement (single leg stirrups
shown in Figure 4-2 or lacing shown in Figure 4-3) which properly tie the
flexural reinforcement, the crushing of the concrete results in a slight loss
of capacity since the compressive force is transferred to the compression
reinforcement. As the element is further deflected, the reinforcement enters
into its strain hardening region, and the resistance increases with increasing
deflection. Single leg stirrups will restrain the compression reinforcement

b fo. a short time into its strain hardening region. At four (4) degrees
support rotation, the element loses its structural integrity and fails. On
the other hand, lacing through its truss action will restrain the reinforce-
nment through its entire strain hardening region until tension failure of the
reinforcement occurs at 12 degrees support rotation.

Sufficient shear capacity must be afforded by the concrete alone or in
combination with shear reinforcement in order to develop the flexiral capacity
of an element (Figure 4-1). An abrupt shear failure can occur at any time
during the flexural response if the flexural. capacity exceeds the shear
capacity of the element.

4-9.2. Ductile Mode of Behavior in the Far Design Range

In the far design range, the distribution of the applied blast load is fairly
uniform and the deflections required to absorb the loading are comparatively
small. Conventionally reinforced (i.e., nion-laced) concrete elements with
comparatively mLnor changes to standard reinforcing details are perfectly
adequate to resist such loads. While laced reinforcement could be used, it
would be extremely uneconomical to do so.

, The flexural re•;ponse of non-laced reinforced concrete elements is demon-
strated through the resistance-deflection curve of Figure 4-1. For elements
without shear reinforcement, the ultimate deflection is limited to deflections
corresponding to 2 degrees support rotation whereas elements with shear
reinforcement are capable of attaining 4 degrees support rotation. For ease
of construction, single leg stirrups (Figure 4-2) are used as shear reinforce-
"ment in slabs and walls. This type of reinforcement is capable of providing
shear resistance as well as the necessary restraint of the flexural reinforce-
ment to enable the slab to achieve this increased deflection.

•'V+ A conventionally reinforced slab may attain substantially larger deflections
than those corresponding to 4 degrees support rotations . These increased
deflections are possible only if the element has sufficient lateral restraint
to develop in-piane forces. The resistance-deflection curve of Figure 4-4
illustrates the structural response of an element having lateral restraint.
Initially, the element behaves essentially as a flexural member. If the
lateral restraint prevents small motions, in-plane compressive forces are
developed. Under flexural action, the capacity is constant with i icreasing
deflection uritil the compression concrete crushes. As the defleci ion in-
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creases further and the load carried by the slab decreases, membrane action in
the slab i•" developed. The slab carries load by the reinforcement net acting
as a plastic tensile membrane. The capacizy of' the element increases with
increasing deflection until the reinforcement fails in tension.

4-9.3. Ductile Mode of Behavior in the Close-in Design Range

Close-in detonations produce nonuniform, high intensity blast load. Extremely
high-pressure concentrations are developed which, in turn, can produce local
(punching) failure of an element. To maintain the structural integrity of
elements subjected to these loads and to permit the large deflections neces-
sary to balance the kinetic energy produced, lacing reinforcement has been
developed.

Lacing reinforcement is shown in Figure 4-3 while a typical laced wall is
shown in Figure 4-5. A laced element is reinforced syrmmetrically, i.e., the
compression reinforcement is the same as the tension reinfoorcement. The
straight flexural reinforcing bars on each face of the element and the
intervening concrete are tied together by the truss action of continuous bent
diagonal bars. 7.his system of lacing conti ibutes to the integrity of the
proteccive element in the following ways"

(1) Ductility of the flexural reinforcement, including the strain
hardening region, is fully developed.

(2) Integrity of the concrete between the two layers of flexural
reinforcement is maintained despite massive cracking.

(3) Compression reinforcement is restrained from buckling.
(4) High shear stresses at the supports are resisted.
(5) Local shear failure produced by the high intensity of the peak

blast pressures is prevented.
(6) Quantity and velocity of post-failure fragme-its produced during

the brittle mode of behavior are reduced.

fhc flexural response of a laced reinforced concrete element is illustrated by
the entire resistance-deflection (urve shown in Figure 4-1. The lacing
permits the element to attain large deflections and fully develop the ruinfor-
cement through its strain hardening region. The maximum deflection of a laced
element corresponds to 12 degrees support rotation.

Single leg stirrups contribute to the integrity cf a protective element in
much the same way as lacing, however, the stirrups are less effective at the
closer explosive sepaiation distances. The exp.osive charge must be located
further away from an element containing stirrups than a laced element. In
addition, the maximum deflection of an element with single leg stirrups is
limited to 4 degrees support rotation under flexural action or 8 degrees under
tension membrane action. If the charge location permits and reduced support
rotations are requi.ed, elements with single leg stirrups may prove more
,conomical than laced elements,

4-9.4. Brittle Mode of Behavior

The brittle behavior of reinforced concrete is composed of three types of
concrete failure: direct spalling, scabbing and post-failure fragments.
Direct spalling consists of the dynamic disengagement of the concrete cover
over the flexural reinforcement due to high intensity blast pressures.

4-7
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Scabbing also consists of the disengagement of the concrete cover over the
flexural reinforcement, however, scabbing is due to the element attaining
large deflections. Finally post-failure fragnients are the result of the
collapse of an element and are usually the more seriou.. Post-failure
fragments are generally large in number and/or size with substantial veloci-
ties which can result in propagation of explosion. Spalling and scabbing are
usually only of concern in those protective structures where personnel,
equipment, or sensitive explosives require protection. Controlled post-
failure fragments are only permitted where the acceptor system consists of
relatively insensitive explorives.

The two types of spalling, direct spalling and scabbing, occur during the
ductile mode of behavior. Because direct spalling is dependent upon the
transmission of shock pressures, fragments formed from this type of spalling
are produced immediately after the blast pressures strike the wall. Scabbing,
on the other hand, occurs during the later stages of the flexural (ductile
mode) action of the element. Both types of spalls affect the capacity of the
element to resist the applied blast load.

post-failure fragments are the result of a flexural failure of an element.
The failure characteristics of laced and unlaced elements differ significant-
ly. The size of failed sections of laced element is fixed by the location of
the yield lines. The element fails at the yield lines and the section between
yield lines remain intact. Consequently, failure of a laced element consists
of a few large sections (Figure 4-6). On the other hand, failure of an
unlaced element is a result of a loss of structural integrity and the frag-
ments take the form of concrete rubble (Figure 4-7). The velocity of the post
failure fragments from both laced and unlaced elements is a function of the
amount ot blast overload, However, tests have indicated that the fragment
velocities of laced elements are as low as 30 percent of the maximum velocity
of th, rubble formed from similarly loaded unlaced elements.
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DYNAMIC STRENGTH OF MATERIALS

4-10. Introduc, )n

A structural element subjected to a blast loading exhibits a higher st.ength
than a similar element subjected to a static loading. This increase in
strength for both the concrete and reinforcement is attributed to the rapid
rates of strain that occur in dynamically loaded members. These increased
stresses or dynamic strengths are used to calculate the element's dynamic
resistance to the applied blast load. Thus, the dynamic ultimate resistance
of an element subjected to a blast load is greater than its static ultimate
resistance.

Both the concrete and reinforcing steel exhibit greater strength under rapid
strain rates. The higher the strain rate, the higher the compressive strength
of concrete and the higher the yield and ultimate strength of the reinforce-
ment.

This phenomenon is accounted for in the design of a blast re.,istant structure
by using dynamic stresses to calculate the dynamic ultimate resistance of the
reinforced concrete members.

4-11. Stress-Strain Curve

Typical stress-strain curves for cots rete and reinforcing steel are shown in
Figure 4-8. The solid curves represent the stress-strain relationship for the
materials when tested at the strain and loading rates specified in ASTM
Standards. At a higher strain rate, their s..cength is greater, as illustrated
by the dashed curves. Definitions of the symbols used in Figure 4-8 are as
follows:

f' - static ultimate compressive strength of concrete

f'dc - dynamic ultimate compressive strength of concrete
fy - static yield stress of reinforcing steel

fdy " dynamic yield stress of reinforcing steel

fu" static ultimate stress of reinforcing steel

fdu - dynamic ultimate stress of reinforcing steel

Es - modulus of elasticity for reinforcing steel

Ec - secant modulus of elasticity of concrete

fu- rupture strain

From the standpoint of structural behavior and design, the most important
effect of strain rate is the Increased yield and ultimate strengths of the
reinforcement and the compressive strength of the concrete. For typical
strain rates encountered in reinforced concrete elcmen;s subjected to blast
Loads, the increase in the yield strength of the steel and the compressive
strength of the concrete is substantial. The ultimate strength of the
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reinforcement is much less sensitive to the strain rate. The increase in the

ultimate strength is slight and the strain at which this stress occurs is
slightly reduced. There is essentially no change with strain rate in the
modulus of elasticity and rupture strain of the steel. In the case of
concrete, as the strain rate increases the scant modulus of elasticity
increases slightly, and the strain at maximum stress and rupture remain nearly
constant.

4-12. Allowable Material Strengths

4-12.1. General

The behavior of a structural element subjected to a blast loading depends upon
the ultimate strength and ductility of the materials from which it is con-
structed. The required strength of a ductile element is considerably less
than that. necessary for a brittle element to resist the same applied loading.
A ductile element maintains its peak or near-peak strength through large
plastic strains whereas a brittle element fails abruptly with little energy
absorbed in the plastic range. Reinforced concrete with well tied and
ancnored ductile reinforcement can be classified as a ductile material.

4-12.2. Reinforcement

Reinforcing steel, designated by the American Society for Testing and Materi-
als (ASTM) as A 615, Grade 60, is considered to have adequate ductility in
sizes up to No. 11 bars. The large No. 14 bars also have the desired duc-
tility, but their usage is somewhat restricted due to their special require-
ments of spacing and anchorage. No. 18 bars are not reconmended for use in
blast resistant structure3. For all reinforcement, ductility is reduced at
bends, lapped splices, mechanical splices, etc., and location of these
anchorages near points of maximum stress is undesirable and should be avoided.

Reinforcing steel having a minimum yield of 75,000 psi can be produced having
chemical properties similar to ASTM A 615, Grade 60. However, production of
this steel requires a special order to be placed in which large quantities of
individual bar sizes (in the order of 200 tons per bar size) must be ordered.
It is recommended that for these high strength bars only straight lengths of
bars be utilized, splicing of bars be avoided and application of this reinfor-
cement be limited to members designated to attain an elastic response or a
slightly plastic response (Xm/XE less than or equal to 3).

It is desirable to know t.he stress-stzain relationship for the reinforcement
being utilized in order to calculate the ultimate resistance of an element.
This information is not usually available; however, minimum values of the
yield stress f. and the ultimate tensile stress fu are required by ASTM
Standards. For ASTM A 615, Grade 60 reinforcement, the minimum yield and

ultimate stresses are 60,000 psi and 90,000 psi, respectively. Review of
numerous mill test reports for this steel indicate yield stresses at least 10
percent greater than the ASTM minimum, and ultimate stresses at least equal to
but not much greater than the ASTM minimum. Therefore it is recommended that
for design purposes, the minimum ASTM yield stress be increased by 10 percent
while the minimum ASTM ultimate stress be used without any increase. So that,
the recommended design values for ASTM A 615, Grade 60 reinforcement, are:

'R f - 66,000 psi
y
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and

fu- 90,000 psi

4-12.3. Concrete

Even though the magnitude of the concrete strength is only significant in the
calculation of the ultimate strength of elements with support rotations less
than 2 degrees, its effects on the behavior of elements with both small and
large support rotations are of equal importance. The shear capacity of an
element is dependent upon the magnitude of the concrete strength. For
elements with small support rotations (less than 2 degrees), the use of higher
strength concrete may eliminate the need for shear reinforcement; while for
elements requiring shear reinforcement, the amount of reinforcement is reduced
as the concrete strength is increased. For elements with large support
rotations (2 to 12 degrees), the cracking and crushing of the concrete
associated with the larger rotations is less severe when higher strength
concrete is employed. Therefore, the strength of the concrete used in a blast
resistant structure may be selected to suit the particular design requirements
of the structure. However, under no circumstances should the concrete
strength f'. be leEs than 3,000 psi. It is recommended that 4,000 psi
strength concrete be used in all blast resistant structures regardless of the
magnitude of the blast load and deflection criteria.

4-13. Dynamic Design Stresses for Reinforced Concrete

4-13.1. General

Ductility is a significant parameter influencing tl'.e dynamic response and
behavior of reinforced concrete members subjected to blast loadings. The
importance of dt.ctility increases as the duration of the blast load decreases
relative to the natural period of the member. In general, to safely withstand
a blast load, the required ultimate resistance decreases with increasing
ductility of the member. In fact, the ultimate resistance required of ductile
members is considerably less than that required for brittle members which fail
abruptly with little energy absorbed in the plastic range of behavior.

A ductile member is one that develops plastic hinges in regions of maximum
moment by first yielding of the tension reinforcement followed by crushing of
the concrete. This behavior is typical of under-reinforced concrete sections.
A section can be designed to be very ductile by maintaining an under-rein-
forced section, adding compression reinforcement, and utilizing lacing bars to
prevent buckling of the compression reinforcement. For a laced section, the
reinforcement is stressed through its entire strain-hardening region, that is,
the steel reaches its ultimate stress fdu and fails at its rupttre strain Eu"
In a flexural member, the straining of the reinforcement, and consequently its
stress, is expressed in terms of its angular support rotations.

4-13.2. Dynamic Increase Factor

The dynamic increase factor, DlF, is equal to the ratio of the dynamic stress
to the static stress, e.g., fdy/fy, fdu/fu and f'dcf'c. The DIF depends upon
the rate of strain of the element, increasing as the strain rate increases.
The design curves for the DIF for the unconfined compressive strength of con-
crete and for the yield stress of ASTM A 615, Grade 60, reinforcing steel, are
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given in Figure 4-9 and 4-10, respectively. The curves were derived from test
data having a maximum strain rate of 10 x 10-3 in./in./msec. for concrete and
2.1 x 10-3 in./in./msec. for steel. Values taken from these design curves are
conservative estimates of DIF and safe for design purposes.

Values of DIF have been established for design of members in the far design
range as well as for members in the close-in design range. These design
values of DIF are given in Table 4-1. Because of the increased magnitude of
the blast loads and subsequent increase in the strain rate, the dynamic
increase factors for elements subjected to a close-in detonation are higher
than those for elements subjected t, an explosion located far from the
element.

The design values of DIF presented in Table 4-1 vary not only for the design
ranges and type of material but also with the state of stress (bending,
diagonal tension, direct shear, bond, and compression) in the material. The
values for fdy/fy and f'dc/f'c for reinforced ccncrete members in bending
assume the strain rates in the reinforcement and concrete are 0.0001 in./in./
msec. for the far design range and 0.0003 in./in./ msec. in the close-in
design range. For members in compression (columns). these strain rates are
0.0002 in./in./msec. and 0.0005 in./in./msec. The lower strain rates in
compression (compared to bending) account for the fact that slabs, beams and
girders "filter" the dyna.mic effects of the blast load. Thus, the dynamic load
reaching co)umns is typically a fast "static" load (long rise time of load)
which results in lower strain rates in columns. These strain rates and the
corresponding values of DIF in Table 4-1 are considered safe values for design
purposes.

Available data is not sufficient to permit the construction of a design curve
for the DIF for the ultimate stress of ASTM A 615 Grade 60 reinforcing steel,
However, it is known that the increase in the ultimate strength of the steel
is small and, therefore, not a significant factor in the design of reinforced
concrete members. A nominal value of the DIF is given in Table 4-1.

The listed values of DIF for shear (diagonal tension and direct shear) and
bond are more conservative than for bending or compression. This conservatism
is justifieýd by the need to prevent brittle shear and bond failure and to
account for uncertainties in the design process for shear and bond.

A more accurate estimate of the DIF may be obtained utilizing the DIF design
curve for concrete and steel given in Figure 4-9 and 4-10, respectively. The
increase in capacity of flexural elements is primarily a funrtion of the rate
of strain or the reinforcement. Ir particular, the time to reach yield, tE, of
the reinforcing steel. The average rate of strain for bcth the concrete and
steel may be obtained considering the strain in the materials at yield and the
time to reach yield. The member is first designed (procedures given in
"subsequent sections ) using the DIF values given in Table 4-1. The time uo
reach yield, tE, is then calculated using the response charts presented in
Chapter 2. F'r the value tE, the average strain rate in the materials can be
obtained. The average strain rate in the concrete (based on f'dc being
reached at cc - 9,992 in./in.) is:

-C 0.002 / tE 4-1

while the average strain rate in the reinforcement is:
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es- fd / EStE 4-2

where
cE' - average strain rate for concrete

C1' - average strain rate for reinforcement

tE - time to yield the reinforcement

For the strain rates obtained from Equations 4-1 and 4-2, the actual DIF is
obtained for the concrete and reinforcement from Figure 4-9 and 4-10, respec-
tively. If the difference between the calculated DIF values and the design
values of Table 4-1 are small, then the correct values of DIF are those calcu-
lated. If the difference is large, the calculated values of DIF are used as
new estimates and the process is repeated until the differences between the
"estimated" and "calculated" values of DIF are small. The process converges
very rapidly and, in most cases, the second iteration of the process converges
on the proper values of DIF.

In most cases, the valueL of DIF obtained from Table 4-1 are satisfactory for
design and the determination of the actual DIF values is unwarranted.
However, the DIF values can significantly effect the final design of certain
members, and the extra calculations required to obtain the actual DIF values
are fully warranted. These include deep members, members subjected to
impulse-type blast loads and members designed to sustain large deflections.
The actual DIF values (usually higher than the design values of Table 4-1)
result in a more realistic estimate of the ultimate flexural resistance and,
therefore, the maximum shear and bond stresses which must be resisted by the
member.

For the elasto-plastic or plastic designL of concrete elements, an equivalent
elastic curve is considered rather than the actual elasro-plastic resistance-
deflection function. The time to reach yield tE is computed based on this
curve using the equivalent elastic deflection XE and stiffness KE. Actually,

the reinforcement along the supports yield in less time than tE whereas the
reinforcement at mid-span yields at a time greater than tE. These differences
are compensating errors. Therefore, the time to reach yield tE for the
equivalent curve when ubed in Equations 4-1 and 4-2 produces an accuratc
average DIP for the concrete and reinforcement at the critical sections
throughout a reinforced concrete element.

4-13.3. Dynamic Design Stresses

The magnitude of stresses produced in the reinforcement of an element respond-
ing in the elastic range can be related directly to the strains. However, in
the plastic range the stresses cannot be related direcztly to the strains. An
estimate of the average stress over portions of the plastic range can be made
by relating this average stress to the deflection of the element. The deflec-
tion is defined in terms of the angular rotation at the supports. The average
dynamic stress is expressed as a function of the dynamic yield stress fdy and
the dynamic ultimate stress fdu*

Criteria for the dynamic stresses to be used in the plastic design of ductile
reinforced concrete elements are presented in Table 4-2. The dynamic design
stress Is expressed in terms of fdy, fdu, and f'dc* The value of these terms
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4r:A < 9is determined by multiplying the appropriate static design stress by the
IV appropriate value of the DIF (Table 4-1), so that:

f(dynamic) -DIF x f(static') 4-3
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Table 4-1 Dynamic Increase Factor (DIF) for Design of Reinforced Concrete
Elements

fFAR DESIGN RANGE CLOSE-IN DESIGN RANGE
TYPE OF STRESS

Reinforcing Bars Concrete Reinforcing Bars Concrete

Bending 1.1.7 1.05 1.19 1.23 1.05 1.25

Diagonal Tension 1.00 1.00 1.10 1.00 1.00

Direct Shear 1.10 1.00 1.10 1,10 1. 00 1.10

Bond 1.17 1.05 1.00 1.23 1.05 1.00

Compression 1.10 -- 1.12 1.13 1.16
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Table 4-2 Dynamic Design Stresses for Design of I'-!z.iforced Concrete
Elements

TYPE TYPE MAXIMUM SUPPORT DYNAMIC DESIGN "Th.S
OF OF ROTATION, . 'E•--

STRESS REINFORCEMENT (DEGREES) REINFORCEMENT, fds CONCR•TE, fdc

Tension 0 <em , 52 fdy (1) f'dc

Bending and 2 < 0, -< 5 fdy I. (fdu -fdy)/ 4  (2)

Compression 5 < 8 , -5 12 (f (2)
0 < 6, -< 2 fdy C' dc

Diagonal

Tension Stirrups 2 < 0, : 5 fdy f'dc
5 -K , -S 12 1d"fdc
0 - Om -5 2 fdy f'dc

Diagonal d

Tension Lacing 2 < 0, _5 5 fdy + (fdu-fdy)/4 f'dc

5 <m e, i1 (fdy 4. fdu)/ 2  
f'd_

0 < 0, S 2 fdy f' d----
Direct Diagonal do8--2-•d

S2. < 28, 5 'fdy + (fdu-fdy)/ 4  (3)
Shear Bars 5 < , 5 12 (fdy + fdu)/ 2  

(3)

Compression Column (4) fdy f'dc

(1) Tension reinforcement only.
(2) Concrete crushed and not effective in resisting moment.
(3) Concrete is considered not effective and shear is resisted by the

reinforcement only.
(4) Capacity is not a function of support rotation.
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STATIC PROPERTIES

4-14, Modulus of Elasticity

4-14.1. Concrete

The modulus of elasticity of concrete Ec is equal to:

Ec -, 1.l5 33 (f'c)1/2 4-4

-, 3for values of wc between 90 and 155 lbs/ft where wc is the unit weight of
concrete and normally equal to 150 lbs/ft 3 .

4-14.2. Reinforcing Steel

The modulus of elasticity of reinforcing steel E is:

Es - 29 x 10 6 psi 4-5

4-14.3. Modular Ratio

The modular ratio n is:

n - Es/Ec 4-6

and may be taken as the nearest whole number.

4-15. Moment of Inertia

The determination of the deflection of a reinforced concrete member in the
elatstic and elasto-plastic ranges is complicated by the fact that the effec-
tive moment of inertia of the cross section along the element cb'nges con-
tinually as cracking progresses. It is further complicated by the fact that
the modulus of elasticity of the concrete chtanges as the stress increases. It
is recommended that the computation of deflecticns throughout this volume be
based upon empirical relations detrmined from te-t data.

The average moment of inertia I should be used in all deflection calculations
and is given by:

Ig+ I
Ia 4-7

2

For the design of bea:"s, the entire cross-section is considered, so that

bTc 3

Ig 4..8aq

12

and

I- Fbd 3  4-8b
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For the design of slabs, a unit width of the cross-section is considered, so
that

3 mesT e

Ic -avrg moment of inertia ofcrke concrete cross section

b - width of beam

Tc- thcns fgross concrete cross section

F - coefficient given in Figures 4-11 and 4-12

d - distance from extreme compression fiber to centroid of tension
reinforcemeint

The moment of inertia of the cracked concrete section considers the coiopres-

sion concrete area and steel areas transformed into equivalent concrete areas
and is computed about the centroid of the transformed section. The coeffi-

cient F varies as the modular ratio n and the amount of reinforcement in the
section. For sections with tension reinforcement only, the coefficient F is
given in Figure 4-11 while for sections with equal reinforcement on opposite
faces, the coefficient F is given in Figure 4-12.

The variation in the cracked moment of inertia obtained from Figure 4-11 and
4-12 is insignificant for low reinforcement ratios. The variation increases
for the larger ratios. Consequently, for the comparatively low reinforcement
ratios normally used in slab elements either chart may be used with negligible
error. For the higher reinforcement ratios normally used for beams, D'igure 4-
12 must be used for equally reinforced sections whereas a weighted average
from Figure 4-11 and 4-12 may be used for sections where the compression steel
is less than the tension steel.

For one-way members the reinforcement ratio p used to obtain the factor F
should be an average of the tension steel at the supports and midspan. Also,
the effective depth d used to compute the cracked moment of inertia I should
be an average of the effective depth at the supports and midspan. However,
for two-way members, the aspect ratio must be considered in the calculation of
the cracked moment of inertia. Average values for tie reinforcement ratio p
and effective depth d should be used to obtain the cracked moment of inertiaV in each direction and cracked moment of the member is then obtained from:
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IcvL + I01HH
- 4-10

where:

tcv cracked moment of inertia in vertical direction

'cH -cracked moment of inertia in horizontal direction

L -span length

H -span height

4-29



0.070

-li

i-0. 060 L
z+I&+1

0.04.

'--44

0.050

0 0.004 0 008 0.0129i060.2
REINFOCEMEN RtIO PtAs/

Figure.. 4-1 Cefcet.o.n~eto netao rce

section wihteso.rifocmnt.l

4-3



14 J1 rj 4:

I7I

ý44

~~if

f 44

00

U .020 47

0 -

~~IT

withequl rinfrceenton ppHite face

if 4-31



TM 5-1300/NAVFAC P-397/AFR 88-22

SULTIMATE DYNAMIC STRENGTH OF SLABS

4-16. Introduct ion

r ~ Depending upon the magnitudes of the blast output and permissible deforuma-
tions, one of three types of reinforced concrete cross sections (Figure 4-13)
can be utilized in the design or analysis of blast resistant concrete slabs:

a. type I - The concrete is effective in resisting moment. The
oncrete cover over the reinforcement on both surfaces

of the element remains intact.

Sb. type II - The concrete is crushed and not effective in resisting
moment. Compression reinforcement equal to the ten-
sion reinforcement is required to resist moment. The •
concrete cover over the reinforcement on both surfaces •

Sof the element remains intact.

c. type III - The concrete cover over the reinforcement on both
surfaces of the element is completely disengaged.
Equal tension and compression reinforcement which is
properly tied together is required to resist moment.

Elements designed using the full cross section (type I) are usually encoun-
tered in those structures or portions of structures designed to resist the
blast output at the far design range. This typ.. of cross section is utilized
in elements with maximum deflectioius corresponding to support rotations less
than 2 degrees. Maximum strength of an element is obtained from a type I
cross section. Type I elements may be reinforced on either one or both faces.
However, due to rebound forces, reinforcement is required on both faces of an
element.

Crushing of the concrete cover over the compression reinforcement is exhibited
in elements which undergo support rotations greater than 2 degrees. This
failure results in a transfer of the compression stre~sses from the concrete to
the compression reinforcement which, in turn, result., in a loss of strength.

Sufficient compression reinforcement must be available to fully develop the
tension steel (tension and compression reinforcement must be equal). Elements
which sustain crushing of the concrete without any disengagement of the
concrete cover are encountered in structures at the far design range when the
maximum deflection conforms to support rotations greater than 2 degrees but
less than 5 degrees.

Although the ultimate strength of elements with type III cross sections is no
less than that of elements with type iI cross sections, the overall capacity
to resist the blast output is reduced. The spalling of the concrete cover
over both layers of reinforcement, caused by either the direction transmission

! of high pressures through the element at the close-in range or large deflec-
iii••tions at the far range, produces a loss of capacity due to the reduction in

the concrete mass. A more detailed treatmen~t of the phenomena of crushing and
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Th-. ultimate dynamic strength of reinforced concrete sections may be calcu-
lated in accordance with the ultimate strength design methods of the American
Concrete Institute Standard Building Code Requirements for Reinforced Concrete
(hereafter referred to as the ACI Building Code). The capacity reduction
factor 0 which has been established for convencional static load conditions is
omitted for the determination of ultimate dynamic strength. Safety or
reliability of the protective structure is inherent in the establishment of
the magnitude of the blast output for the donor charge, and in the criteria
specified for deflection, support rotation, or fragment velocity. Other
permissible departures from the criteria for static or gas pressure loadings
are described below.

Although certain formulae for elements constructed with conventional weight
concrete are given in the following paragraphs of this chapter, more detailed
information and design aids are given in the bibliography. Because tests have
not yet been conducted to determine the response of lightweight concrete
elements designed for close-in and far design ranges the pertinent formulae
for this type of concrete are not included in the manual. However, light-
weight concrete may be utilized for structures designed for low pressures
(less than 10 psi); but the reduction in mass from conventional weight
concrete must be accounted for in the design to maintain the blast resistant
capacity of the
structure.

4-17. Ultimate Moment Capacity

4-17.1. Cross Section Type I

The ultimate unit resisting moment Mu of a rectangular section of width b with
tension reinforcement only is given by:

M, - (Asfdu/b)[d - (a/2)) 4-11

in which:

a - Asfds/0. 8 5 b f'dc 4-12

where:

As - area of tension reinforcement within the width b

fds - dynamic design stress for reinforcement

d - distance from extreme compression fiber
to centroid of tension reinforcement

a - depth of equivalent rectangular stress block

b - width of compression face

fI'dc - dynamic ultimate cocmpressive strength of concrete

The reinforcement ratio p is defined as:

p - As/bd 4-13
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To insure against sudden compression failures, the reinforcement ratio p must
not exceed 0.75 of the ratio Pb which produces balanced conditions at ultimate
strength and is given by: 6

Pb - (0.85Klf'dc/fds)[ 8 7 ,000/( 8 7 ,000 + fds)] 4-14

where:

AK - 0.85 for f'dc up to 4,000 psi and is reduced 0.05 for each 1,000
psi in excess of 4,000 psi.

For a rectangular section of width b with compression reinforcement, the
ultimate unit resisting moment is:

Mu - [(A's)fds/b][d - (a/2)] 4-15

+ (A'Sfds /b) (d - d')

in which:

"a s(As A's) fds/0. 8 5 b f'dc 4-16

where:

A' - area of compression reinforcement withit, the width b

d'- distance from extreme compression fiber to centroid of compression
reinforcement

a - depth of equivalent rectangular stress block

The reinforcement ratio p' is;

p' - A's/b 4-17

Equation 4-15 is valid only when the compression steel reaches the value f
at ultimate strungth, and this condition is satisfied when:

p - p'Ž 0. 8 5Kl(f'dcd'/fdsd)[ 8 7 ,000/( 8 7 ,000 - fds)] 4-18

If p - p' is less than the value given by Equation 4-18 or when compression
steel is neglected, the calculated ultimate unit resisting moment should not
exceed that given by Equation 4-11. The quantity p - p' must not exceed 0.75
of the value of Pb given in Equation 4-14.

4-17.2. Cross Section Types II and III

The ultimate unit resisting moment of type II and type III rectangular
sections of width b is:

Mu- Asfdsdc/b 4-19

where:

A
s- area of tension or compression reinforcement within the width b
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dc- distance between the centroids of the compression and the tension
reinforcement

The reinforcement ratios p and p' are equal to:

Ps - P'c - A /bd 4-'0

The above moment capacity can only be obtained when the areas of the tension
and compression reinforcement are equal. In addition, this reinforcement must
be properly restrained so as to maintain the integrity of the element when
large deflections are encountered.

4-17.3. Minimum Flexural Reinforcement

To insure proper structural behavior under both conventional and blast
loadings, a minimum amount of flexural reinforcement is required. This
quantity of reinforcement insures that the moment capacity of the reinforced
section is greater than that corresponding to the plain concrete section
computed from its modulus of rupture, Failure of a plain concrete section is
quite sudden. Also, this minimum reinforcement prevents excessive cracking
and deformations under conventional loadings.

The minimum reinforcement required for slabs is somewhat less than that
required for beams, since an overload would be distributed laterally and
sudden failure would be less likely. The minimum reinforcement ratio for
dynamic design of slabs is given in Table 4-3. However, this quantity of
reinforcement must also satisfy static design requirements. Except for blast
loads in the order of magnitude of static loads, the minimum requirements for
dynamic loads will control. In cases where minimum requirements for static
conditions control, the quantity of reinforcement must be at least 1.33 times
the quantity required by static analysis or 0.0018 times the gross concrete
area, whichever is less.

Concrete sections with tension reinforcement only are not permitted. For type
I sections, compression reinforcement equal to at least one half the required
tension reinforcement must be provided. This reinforcement is required to
resist the ever present rebound forces. Depending upon the magnitude of these
rebound forces, the compression reinforcement required may be greater than one
half the tension reinforcement and substantially greater than the minimmn
quantity given in Table 4-3. For type II and III cross sections, the compres-
sion reinforcement is always equal to the tension reinforcement.

4-18. Ultimate Shear (Diagonal Tension) Capacity

4-18.1. Ultimate Shear Stress

The ultimate shear stress vu, as a measure of diagonal tension, is computed
for type I sections from:

vu - Vu/bd 4-21

and for type II and III sections from:

vu Vu/bdc 4-22
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where Vu is the total shear on a width b at either the face of the support, or
at the section a distance d (type I) or dc (types II or III) from the face of
the support. For the latter case, the shear at sections between the face of
the support and the section d or dc away need not be considered critical.

For laced elements, the shear stress is always calculated at dc from the face
of the support (or haunch) since the lacing and required diagonal bars provide
sufficient corner reinforcement. For unlaced elements, the shear stress is
calculated at d from the face of the support for those members that cause
compression in their supports (Fig. 4-14a). This provision should not be
applied for those members that cause tension in their supports (Fig. 4-14b).
For this case, the ultimate shear stress should be calculated at the face of
the support. In addition, the shear within the connection should be inves-
tigated and special corner reinforcement should be provided.

The ultimate shear stress vu must not exceed 10 (f'de)1 in sections using
stirrups. The thickness of such sections must be increased and/or the
quantity of flexural reinforcement reduced in order to bring the value of vu
within tolerable limits. In sections using lacing, there is no restriction on
vu because of the continuity provided by this type of shear reinforcement.
However, for large shear stresses the area of the lacing bars required may
become impractical.

4-18.2. Shear Capacity of Unreinforced Concrete

The shear stress permitted on an unreinforced web of a member subjected to
flexure only is limited to:

vc - [l.9(f'dc)i/ 2 + 2500p] <- 3.5(f'dc) 4-23

where p is the reinforcement ratio of the tension requirement at the support.
For the computation of the reinforcement ratio, d is used for type I sections
and dc for type II and III sections. For members subjected to significant
axial tansion, the shear stress permitted on an unreinforced web is limited
to:

v 2 ()fN / 0 0 ,V ( d 1 / 2 > 0 4 -2 4
Vc 2(1 + Nu/500Ag) (f'dc 9 ' - 42

while for significant axial compression:

Vc- 2(1 + Nu/2000Ag)(f'dc)1/ 2  4-25

where:

Nu - axial load normal to the cross section

Pg -gross area of the cross section

The axial load Nu mu3t occur simultaneously with the total. shear Vu on the
section iii order Lo apply Equations 4-24 and 4.-25.

The value of Nu shall be taken as positive for compression and negative for
tension. The simplified dynamic analysis normally performed iL not sufficient
to accurately determine the time variations between the desired forces and
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moments from whbch Nu and Vu are obtained. Unless a time-history analyses is
performed, any apparent strengt> increases due to loading combinations are
unreliable. Therefore, it is recommended that the increased shear capacity
due to compressive axial loads be neglected and, by the same reasoning, the
reduced cepacity d&e to tension forces oe included. Both assumptions are
conservative.

4-18.3. Design of Shear Reinforciment

Whenever the ultimate shear stress vu exceeds the shear capacity vc cf the
concrete, siear reinforcement must be provided to carry the excess. This
shear reinforcement can be either stirrups or lacing, depending upon the
magnitudes of the blast loading and support rotation permitted. Stirrups can
be used only for elements designed to attain small deflections under flexural
behavior. Lacing can also be used for elements designed to attain small
deflections; however, lacing must be used for elements designed to attain
large deflections. Therefore, stirrups may be used for elements with a type
I, II, or III cross section as long as the element is designed to attain small
deflections. An exception to this deflection criteria is for the particular
case of slabs subjected to tension membrane action. Here the slab can attain
large deflections. Lacing may be used for type II and III cross sections
designed for either small or large deflections. It would be grossly unwal-
ranted to use lacing for a type I cross section.

The required area of stirrups is calculated from:

A,- [(vu - v,)bsss]/o fds 4-26

while the required area of lacing reinforcement is:

[(vu - Vc) blsI]
Av -- 4-27

fds( sine + coso )

where:

Av- total area of stirrups or lacing reinforcement in tension within a
width b. or bl, and a distance s. or s1

v- vc - excess shear stress

bs- width of concrete strip in which the diagonal tension stresses are
resisted by stirrups of area Av

bI- width of concrete stri p in which the diagonal tension stresses are
resisted by lacing of area ,,

ss- spacing of qtirrups in. the direction parallel to the longitudinal
reinforcemei it

S- spacing of lacing in the direction parallel to the longitudinal.
reinforcement

- capacity reduction factor equal to 0.85
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a - angle formed by the plane of the lacing and the plane of the
1ongitudlnal reinforcement

The angle of inclination a of the lacing bars is given by

-2B(I-B) + ([2B(l-B)] 2 -4[(I-B) 2 + A2][P2- A2 ])1/ 2

cos cY - 4-28
2[(I-B) 2 + A2 ]

in which
A- sl/dI 4-29a

2R, + db
B 4-29b

where

dI- distance between centerlines of lacing bends measured normal
flexural reinforcement

RI - radius of bend in lacing bars (min R, - 4 db)

db - nominal diameter of reinforcing bar

A typical section of a lacing bar illustrating the terms used in the above
equation, is shown in Figure 4-15. To facilitate the design of lacing bars,
the angle a can be determined from Figure 4-15.

4-18.4. MHnimum Shear Reinforcement

In order to develop the full flexural capacity of a slab, a premature shear
failure must be prevented. Shear reinforcement inusr be provided to resist
shear stresses in excess of the capacity of the concrete. However, except for
slabs having a type I cross section or subjected to tension-membrane, action in
the far. design range, minimum shear reinforcement must always be provided to
insure the full development of the flexural reinforcen.ent and enable the slab
to attain large deflections.

Stirrups or lacing must conform to the following limitations to insure a
proper distribution of shear reinforcement throughout the element &nd, in
specific cases, to provide a minimum quantity of shear reinforcement.

1. The minimum design stress (excess shear stress v, - vc) used to
calculate the required amount of shear reinforcement, must conform
to the limitations of Table 4-4.

2. When stirrups or lacing reinforcement ir required, the area Av
should riot be less than 0.0015 bs s9 4or stirrups or 0.0015 b1s1
for lacing.

3. When stirrups or lacing are provided, the required area Av is
determined at the critical section and this quantity of rainforce-
merit must be uniformly distributed t:hroughout the element.
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4. Single leg stirrups should be used for slabs. At least one
stirrup must be located at each bar intersection.

5. A lacing bar is bent from a single reinforcing bar. In one
direction, the lacing must be continuous across the slab between
opposite supports. In all cases, the lacing must be carried past
the face of the support and securely anchored within the support.

6. The maximum spacing of stirrups s. is limited to d/2 for Type I
cross sections and dc/ 2 for Type Il and IIl sections, but not
greater than 24 inches.

7. The maximum spacing of lacing sI is limited to dc or 24 inches,
whichever is smaller.

The spacing of stirrups and lacing is a function of the flexural bar spacing.
Consequently, the above limitations for shear reinforcement should be con-
sidered in selecting the flexural bar spacing. Once selected, the flexural
bar spacing may have to be altered to suit the above limitations.

4-19. Direct Shear Capacity

4-19.1. General

A Direct shear failure of a member is characterized by the rapid propagation of
a vertical crack through the depth of the member. This crack is usually,i+: located at the supports where the maximum shear stresses occur. Failure of

this type is possible even in members reinforced for diagonal tension.
Diagonal bars are required at slab supports to prevent direct shear failure:

when the design support rototion exceeds 20 (unless the slab is simply

supported as given in section 4-19.2); when the design support rotation is <
2° but the direct shear capacity of the concrete is insufficient; or when the
section is in tension (as in containment cells). Diagonal reinforcement
consists of inclined bars which extend from the support into the slab element.

4-19.2. Direct Shear Capacity of Concrete

If the design support rotation, 0, is greatex than 2° (e > 2°), or if a
section (with any support rotation) is in net tension, then the ultimate
direct shear capacity of the concrete, Vd, is zero and diagonal bars are
required to take all direct shear.

If the d-sign suppurt rotation, e, irz less than or equal to 2* (0 _< 2°), or if
the section, with any rotation 0, is simply supported (total moment capacity
of adjoining elements at the support must be significantly less than the
moment capacity of the section being checked for direct shear), then the
ultimate direct shear force, Vd, that can be resisted by the concrete in a
slab is :

Vd - 0.18 fdc bd 4-30
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4-19.3. Design of Diagonal Bars

The required area of diagonal bars is determined from:

Ad - (Vsb Vd)/(fds~in(a)) 4-31

where:

Vd - 0.18 f'dc bd. (0 < 20 or simple supports),

or Vd - 0 (0 > 2' or section in tension).

and Ad - total area of diagonal bars at the support within a width b

VS - sherar at the support of unit width b

- angle formed by the plane of the diagonal rjinforcement and
the longitudinal reinforcement.

4.-20. Punching Shear

4-20.1. Gltimate Punching Shear Stress

When a flat slab is supported on c column or a column rests on a two-way slab,
failure occurs around and against the concentrated load, punching out a
pyramid of concrete from the slab. The ultimate shear stress vu, as a measure
of punching shear, is computed from,.

vu - Nu/bOde 4-32

where:

Nu - the total concentrated axial load or reaction

bo- failu.:e perimeter located at a distance d/2 from the Concentrated
load or reaction area

de - either d or dc depending on the type of cross section

4-20.2. Punching Shear Capacity of Concrete

The shear stress permitted for punching shear is limited to:

vc -4(f'dc)/2

Equation 4-33 applies to circular columns and to rectangular columns with
aspect ratios no greater than 2. For rectangular areas with aspect ratios
greater than 2, the allowable value of vc should be reduced according to the
ACI provisions (not listed In this text).

Shear reinforcement is not permitted to increase the punching shear capacity
of a slab. If the ultimate shear stress vu is greater than the stress
permitted for punching shear vc, the slab thickness must be increased. In
flat slab design, the use of a drop panel to increase slab thickness, and/or a
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column capital to increase failure perimeter, may be employed to prevent
punching shear failure. If a drop panel is used, punching shear mwst be
checked at the perimeter of the drop panel, as well as at the top cf th-
column.

4-21. Development of Reinforcement

4-21.1. General

ln order to fully develop the flexural and/or axial load capacity of a
concrete slab or wall, the full strength of the reinforcement must be real-
ized. At any section along the length of a member, the tensile or compressive
force in the reinforcement must be developed on each side of the section by
proper embedment length, splices (lapped or mechanical), end anchorage, or for
tension only, hooks. At a point of peak stress, this development length or
anchorage is necessary on both sides of the point; on one side to transfer
stress .nto and on the other side to cLansfer stress out of the reinforcing
bar.

The types and locations of reinforcement anchorages are severely restricted
for blast resistant structures These restrictions are necessary to insure
that the structure acts in a ductile manner. Typical details for both
conventionally reinforced and laced reinforced concrete elements are given in
latter sections dealing with construction details. Conformance to these
details greatly simplifies the calculation of development lengths. The
required development lengths to be used in conjunction with the required
typical details are given below.

While conformance to the typical details given is mandatory, certain condi-
tions may preclude their use. For these unusual conditions, the required
anchorages are calculated according to the procedures given in the ACI
Building Code. The basic development length is first calculated and then
modified based on the construction details employed to obtain the required end
anchorage or spl'ce length. This procedure is outlined in Sections 4-21.4
through 4-21.7. However, it must be repeated that the typical details given
must be followed and any deviation from these restrictions and requirements
must be carefully considered to insure proper structural behavicr.

4-21.2 Provisions for Conventionally Reinforced Concrete Elements

Typical details for conventionally reinfor.'ed (non-laced) concrete elements
are given in subsequent sections. These details locate splices in reinforce-
ment at points of low stress. This permits the minimum length of lap splices,
as well as the developmnt length for end anchorages, to be given by

id- 40 db 4-34

where
1 d - development lei .gth

db - diameter of reinforcing bar

The value of Id shall not be less than 24. incheý.. Equation 4-34 applies for
end anchorage of #14 bars and smaller, and for lap splices of fill bars and
smaller since lap splices of -#14 bars are not peirmitted.
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Lap splices of rei.nfo.rcement must not be located at critical sections.
Rather, they must be located in regions of low stress (inflection poirits)
where the area of reinforcement provided is more than twice the area of
reinforcement required by analysis. In addition, not more than one-half of
the reinforcement may be spliced at one location. The splice of adjacent bars

must be staggered at least the required lap length of the bars since overlap
of splices of adjacent bars is not desirable. Under these conditions, the
required minimum length of lap splices is given in Equation 4-34. If it is
impractical to locate splices at the inflection points, then the length of the
splice must be calculated according to the provisions of Section 4-21.4.

Typical details for intersecting walls and slab/wall intersections avoid the
use of end anchorage of the primary reinforcement. Rather, the reinforcerment
is anchored by continuing it through the support and bending it into the
intersecting wall or slab. This reinforcement is chen lap spliced with the
reinforcement in the intersecting wall.

4-21.3 Provisions for Laced Reinforced Concrete Elements

Tests of laced elements have indicated that if continuity of the lacing and
flexural reinforcement is maintained throughout the element, the required
development length for end anchorage as well as the minimum length of lap
splices is given by Equation 4-34, but not less than 24 inches. This equation
applies for end anchorage of #14 bars and smaller, and for lap lengths of #I!
bars and smaller since lap splices of #14 bars are not permitted.

Required construction details arid procedures for laced reinforced concrete
elements are given in subsequent sections. These details must be followed to
insure the full development of both the concrete and reinforcement well into
the range of plastic action of the materials. The use of Equation 4-34 to
obtain the required development lengths of the reinforcement is predicated on
the use of these details.

The typical details for laced reinforced concrete elements require that the
reinforcement (flexural as well as lacing bars) must not be spliced at
critical sections but rather must be spliced in regions of low stress (infle-
ction points) where the area of reinforcement provided is more than twice the
area of reinforcement required by analysis. In addition, not more than one-
quarter of the reinforcement may be spliced at one location. The splice of
adjacent bars must be staggered at least the reyL.red lap length of the bars
since overlap of splices of adjacent bars is >.cl dssirable.

Specific end anchorage details are required for Pei.d reinforced concrete
walls and slabs to enable the reinforcement to attai:i itf ultirate strength.
The preferred method of end anchorage is through the use of wall extensions
since this method presents the least construction problems. If architectural
requirements do not permit the use of wall extensions, the rl-•nforcement is
anchored by continuing it through the support and bending it ii'.t' the inter-
secting wall or slab. In this latter case, the reinforcement: is developed by
a combination of anchorage and lap splice. In either case, th-; lacing extend-
ing into the supports provides the necessary confinement which permits the use
of Equation 4-34.
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4-21.4. DevElopment Length for Reinforcement in Tension

The basic development: length for #11 bars and smaller which are in tension is
given by:

Id- 0.04 Abfads/(f'dc)i/ 2  4-35a

but not less than:

Id 0.0 004db fds 4-35b

where:

d - basic developmenc length

Ab - area of reinforcing bar

db - diameter of reinforcing bar

The basic development length for #14 bars in tension is given by:

d- 0.055 fd s /f'dc)I/ 2  4-36

The use of #18 bars is noc permitted by this manual.

For top reinforcement, that is, horizontal reinforcement so placed that more
than 12 inches uf concrete is cast in the slab below the reinforcement, the
basic development length must be multiplied by 1.40. This provision applies
to horizontal slabs only, Walls with multiple runs of horizontal bars plus
vertical bars are not effected by this provision. In addition, the basic
development length of all bars may be multiplied by 0.80 if the bars are
spaced laterally at least six (6) inches on center. In no case shall the
development length be less than 24 inches nor 40 times the diameter of the
reinfoicing bar.

4-21.5 Development Length for Reinforcement in Compression

The basic development length fox bars in compression is given by:

d - 0.02 db fds/(f'dc)I 437a

but not less than:

Id - 0.0003 db fds 4-37b

The development length for compression is not modified for top bars nor
lateral bar spar-ing. In no case shiall the development length used be less
than twelve (12) inches.
Under dynamic load conditions, member's arL subject to load reversal or

rebound. Reinforcement subject to compressive forces under the primary load
may be subject to tensile forces under rebound. Consideration must be given
to this stress reversai, since the development length of bars in compression
is less than the development length of bars in tension.
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4-2..6. Development Length of Hooked Bars

The basic development length "or bars in tension which terminate in a standard
90-degree or 180-degree hook is given by:

Idh - 0.02 db fds/(f'de) 1 / 2  4-38

but not less than 8 db or 6 inches, whichever is greater. The development
length for a hooked bar Idh is measured from the critical section along the
length of the bar to the end of the hook. That is, the length Idh includes
the straight length of the bar between the critical section and point of
tangency of the hook, the bend radius and one bar diameter. The required hook
geometry as specified in the ACI Building Code is given in Figure 4-16.

In the development of hooked bars, no distinction is made between top bars and
other bars. However, since hooked bars are especially susceptible to concrete
splitting failure if the concrete cover is small, the above equation takes
into account the effect of minimum concrete cover. For #11 bar and smaller
with the cover not less than 2-½ inches, and for a 90-degree hook, with cover
on the bar extension beyond the hook not less than 2 inches, the development
length idh may be multiplied by 0.7.

Hooks are not to be considered effective in developing bars in compression.
However, in the design of members subjected to dynamic loads, rebound or load
reversal must be considei:ed. That is, under the primary loading, reinforce-
ment is subjected to tensile forces and anchored utilizing a standard hook,
but this same hooked reinforcement may be subjected to compressive forces
under rebound. Therefore, the straight portion -f Lae hooked bar must be
sufficient to develop this compressive force. For those cases where 100
percent rebound is encountered, the straight portion of a hooked bar must be
equal to the development length for bars in compression.

4-21.7. Lap Splices of Reinforcement

ln blast resistant structures, reinforcing bars may be lap-spliced using only
contact lap splices; noncontact lap splices are not permitted. Lap splices
shall not be used for reinforcing bars larger than #11 bars. If #14 bars are
used, they must be continuouas.

Lap splices of adjacent parallel reinforcing bars must be staggered by at
least the length of the lap. The minimum length of lap for tension lap
splices depends upon the location of the splice. For blast resistant struc-
tures, it is strongly recomrended that splices be located in regions of low
stress, where the area of reinforcement provided is at least twice that re-
quired. In such cases, the length of the lap is equal to the basic develop-
ment length Id for bars in tension as given by Equation 4-35 or 4-36 and
modified, if applicable, for top bars and/or lateral spacing of the bars. In
other design situations where the lap splice is not located in regions of low
stress, the lap length is equal to 1.3 tim's the modified development length,
id.

The minimnum length of lap for compression lap splices is equal to the basic
dev~lopment length Id for bars in compression as given by Equation 4-37.
However, due to the occurrence of load reversal, it is recommended that the
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length of lap splices be bared in tension unless it can be shown that the
reinforcement will always be in compression.

4-21.8. Mechanical Splices of Reinforcement

Mechanical devices may be used for end anchorage and splices in reinforcement.
These devices must be capable of developing the ultimate dynamic tensile
strength of the reinforcement without reducing its ductility. Tests showing
the adequacy of such devicer under dynamic conditions must be performed before
these devices are dcemed acceptable for use ii hardened structures.

4-21.9. Welding of Reinforcement

Welding of reinforcement is to be avoided in blast resistant structures since
it results in a reduction of the ultimate strength and ductility of the
reinforcing steel, in those cases where welding is absolutely essential, it
may be necessary to obtain special reinforcement manufactur.ed wiLh controlled
chemical properties. Tests showing the adequacy of the combination of weld
and reinforcing steel under dynamic conditions must be performed to demon-
strate that this welding does not reduce the ultimate strength and ductility
of -he reinforcing steel. In lieu of these tests, welding is permitted if the
stress in the reinforcement is maintained at a level less than 90 percent of
the yield stress.

4-21.10. Bundled Reinforcing Bars

The use of bundled bars may be required for unusual conditions. However,
their use is not desirable and should be avoided where possible. A 3 bar
bundle should be the maximum bundle Employed. The development length and lap
splice length of individual bars within a bundle shall be that of the in-
dividual bar increased 20 percent for a 2 bar bundle and 33 percent for a 3

bar bundle. In addition, splices of the individual bars within a bundle
should be staggered. That is, only one bar of the bundle should be spliced at
a given location.
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Table 4-3 Minimum Area of Flexural Reinforcemený

Cross-Section Reinforcement One-Way Slabs Two-Way Slabs

Main As - O.O0l5bd As- 0. O0l5bd
Direction A's~- O.O0l0bd A' O.O0l0bd

Type I
Secondary As- O.O0l0bd As-Q.O0l5bd
Direction A's~- O.O0l0bd A's- 0. O0l0bd

Main As A's- O*O0l5bdc As -A's- O.O0l5bdc
Type II Direction

and
Type III Secondary As Ao s- O.O0l5bdc As A's~- 0.O0l5bd*

Direction

*but not less than As/4 used in the main direction
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Table 4-4 Minimum Design Shear Stresses for Slabs

Type of Type of Excess Shear Stress vu ve
.)esign lype of Structural Shear
R;nge Cross-Section Actioni Reinforcewnýnt vu.4 V, 1'-<vu<1.85vc, vl>l .85g.c

Type I Flexure Stirrups 0 vu -vc vu -c

FAR Type II Flexure Stirrups 0.85v0  0.85vc - vc

Type Ii & Tension StiLrups 0 vu -vc vu vc
Type III Membrane

Flexure or
CLOSE- Type II & Tension Stirrups or 0.85vc 0.85vc - ve

IN Type III Membrane Lacing
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DESIGN OF NON-LACED REINFORCED SLABS

4-22. Introduction

Conventional reinforced concrete elements are for the purpose of this manual,
members without lacing. These non-laced elemnnts make up the bulk of protec-
tive concrete construction. They are generally used to withstand the blast
and fragment effects associated with the far design range but may also be
designed to resist the effects associated with the close-in design range. In
the latter case, the distance between the center of the explosive charge and
the element must not be less than that corresponding to a scaled distance Z
equal to 1.0. Laced elements are required for scaled distances less than 1.0.
Non-laced elements may be designed to attain small or large deflections
depending upon the protection requirements of the acceptor system.

A non-laced element designed for far range effects may attain deflections
corresponding to support rotations up to 2 degrees under flexural action.
Single leg stirrups are not required to attain this deflection. However,
shear reinforcement is required if the shear capacity of the concrete is not
sufficient to develop the ultimate fleaural strength. A type I cross-section
provides the ultimate moment capacity. The flexural action of a non-laced
element may be increased to 4 degrees support rotation if single leg stirrups
are provided to restrain the compression reinforcement. In this deflection
range, a type II cross-section provides the ultimate moment capacity and mass
to resist motion.

Single leg stirrups must be provided when a non laced element is designed to
resist close-in effects. The shear reinforcement must be provided to prevent
local punching shear failure. When the explosive charge is located at scaled
distances less than 1.0, a laced rather than a non-laced element must be
employed. For scaled distances greater than 1.0 but less than 3.0, single leg
st'irrups must be provided, while for scaled distances greater than 3.0, shear
reinforcement should be used only if required by analysi3. With single leg
stirrups, the member may attain deflections corresponding to support rotations
up to 4 degrees under flexural action. A type I and II cross-section provides
the ultimate moment capacity and mass to resist motion for elements designed
for k and 4 degrees support rotation, respectively. If spalling occurs then a
type III cross-section would be available. In addition, a non-laced element
designed for small deflections in the close-in design range is not reusable
and, therefore, cannot sustain multiple incidents.

A non-laced reinforced element may be designed to attain large deflections,
that is, deflections corresponding to incipient failure. These increased
deflections are possible only if the element has sufficient lateral restraint
to develop in-plane forces. The element may be designed for both the close-in
end far design range. A type III cross-section provides the ultimate moment
capacity and mass to resist motion.

The design of non-laced reinforced elements subjected to a dynamic load
involves an iterative (trial and error) design procedure. An element is
assumed and its adequacy is verified through a dynamic analysis. The basic
data required to determine the ultimate strength of the reinforced concrete
sectioi, has bean presented in previous sections. Procedures to determine the
resistance-deflection function used for design, the dynamic properties of the
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section, and the dynamic analysis required to determine an element's response
is presented in Chapter 3. This section contains additional data needed to
establish the resistance-deflection curve for design as well as procedures to
design the element for shear.

The interrelationship between the various parameters involved in the design of
non-laced elements is readily described with the use of the idealized resis-
tance-deflection curve shown in Figure 4-17.

4-23. Distribution of Flexural Reinforcement

4-23.1. General

A prime factor in the design of any facility is construction economy.
Construction costs are divided between labor and material costs. Labor cost
is further divided into shop and field work, with field labor being generally
the more costly. Labor cost can account for as mush as 70% of the cost of
blast resistant reinforced concrete. Proper selection of concrete thickness
and reinforcement steel will result in a design which optimizes the structural
resistance and minimizes required construction materials. Subsequent sections
will discuss procedures to optimize the required materials. The designer must
then evaluate the issue of constructability. Factors such as standardization
of rebar sizes, spacing, congestion, steel erection and concrete placement
difficulties. These considerations may require that the initial design,
optimized for material quantities, be modified. Such a modification may
actually increase the cost of materials ,.1itle reducing the overall construc-
tion cost by reducing labor I:nzcnsive a.tiv!ties. In addition, improved
constructability greatly -educes tixe risk of qua1ity control problems during
construction.

4-23.2. Optimum RInA.•.cement Distribution

For a given total amount of flexural reinforcement and a given concrete
thickness, the dynamic capacity of an element varies with the amount of
reinforcement placed in the vertical, direction to the amount in the horizontal
direction. For a given support condition and aspect ratio L/H, the ideal
distribution of the re•'eforcement will result in the most cfficient use of the
reinforcement by producing tha greatest blast capacity.

The optimum distribution of the reinforcement for a two-way element is that
distributtion which result!- in positive yield lines that bisect the 90 degree
angle at the corners of the element (45 degree yield lines). For two-way
elements there are numerous comblnatians of support conditions with various
moment capacities due either to qimantity of reinforcement provided or degree
of edge restraint as well as various positive moment capacities again due to
variations in the quantity of reinforcement provided. Due to these variations
in possible moment capacities, the ratio of the vertical to horizontal
reinforcement cannot be expressed as a function of the aspect ro<io L/H for
different support conditions. Figures 3-4 through 3-20 must be used to
determine the moment capacities which will result in a "45 degree yield line".
The reinforcement can then be selected from these rioment capacities.

In some design cases, it may not be possible to furnish the optimum distribu-
tion of reinforcement in a particular element. One such case would be where
the optimum distribution violates the maximum or minimum ratio of the vertical
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to horizontal reinforcement AsV/AsH of 4.0 and 0.25, respectively. A second
situation would arise when the optimum distribution requires less than minimum
reinforcement in one direction. The most common case would result from the
structural configuration of the building in which support moments may not be
fully developed (restrained support rather than fully fixed) or from the need
of maintaining continuou:; reinforcement from adjacent elements. In these and
other situations where the optimum distribution of the reinfor.cement cannot be
provided, the reinforcement should be furnished to give a distribution as
close as the situation allows to the optimum distribution to maint&in an econ-
omical design.

4-23.3. Optimum Total Percentage of Reinforcement

The relationship between the quantity of reinforcement to the quantity of
concrete which results in the minimum cost of an element may be expressed as a
total percentage of reinforcement. This total percentage of reinforcement
PT is defined as

PT - PV + PH 4-39

where PV and p11 are the average percentages of reinforcement on one face of
the element in the vertical, and horizontal directions, respectively. Based on
the average costs of concrete and steel, the optimum percentage for a nonlaced
reinforced element using single leg stirrups has been determined to be between
0.6 and 0.8 percent with 0.7 a reasonable design value. For elements which do
not contain shear reinforcement, the optimum percentage would be somewhat
higher. For large projects, a detailed cost analysis should be performed to
obtain a more economical design.

In some design cases, it may be desirable to reduce the concrete thickness
below low the optimum thickness. A small increase in cost (10 percent) would
be incurred by increasing the value of PT to one percent. Beyond one percent,
the cost increase would be more rapid. However, except for v.)ry thin ele-
ments, it may be impractical to furnish such large quantities of reinforce..
ment. In fact, in thick walls it may be impractical to even furnish the
optimum percentage.

Unless single leg stirrups are required for other than shear capacity such as
for close-in effects or to extend flexural action in the far design range from
2 to 4 degrees support rotation, it is more economical to design non-laced
elements without shear reinforcement. In this case, the total percentage of
reinforcement must be limited so that the ultimate resiLtance of the element
does not produce shear stresses in excess of the concrete caDacity.

4-24. Flexural Design for Small Deflections

The design range for small deflections may be divided into two regions;
elements with support rotations less than 2 degrees (limited defl3•ctions) and
support rotations between 2 and 4+ degrees. Except for stirrup requirements
and the type of cross-section available to resist moment, the design procedure
is the same.

In the flexural design of a non-laced reinforced concrete slab, the optimum
distribution of the flexur;A reinforcement must first be determined. A 45
degree yield line pattern assumed and, based on the support conditions and
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aspect ratio, the ratio of the vertical to horizontal moment capacities are
determined from the yield line location figures of Chapter 3.

Reinfort ing bars and a concrete thickness are next chosen such that the
distribution of reinforcement is as close as possible to 'hat determined above
and such that .the total reinforcement ratio PT is approximately 0.7 for
elements utilizing stirrups. For those elements not utilizing shear reinfor-
cement PT is minimized so that the shear capacity of the concrete is not ex-
ceeded. Using the equations of previous secvtions (eq. 4-11 for type ]'. cross
sections, eq. 4-19 for type II or II cross.-sections) the moment capacities
are computed. The moment capacities are required to calculate the ultimate
unit resistance ru and the equivalent elastic deflection XE These parameters
along with the natural period of vibration TN define the equivaleat single-
degree-of-freedom system of the slab, and are discussed in detail in Chapter
3.

A dynamic analysis (see Section 4-26) is then performed to check that the slab
meets the response criteria. Lastly, the shear capacity is checked (Section
4-27). If the slab does not meet; the resoonse criteria or fails in shear (or
is greatly overdesigned) a new concrete. section is assumnied and the ent:ire
design procedure is repeated.

4-25. Design for Large Deflections

4-25.1. Introduction

Design of non-laced reinforced concrete elements without shear reinforcement
(single leg stirrups) for support rotatious greater than 2 degrees or elements
with single leg stirrups for support rotations greater than 4 degrees depends
on their capacity to act as a tensile membrane. Lateral restraint of the
element must be provided to achieve this act.on. Thus, if lateral restraint
does not exist, tensile membrane action is not developed and the element
reaches incipient failure at 2 degrees (4 degrees if adequate single leg
stirrups are provided) support rotation. However, if lateral restraint:
exists, deflection of the element induces membrane action and in-plane forces.
These in-plane forces provide the means for the element to continue to develop
substantial resistance up to maximum support rotations of approximately 12
degrees.

4-25.2. Lateral Restraint

Pcdequate lateral restraint of the reinforcement is mandatory in order for the
element to develop and the designer to utilize the benefits of tensile
membrane behavior. SuffiP'ient lateral restraint is provided if the reinforce-
ment is adequately anchored into adjacent supporting members capable of
resisting the lateral force induced by tensile membrane action.

Tensile membrane behavior should not be considered in the design process
unless full external lateral restraint is providcd in the span directions
shown in Table 4-5. Full external lateral. reszraint means that adjacent
members can effectively resist a total lateral force equivalent to the
ultimate strength of all continuous reinforcement in the element passing the
boundary identi.fied by the arrows in Table 4-5. External lateral. restraint is
not required for elements supported on four edges provided the aspect ratio
L/H is not less than one-half nor greater than 2. Within this range of L/H,
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the inherent lateral restraint provided by the element's own compression ring
around its boundary is sufficient lateral restraint to develop tensile
membrane behavior.

4-25.3. Resistance-Deflection Curve

A typical resistance-deflection curve for laterally restrained elements is
shown in Figure 4-18. The initial portion of the curve is due primarily to
flexural action. If the lateral restraint prevents small motions, in-plane
compressive forces are developed. The increased capacity due to these forces
is neglected and is not shown in Figure 4-18. The ultimate flexural resis-
tance is maintained until 2 degrees support rotation is produced. At this
support rotation, the concrete begins to crush and the element loses flexural
capacity. If adequate single leg stirrups were provided, the flexural action
would be extended to 4 degrees. However, due to the presence of continuous
reinforcement and adequate lateral restraint, tensile membrane action is
developed. The resistance due to this action increases with increasing
deflection up to incipient failure at approximately 12 degrees support
rotation. The tensile membrane resistance is shown as the dashed line in
Figure 4-18.

in order to simplify the design calculations, the resistance is assumed to be
due to flexural action throughout the entire range of behavior. To approxi-
mate the energy absorbed under the actual resistance-deflection curve, the
deflection of the idealized curve is limited to 8 degrees support rotation.
Design for this maximum deflection would produce incipient failure conditions.
Using this equivalent design curve, deflections between 2 degrees (or 4
degrees if single leg stirrups are provided) and incipient failure cannot be
accurately predicted.

For the design of a non-laced laterally restrained element for 8 degrees
"support rotation, a type III cross-section is used to compute the ultimate
moment capacity of the section as well as to provide the mass to resist
motion. The stress in the reinforcement fds would be equal to that cor-
responding to support rotations 5 Ž 0 m 0 12 given in Table 4-2. At every
section throughout the element, the tension and compression reinforcement must
be continuous in the restrained direction(s) in order to develop the tensile
membrane action which is discussed in detail below.

4-25.4. Ultimate Tensile Membrane Capacity

As can be seen in Figure 4-18, the tensile membrane resistance of an element
is a function of the element's deflection. It is also a function of the span
length and the amount of continuous reinforcement. The tensile membrane
resistance, rT of a laterally restrained element at a deflection, X, is ex-iii!•pressed as:

For one-way elements

• 8TY
rT -X[--T 4.402 -5
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For two-way elements 1.5

rT - 5 X7__ _____ ___2- 4-41

1 1
•(-)(nfl)/2

4Zn [nLx y T 1/2]_
n-1, 3,5 cosh [-. EI:] I

in which

T Y_ (As)y fds 4-42

and

Tx- (As)xfds 4-43

where

rT - tensile membrane resistance

X - deflection of element

Ly - clear span in short direction

- clear span in long direction

Ty- force in the continuous reinforcement in the short direction

Tx - force in the continuous reinforcement in the long direction

(As)y- continuous reinforcement in the short direction

(As)X - continuous reinforcement in the long direction

Even though the capacity of a laterally restrained element is based on
flexural action, adequate tensile membrane capacity must be provided. That
is, sufficient continuous reinforcement must be provided so that the tensile
membrane resistance rT corresponding to 8 degrees support rotation must be
greater than the flexural resistance ru' The deflection is computed as a
function of the yield line locations (shortest sector length). The force in
the continuous reinforcement is calculated using the dynamic design stress fds

corresponding to 8 degrees support rotation (Table 4-2).

4-25.5. Flexural Design

Since the actual tensile membrane resistance deflection curve is replaced with
an equivalent flexural curve, the design of a non-laced element for large
deflections is greatly simplified. The design is performed in a similar
manner as for small deflections. However, sufficient continuous reinforcement
must be provided to develop the required tensile membrane resistance. Where
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external restrain is required, the support must withstand the lateral forces
T and Tx as given in Equations 4-42, and 4-43, respectively.
y

4-26. Dynamic Analysis

4-26.1. Design for Shock Load

The dynamic analysis of a slab is accomplished by first representing it as a
single-degree-of-freedom system and then finding the response of that system
when subject to a blast load. The equivalent single-degree-of-freedom system
is defined in terms of its ultimate resistance rum equivalent elastic deflec-
tion XE and natural period of vibration TN. The ultimate unit resistance is
calculated from the equations of Chapter 3 for the moment capacities deter-
mined according to the previous sections. The procedures and parameters
necessary to obtain the equivalent elastic deflection and natural period of
vibration can also be found in Chapter 3.

For elements subjected to dead loads in the same direction as the blast loads
(for example a roof a: retaining wall exposed to an exterior explosion) the
resistance available to withstand the blast load is reduced. An approximation
of the resistance available is

ravail - ru - rDL [Hd 4-44

fdy

where
ravail - dynamic resistance available

rDL - uniform dead ioad

Chapter 2 describes procedures for determining the dynamic load which is
defined by its peak value P and duration T. For the ratios P/ru and T/TN, the
ductility ratio Xm/XF and tm/T can be obtained from the response charts of
Chapter 3. These values, X, which is the maximum deflection, and tm, the time
to reach the maximum deflection, define the dynamic response of the element.

The effective mass and the stiffness used In computing the natural period of
vibration TN depends on the type of cross section and loadmass factor used,

both of which depend on the range of the maximum deflection. When the
deflections are small (less than 4 degrees) a type I or type II cross section
is used. The mass is calculated using the entire thickness of the concrete
element Tc* The spalling that occurs when an element acts under tensile
membrane behavior or which may occur due to close-in effects requires the use
of a type III cross section to resist moment, Since the concrete cover over
the flexural reinforcement is completely disengaged, the mass is calculated
based on the distance between the centroids of the compressic.a and tension
reinforcement.

When designing for completely elastic behavior, the elastic stiffneas is used
while, in other cases, the equivalent elasto-plastic stiffness KE is used.
The elastic value of the load-mass factor K m is used for the elastic range
while, in the elasto-plastic range, the load-mass factor is the average of the
elastic and elasto-plastic values. For small plastic deformations, the value
of Km is equal to the average of the equivalent elastic value and the plastic
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value. The plastic value of KLM is used for slabs designed for large plastic
deformations.

Due to the large number of variables involved in the design of non-laced
reinforced elements, design equations have not been developed. However,
design equations have been developed for laced elements subjected to impulse
loads and are presented in subsequent sections of this chapter. Use of these
procedures for the design of non-laced elements subjected to impulse load will
result in a variety of errors depending upon support conditions, thickness of
the concrete section, quantity and distribution of the flexural reinforcement,
etc. However, these procedures may be used to obtain a trial section which
then may be analyzed as described above.

4-26.2. Design for Rebound

Elements must be designed to resist rebound, that is, the damped elastic or
elasto-plastic harmonic motion which occurs after the maximum positive
displacement Xm has been attained. When an element reaches Xm, the resistance
is at a maximum, the velocity is zero, and its deceleration is a maximum. The
element will vibrate about the blast load curve (positive and/or negative
phase) and/or the zero line (dead load for roofs) depending on the time to
reach maximum deflection tm and the duration of the blast load T.

Usually only those elements with a type I cross-section will require addi-
tional reinforcement to resist rebound. Additional reinforcement is not
required for type II and III cross-sections since these sections have equal
reinforcement on opposite faces and the maximum possible rebound resistance is
equal to the ultumate (positive) resistance. However, the su-norts for all
types of cross sections , including the anchorage of the reini ccement
(compression reinforcement under positive phase loading is subjected to
tension forces under rebound conditions ) must be investigated for rebound
(negative) reactions. Also, it should be noted that the support conditions
for rebound are riot always the same as for the positive load.

The negative resistance r, attained by an element when subjected to a
triangular pressure-time load, is obtained from figure 3-268 of Chapter 3.
Entering the figure with the ratios of XIU/XE and T/TN, previously determined
for the positive phase of design, the ratio of the required rebound resistance
"to the ultimate resistance r-/ru is obtained. The element must be reinforcc:d
to withstand this rebound resistance r- to insure that the slab will remain
elastic during rebound. However, in some cases, negative plastic deformations
are permissible.

The tension reinforcement provided to withstand rebound forces is added to
what is the compression zone during the initial loading phase. Tc obtain this
reinforcement, the element is essentially designed for a negative load equal
to the calculated value of r-. However, in no case shall the rebound reinfor-
cement be less than one-half of the positive phase reinforcement. The moment
capacities and the rebound resistance capacity are calculated using the same
equations previously presented. Note that while dead load reduces the
available resistance for the dynamic loading, this load increases the avail-
able resistance for rebound.

4-59



TM 5-1300/NAVFAC P-397/AFR 88-22

4-27. Design for Shear

4-27.1. General

The ultimate shear Vu at any section of a flexural element is a function of
its geometry, yield line location and unit resistance r. For one-way or two-
way elements the ultimate shear is developed when the resistance reaches the
ultimate unit value ru, In the design of a concrete element, there are two
critical locations where shear must be considered. The ultimate shear stress
vu is calculated at a distance d or dc from the supports to check the diagonal
tension stress and to provide shear reinforcement (stirrups) is necessary.
The direct shear force or the ultimate support shear Vs is calculated at the
face of the support to determine the required quantity of diagonal bars.

4-27.2. Ultimate Shear Stress at d. from the Support

4-27.2.1. One-Way El'mnents

The ultimate shear stresses vu at a distance de from the support are given in
Table 4-6 for one-way ilements. Depending upon the cross section type being
considered, de can represent either d or dc. For those cases where an element
does not reach its ultimate resistance ru is replaced by the actual resistance
r attained by the element. For those members whose loading causes tension in
their supports, the ultimate shear stress is calculated at the face of the
support. For those cases, the ultimate support shear V is calculated as
explained in the next section. This shear is then divided by the effective
cross-sectional area (bd or bdc) of the element to obtain the ultimate shear
stress.

4-27.2.2. Two-Way Elements

For two-way elements the ultimate shear stress must be calculated at each
support. The shears acting at each section are calculated using the yield
line procedure outlined in Chapter 3 for the determination of the ultimate
resistance ru. Because of the higher stiffness at the corners, the shear
along any section parallel to the support varies. The full shear stress V
acts along the supports except in the corners where only 2/3 of the shear
stress is used (Fig. 4-19). Since the shear is zero along the yield lines,
the total shear at any scction of the sector is equal to the resistance ru
times the area between the section being considered and the positive yield
lines.

To illustrate this procedure, consider a two-way element, fixed on three sides
and free on the fourth, with the yield line pattern as shown in Figure 4-19.
For the triangular sector I, the shear VdV and shear stress vuV at distance de
from the support is

2 L deL L deL L

Vdv ( - + - )+ Vdv(-) 4-45a
3 4 2y 4 2y 2

y-de deL
=ru( )(L )

2 *y
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3 ruy (I - de/y )2

Vdv - 4- 45b
(5 - 4 de/y 4

and since the shear stress vu is equal to V/bde and b equals one inch

3 ru (I - de/Y )2

Vuv - 4-46
de
- (5 4 de/Y )

y

For the trapezoidal sector II

2 y 2 deY y
- - VdH ( - + VdH (H -

3 2 L 2

L i 2deY
- ru (.. de) - (H- y + H -) 4-47a

2 2 L

.2deY

3ru(L - 2 de) [2H - -2d_ ]

L
-L- 4-47bVdhF 8deY

2 16H1- y - d-L L

2 de y 2 dey
3ru (I - -- (2

L H LH
VuH - - 4-48

de Y 8 deY
2-- (6 --- )

L H LH

Values of the ultimate shear stresses VuH and VuV at a distance de from the
support for several two-way elements are given in Table 4-7. As stated above,
de represents either d or dc, depending upon the type of cross seation being
considered. The ultimate shear stress is calculated at the face of the
support for those =embers whose loading condition causes tension in their
supports. For these cases, the ultimate support shear V is calculated as
explained in the next section. This shear is then divided by the effective
cross-sectional area (bd or bdc) of the element to cbtain the t.itimate shear
stress v.

For the situations where the ultimate resistance of an element. is not at-
tained, the maximum shear stress is less than the ultimate value. However,
the distribution of the shear stresses is assumed to be the same and, there-
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fore, the shear stresses can be calculated from the equation of Table 4-7 by
replacing ru with the actual resistance attained (re, rep, etc.).

4-27.3. Ultimate Support Shear

See Chapter 3, for procedures used to calculate the ultimate shears of both
one-way and two-way elements.
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Table 45 Restraint an-d Aspect Ratio Requirements for Tension
Membrane Behavior

L~g Support Conditions External Lateral Restraint Requirements

L

4- + Opposite edges

L Opposite edges

H Opposite edges
short direction

L

L IOpposite edges4 Y~2 short direction

iii; None required

4- Indicates direction of external lateral restraint
which must be resisted by adjacent member
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Table 4-6 Ultimate Shear Stress at Distance d from Face of Support
for One-Way Elements

Edge Conditions and Loading Diagrams UL TIMATL S1HEAR STRESS

__________-~r<u de)

4 de

LEFT SUPPORT ru( de) /do

L ,RIGHT SUPPORT riu(3-L- d e)

IP LEFT SUPPORT IIR

L/2 ~RIGHT SUPPORT Id
16(de)

L de

2de

ru (L-de)
60_ __ de

p Ru
4. L de

4P/2 P/2 R

L/3 L/3 L/13 2de
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DESIGN OF FLAT SLABS

4-28. Introduction

The typical unhardened flat slab structure consists of a two-way slab sup-
ported by columns. Except for edge beams which may be used at the exterior
edge of the slab, beams and girders are not used to transfer the loads into
the columns. In this case, the columns tend to punch upward through the slab.
There are several methows that can be used to prevent this; the upper end of
the column can be enlarged creating a col~umn capital, a drop panel can be
added by thickening the slab in the vicinity of the col.umn, or both a column
capital. and a drop panel may be used.

Hardened flat slab) structures may be designed to withstand the effects
associated with a far range explosion. The flat slab of a hardened structure
is similar to an unhardened slab but for a hardened flat slab structure, the
exterior supports must be shear walls which are monolithic with the roof. The
shear walls transmit the lateral loads to the foundations. Due to the stiff-
ness of the walls, there is negligible sidesway in the columns and ,lence no
induced moments due to lateral loads. Shear walls may also replace a row of
interior columns if additional stiffness is required. Earth cover may or may
not be used for hardened flat slab structures.

A portion of a typical hardened flat slab structure is shown in Figure 4-20.
As depicted, there are generally four different panels to be considered,
interior, corner and two exterior, each of which has a different stiffness.
The exterior panels are designated as short and long span panels which refers
to the length of the span between the columns and the exterior wall. In the
typical flat slab, the reinforcement would be distributed according to elastic
theory. The elastic distribution of the flexural stresses is approximated by
the methods presented in the ACI Building Code, The static design must meet
all of the criteria of the code as well as of all applicable local codes.

However, for blast resistant structures, certain design criteria are more
restrictive than those given in the ACI Building Code. To ensure two-way
action in the slab, the aspect ratio L/H of each panel must be greater than I
but less than 2. While the ACI code permits unequal span lengths and offset
columns, it is strongly recommended that offset columns not be used and the
variation in span lengths be limited to 10 percent. Columns and column
capitals may have either a round or square cross section, but round columns
and capitals are preferred to avoid shear stress concentrations. It is also
recommended that haunches be provided at the shear walls.

Flat slabs may be designed to attain limited or large deflections depending
upon the magnitude and duration of the applied blast load and the level of
protection required by the acceptor system. Under flexural action alone, the
slab may attain deflections corresponding to 2 degrees support rotation. The
flexural action may be extended to 4 degrees rotation if single leg stirrups
are added to restrain the flexural reinforcement. If sufficient continuous
flexural reinforcement is provided, the slab may attain 8 degrees support
rotation through tensicn membrane action. Unless required for shear, single
leg stirrups are not required for the slab to Lchieve support rotations less
than 2 degrees nor tension membrane action. The stress in the reinforcement as
well as the type of cross section used to determine the ultimate moment
capacity of the reinforced concrete is a function of the maximum deflection.
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The basic data required for determining the ultimate strength of the rein-
forced concrete, including the ultimate moment capacity and the ultimate shear
capacity, have been presented in previovi sections. Procedures for performing
the dynamic analysis are presented in Chapter 3. Only modifications and
additions relating to flat slabs are presented in this section. The inter-
relationship between the various parameters involved in the design of flat
slabs is readily described with the use of the idealized resistance-deflection
curve shown in Figure 4-21.

4-29. Distribution of Flexural Reinforcement

4-29.1. General

For a two-way slab continuously supported on its edges, the flexural stresses
are distributed uniformly across the entire slab (except for the reduced
stresses at the corners). The flexural stresses in a flat slab supported by
walls and columns are distributed from one panel to the next depending on the
relative stiffness of the supports and the spans of the panels. Flat slabs
also distribute the flexural stresses transversely, concentrating the stresses
in the vicinity of the column. A uniform distribution of reinforcement would
result in a failure due to local "fan" yield lines around the columns at a
relatively low resistance. By concentrating the reinforcement over the
columns, a higher ultimate resistance is obtained.

An elastic distribution of reinforcement is required in the design procedure
presented in this Manual. This distribution will insure the formation of a
predictable collapse mechanism. Loal failures around the columns, and one-or
two-way folding (local one-way action) will be prevented. With an elastic
distribution of reinforcement, the yield lines form simultaneously across the
entire slab. In addition, the design will be more economical and cracking
under service loads will be minimized.

4-29.2 Elastic Distribution of Moments According to the ACI Building Code

Procedures outlined in the ACI Building Code are employed to determine the
elastic distribution of the reinforcement (and hence of the moments). The
Code presents two design methods, namely the Direct Design Method and the
Equivalent Frame Method. The Equivalent Frame Method may be used for all flat
slab configurations whereas the Direct Design Method can only be used for
three or more spans. Since the Direct Design Method requires fewer calcula-
tions, it is the preferred method and is discussed in detail in this section.

For the typical flat slabs with continuous exterior walls and L/H > i, the
column strips are H/2 in width in each direction. A wall strip is parallel
and adjacent to an exterior wall and its width is H/4. The remaining portions
of the slab are called middle strips.

Using the Direct Design Method as given in Chapter 13 of ACI 318-7, che
moments are distributed taking into account the relative flexural and tor-
sional stiffnesses of the wall, slab and beams. Assuming there are no beams
or interior shear walls, the ratio of the flexural stiffness of the beam
section to the slab section a , is zero. The torsional resistance of a
concrete wall monolithic with the slab is very large and, therefore, the
torsional stiffness ratio of the wall to the slab B. may be assumed to be
greater than 2.5.
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The ratio of the flexural stiffness of the exterior wall and the flexural
stiffness of the slab is defined as:

(4E Iw)/ H1
aec - 4-49(4Ecs)/ I,c

where

aec - ratio of the flexural stiffness of the exterior wall to slab

Iw - gross moment of inertia of wall

is - gross moment of inertia of slab

Hw - height of wall

is - span of flat slab panel

In direction H, Equation 4-49 becomes

Tw3 H
aecH - 4-50Ts3

and in directlnn L

TwLeL Ts w4-51

T 3 H

where

Tw - thickness of wall

H - short span of flat slab panel.

Ts - thickness of flat slab

L - long span of flat slab par,!l

The unit column and midstrip moments are proportioned from the total span
moments. The distributions percentages for a flat slab with equal spans in
each dir6ction is as follrws (see Fig. 4-22):

For Direction H:

m - 0,65 a'ecH Mon /L 4-52

+ - 0,4C (0.63 0.28 a'ecH) Mon /(L - H/2) 4-53

R3 - 0.25 (0.75 0.10 'ecl) Moll /(L-H/2) 4-54

m41 - 0.25 (0.65) Moll /(L-H/2) 4-55
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m5+ - 0.40 (0.35) MOH /(L-H/2) 4-56

m6 + - 0.60 (0.63 - 0.28 a'ecH) MOH /(H/2) 4-57

m7 - 0.75 (0.75 - 0.10 alecH) MOH /(H/2) 4-58

m8 " - 0.75 (0.65) MOH /(H/2) 4-59

m9+ - 0.60 (0.35) MOH /(H/2) 4-60

in which
wL(H-c)2

MOH 4-61
8

S8d- 4- 62 •and'ecH 1 + (i/aecH) 46

MOH - total panel woment for direction H

w - applied uniform load

c -. width of column capital

For Direction L:

ml0" - 0.65 W'ecLMOL /H 4-63

mll+ - 0.40 (0.63 - 0.28 a'ecL) MOL /(H/2) 4-64

m12" - 0.25 (0.75 - 0.10 a'ecL) MOL /(H/2) 4-65

m13 - 0.25 (0.65) MOL /(H/2) 4-66

"14+ - 0.40 (0.35) MOL /(H/2) 4-67

m1 5+ - 0.60 (0.63 = 0.28 WecL) MOL /(H/2) 4-68

m1 6 - 0.75 (0.75 - 0.10 CIecL) MOL /(H/2) 4-69

m17 - 0.75 (0.65) MOL /(H/2) 4-70

m18+ - 0.60 (0.39) MOL /(H/2) 4-71

in which

wH (L-c) 2

MOL- 4-72
•, 8

and

'ecL 4-73

1 +4-
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where MOL is the total panel moment for direction L.

For the wall strips in both iirections the same reinforcement as in the
adjacent middle strips is used. At the column, the larger of the two nogative
moments is chosen and thp positive moment can then be adjusted up to 10
percent so that the total panel moments remain unchanged.

4-29.3 Design for Small Deflections

The resistance-deflection function for flat slabs with small deflections is
shown in Figure 4-23a. With an elastic distribution of reinforcement all the
yield lines form simultaneously anti the slab remains elastic until it reaches
its ultimate resiatance. Since for small deflections the concrete reuiains
effective in resisting stress, a type I cross section is used to compute the
ultimate moment capacities. The slab may undergo a maximum support rotation
of 2 degrees at which point the concrete crushes. Shear reinforcement is
generally not required for flat slabs, but must be provided if required by
analysis. If properly designed, single leg stirrups are provided, the
flexural action of the slab may be extended to 4 degrees support rotation.
While stirrups may be furnished to resist shear or to extend flexural action,
it is usually more cost effective to design flat slabs without shear reinfor-
cement.

4-29.4. Design for Large Deflections

Due to the geometric limitations (aspect ratio L/H of each panel must be
greater than 1 but less than 2) imposed on flat slabs designed for blast
loads, sufficient lateral restraint is available to develop in-plane forces
and induce tension membrane action. This tension membrane action provide, the
means for the slab to attain deflections corresponding to a maximum support
rotation in excess of 12 degrees. Continuous reinforcement must be provided
to resist these in-plane tension forces.

A typical resistance-deflection curve for the flat slabs up to incipient
failure 's shown in Figure 4-23b. The initial portion of the curve is due
primarily to flexural action. At 2 degrees support rotation, the concrete
begins to crush and the slab loses flexural capacity. However, due to the
presence of continuous reinforcement, tension membrane action i.ý mobilized.
The resistance due to this action increases with increasing deflection up to
incipient failure at approximately 12 degrees support rotation. The tension
membrane action is shown as the dashed line in Figure 4-23b.

In order to simplify the design calculations, the resistance is %tssumed to be
equal to the flexural action throughout the entire range of behavior. To
approximate the energy absorbed under the actual resistance-deflection curve,
the deflectLion of the equivalent curve is limited to 8 degrees support
rotation. This deflection would produce incipient failure conditions. Using
this equivalent design curve, deflections between 2 degrees and incipient
failure cannot be accurately predicted.

A type II or III cross section is used to compute the ultimate moment capacity
of a flat slab designed for large deflections. At every section throughout
the slab, tension and compression reinforcement must be continuous in order to
develop the tension membrane action (tension membrane capacity is discussed in
detail below). It should be noted that in addition to the above requirements
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for the reinforcement, an elastic distribution of reinforcement must still be
maintained.

Shear reinforcement is only provided when required by analysis. If the
concrete can resist the shear stresses, shear reinforcement is not required
for flexural action (deflections less than 2 degrees) nor for tension membrane
action (deflections be+4een 2 and 8 degrees). However, shear reinforcement,
in the form of single leg stirrups, does allow the slab to rotate up to 4
degrees under flexural action. There are two design situations where single
leg stirrvps are desirable when designing for rotations between 2 and 4
(;agrees: (1) the slab is incapable of developing adequate tension membrane
action and (2) the maximum deflection must be accurately predicted (which
cannot be done , tilizing tension membrane action). In all other design
situations, it is usually wire economical to eliminate single leg stirrups by
increasing the slab thickness (to increase shear capacity) and/or by increas-
ing the amount of continuous reinforcement (to develop adequate tension
membrane capacity).

4-29.5. Minimum Reinforcement

To ensure proper structural behavior under dynamic loads and also to minimize
excessive deformations under conventional .oads, the minimum area of reinfor-
cement must be at least equal to that speL .fied in Table 4.3. With an elastic
distribution of reinforcement in a flat slab, the minimum reinforcement
generally will occur only in the center of the midstrip and/or in the wall
strip. It is important to also check the static requirements for minimum
reinforcement. Where static conditions control, the area of reinforcement
must be at least equal to 0.0018 times the gross area of concrete or 1.33
times the area required by static loading conditions, whichever is less.
Unless the blast loads are in the same order of magnitude as the static loads,
this criteria dous not control.

Althiough the spacing of the flexural reinforcement must not exceed two times
the slab thickness nor 18 inthes, the preferred opacing is 12 inches or less.

There is no minimum shear reinforcement requirement for flat slabs. Shear
reinforcement is only provided when required by analysis. However, when a
slab is designed to undergo flexural response with support rotations between 2
and 4 degrees (i.e., where tension membrane action is not considered).
stirrups are required. The minimum area of the stirrups is given in Table 4-
4,[ 4-30. Dynamic Analysis

4-30.1. General

The dynamic analysis of a structural element is accomplished by first repre-
senting the structural element as a single-degiee-of-freedom system and then
finding the response of that system when subject to a blast load. Chapter 3
presents procedures, figures and response charts for determining the dynami-
cally equivalent system and its response. However, certain parameters of a
flat slab, such as the ultimate resistance and the elastic deflections, cannot
be calculated using the methods of Chapter 3. Methods for calculating those
parameters are presented below.

4-74
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4-30.2. Ultimate Flexural Resistance

4-30.2.1. General

The ultimate resistance ru of a flat slab is a function of the strength,
amount and distribution of the reinforcement, the thickness and strength of
the concrete and the aspect ratios cf the panels. The ultimate resistance is
obtained v.sing a yield line analysis. Since in-plane compr3ssion forces and
tension membrane forces are not considered, the ultimate resistance determined
from a yield line analysis will generally be lower than the actual resistance.

The first step in finJing the ultimate resistance is to assume a yield line
pattern consistent with the support conditions and the distribution of the
reinforcement. The pattern will contain one or more unknown dimensions wUhich
locate the yield lines. The correct solution is the one which gives the
lowest value of the ultimate resistance. Figure 4-24 shows the yield line
pattern that will form in a multi-panel flat slab with an elastic distribution
of reinforcement. The roof-slab interactions must be designed to insure that
the perimeter yield lines form in the roof slab and not in the wall. The
yield lines at the columns are assumed to form at the face of the column
capitals.

The ultimate resistance can be found from the yield line pattern using either
the equilibrium method or the virtual work method, both of which have been
discussed in Chapter 3. The equilibrium method is one that has been employed
in previous examples but, in the case of flat slabs, requires the introduction
of nodal forces which are not always readily determined. The virtual work
method though more difficult to solve algebraically, does nct require the
calculations of the nodal forces. Consequently, the virtual work method is
the easier method to apply to flat slabs and is the method detailed below.

The virtual work method does not predict the correct yield line pattern but
rather gives the minimum r3sistance of an assumed yield line pattern. If the
distribution of reinforcement is not elastic and/or the span lengths are not
approximate].y equal, the minimum resistance found by the virtual work method
may not be the ultimate resistance. In these cases, local failures are
possible, it is strongly recommended that these design situations be avoided.
In the rare instances where they cannot be avoided, the nodal forces must be
calculated and the equilibrium method used to predict the correct yield line
pattern.

4-30.2.2. Virtual Work Method

In the virtual work method, equations for the external and internal work are
written in terms of the unit resistance rut the moment capacities and the
geometry. The expression for the external work is set equal to that for the
internal work, and the resulting equation is solved for the minimum value of
ru and the associated failure mechanism.

A point within the slab boundaries is given a small displacement in the
direction of the load. The resulting deflections and rotations of all of the
slab segments are determined in terms of the displacement and the slab segwent
dimensions. Work will be done by the external loads and by the internal
reactions along the yield lines.
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The external work done by ru is:

W - Z ruAA 4-74

where:

W- external work
A - area of the sector
A - deflection of the sector's centroid

The internal work done by the reactions at the yield lines is due only to the
bending moments since the support reactions do not undergo any displacement
and the work done by the shear forces (nodal forces) is zero when summed over
the entire slab.

The internal work is:

E - m rel 4-75

where

E - internal work

m - ultimate unit moment
e - relative rotation about yield line
1 - length of the yield line

In terms of the moments and rotations in the principal reinforcement direc-
tions x and y:

E - Z mxexly + Z myeylx 4-76

Equating the external and internal work, W - E

Z ruAA - Z' mxexly + Z myeylx 4-77

Parttcular attention must be paid to the negative moment capacities of the
yield lines radiating from the column capitals when determining E. Top bar
cut-offs, if present, will reduce the moment capacity on the part of the yield
line furthest from the column. In addition, corner effects must be considered
where the two walls intersect. That is, as a result of the increased stiff-
ness at the corners, the ultimate moment of the reinforcement is reduced to
2/3 of its capacity over a length equal to ½ the length of the positive yield
line.

To illustrate the application of Equation 4-77, consider the flat slab shown
in Figure 4-25. This flat slab is the roof of a square structure with one
central column, and is symmetrical about the x and y axes.

Note that Sectors I and III, and Sectors II and IV are identical because of
symmetry. To simplify calculations, each sector has been resolved into a
rectatgle and a triangle. The external work for each sector is:

W1 -j rux(L -x) (A/2) + rux(x/2) (A/3) 4-78
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Wll - WIV - ruc(L - x - c)(A/2)

+ ru (L - x - c)[(L - x - c)/2](2A/3) 4-79

Substituting L - 41 and summing

Z W - 2 (ruA/6)(32 12 - 41x + cx - 4ci - c 2 ) 4-80

where
c - width of column capital
L - length of panel
x - horizontal location of the yield line
1 - width of ½ of the column strip
A - maximum deflection of slab

The internal work for each sector is:

2 x x
- E1 1  - mi - +- + (L -) ] -A

3 2 2

2 x x
+ [- (2m) - + 2w(31 - -) + 3ml]OA 4-81

3 2 2

E'11 - EIV - 3m]. + 2m(L - x 1) ]()B

+ f4.5mi + l.5ml (L - x -I)]B 4-82

Substituting L - 41, OA - A/x and eB - A/(L - x - c)

13 1 1 18 1 - 3.5x
ZE-2Am [--- + -- - 1 4-83

x 2 41 x - c

Equating W - E and solving for ru

131 1 181 - 3.5x
S6m [ - - - + ]

x 2 41 - x - c
ru- 32224-84[ 3212 - 41x + cx - 4ci -c2 4

with x as the only unknown. The minimum value of ru is readily determined by

trial and error.

A complete design example is presented in Appendix 4A.

In general, the virtual work equation will contain more than one unknown, and
it will be correspondingly more difficult to obtain the minimum ultimate
resistance. However, a trial and error process rapidly converges on the
correct solution.

4-77
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A trial and error procedure to solve for the minimum value of the resistance
function (ru/M0 for a preliminary design and ru for a final design) with two
unknown yield line locations, x and y, can be accomplished as follows:

1. Start with both yield lines located close to the centerline of the
respective middle strips.

2. Vary x, holding y constant, in the direction which minimizes the
resistance function until it begins to increase.

3. Hold x constent and vary y in the minimum direction until the
resistance function begins to increase.

4. Once this minimum point is achieved, shift each yiold line to
either side of the minimum location to check that a further
refinement of the yield line is not necessary to minimize the
resistance function.

It should be noted that if the yield line should shift out of the middle
strip, a new resistance function equation must be written and the procedure
then repeated since the magnitude of the unit moments acting on the yield

lines would change.

4-30.2.3. Effect of Column Capitals and Drop Panels

Although column capitals and drop panels are primarily used to prevent shear
failures, they have a significant effect on the ultimate resistance. The
addition of a column capital or revision of the size of the capital changes
"the clear span of a flat slab and requires the re-evaluation of a slab's
ultimate resistance.

Drop panels increase the ultimate resistance by increasing the depth of the
section and thus the moment capacity in the vicinity of the column. This
effect can be countered by decreasing the amount of reinforcement to maintain
the saute moment capacity. If the drop panel is used to increase the negative
"moment capacity, it must extend at least 1/6 of the center-to-center span
length in each direction. The width of the drop panel may be up to 20 percent
larger than the column strip. When the drop panel is larger than the column
strip, the percentage of reinforcement calculated for the column strip shall

'Al be provided throughout the drop panel. Additional reinforcement must be
provided in the bottom of the drop panel to prevent it from scabbing and
becoming hazardous debris. For a type II cross section, the reinforcement in
the drop panel is the same as the negative reinforcement over the column.

Ti Only k the amount of the negative reinforcement is required in a drop panel
for a type I cross section.

4-30.3. Ultimate Tension Membrane Capacity

When the support rotation of a flat slab reaches 2 degrees, the concrete
begins to crush and flexural action is no longer possible. However, the slab
is capable of sustaining large rotations due to tension membrane ak2tiou. As
previously explained, the actual resistance-deflection curve descr'-bing the
tension membrane action has been replaced with an equivalent curve which
considers flexural action only (Fig. 4-23b). Using this idealized curve,
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incipient failure is taken to occur at 8 degrees which corresponds to an
actual support rotation of approximately 12 degrees.

It can be seen from Figure 4-23b, that the tension membrane resistance is a
function of the deflecti....i. It is also a function of the span length and the
amount of the continuous reinforcement. Data is not presently available to
obtain the tension membrane capacity of a flat slab. However, an approxima-
tion may be made using the equation developed for two-way slabs. Therefore,
the tension membrane capacity, rT, of a flat slab is given by:

1.5M 3 TH 2

rT -

1 1 1/4 E - (-I)(n-l)/2 1. - -_______

n-l,3,5 n3  cL /

"L 4-85

where
rT - tension membrane resistance

X - deflection of slab

LH clear span in short direction

LL - clear span in long direction
TH - force in the continuous reinforcement in short span direction

TL - force in the continuous reinforcement in long span directionHl
Although the capacity of a flat slab is based on flexural action, adequate
tension membrane capacity must be provided. That is, rT ccrresponding to 8
degrees support rotation must be greater than the flexural resistance ru when
designing for large deflections. The deflection is computed as a function of
the yield line locations (shortest sector length). The force in the con-
tinuous reinforcement is calculated using the dynamic design stress cor-
responding to 8 degrees (Table 4-2). The clear span I, and LL are calculated

as the clear distance between the faces of the supports (face of the column if
no column capital is used, face of the column capital, face of the wall if no
haunch is used or the face of haunch).

4-30.4. Elastic Deflections

The elastic deflection of various points on an interior panel of a flat slab
are given by the general equation

X ruL4(a - v2) 4
••Xe -4-86

Ec Ia
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where

Xe - elastic deflection

C - deflection coefficient from Table 4-8

L - long span of panel

v - poisson's ration - 0.167

. la - average of the cracked and gross moment of inertia of the concrete
slab

The deflection coefficient varies with the panel aspect ratio L/H, the ratio
of the support size to the span C/L and the location within the panel. The
values of the deflection coefficient given in Table 4-8 are based on a finite

4' difference method and are given for the center of the panel Cc and the
midpoints of the long and short sides, CL and CS, respectively.

The deflection for the interior panel is determined by using C0 in the above
expression. For the long and short span panels and the corner panel (Fig. 4-
20). No simplified solution for the center deflections are currently avail-
able. Generally, the deflections for these panels will be smaller than the
deflection of the interior panel because of the restraining effects of the ex-
"terior walls. These deflections can be approximated by using the following
expressions:

Long Span Panel C- Cc- CS/2 4-P 7

Short Span Panel C - C 4-88

Corner Panel C - - CS/2 - CL/ 2  4-89

where the values of CG, Cs and CL are those for the interior panel from Table
4-8.

The dynamic response of a flat slab is more sensitive to the elastic stiffness
when the maximwu allowable deflection is small. The possible error diminishes
with increasing allowable maximum deflection.

4-30.5. Load-Mass Factors

4-30.5.1. Elastic Range

No data is currently available to determine the loadnass factor, KIM, of a
"flat slab in the elastic range of behavior. It is, therefore, recommended
that the values listed in the table of the load-mass factors for two-way
"elements be used (Chapter 3). The slab should be considered as fixed on all
four edges with the appropriate L/H ratio. Since an average value of the
elastic and plastic load-mass factor is used in determining the natural period
"of vibration, the possible errot incurred will diminish with increasing
"allowable maximuin deflection.
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4-30.5.2. Plastic Range

The load-mass factor on the plastic range is determined using the procedure
outlined for two-way elements in Chapter 3. The supports for the individual
sectors are at the face of the exterior walls (or haunches, if present) or at
the face of the column capitals. Flat slabs without drop panels have a
uniform thickness and the equation for determining the load-mass factor may be
expressed in terms of' the area moment of inertia and the area of the in-
dividual sectors. For flat slabs with drop panels, the equations must be
expressed in terms of the mass moment of inertia and the non-uniform mass of
the individual sectors to account for the non-uniform slab thickness.

4-30.6. Dynamic Response

The equivalent single-degree-of-freedom system of the flat slab is defined in
terms of its ultimate resistance ru, elastic deflection XE and its natural
period of vibration TN. The procedure for determining the value of TN has
been presented in Chapter 3 while the calculation of ru and XE has been
presented above. The resistance deflection curve used in the dynamic analysis
is shown in Figure 4-26. The resistance available to withstand the blast
loads must be reduced by the dead loads, An approximation of the resistance
available is

fds

ravail - ru rDL (--) 4-90
fy

where
ravail - dynamic resistance availabie

rDL - uniform dead load

The total deflection of the flat slab includes deflections due to dead load
XDI and blast X1, so that the maximum support rotation 01 is given by

01 - tan " (_- ) 4-91
LS

where Ls is the length of the shortest sector.

The blast load is defined in terms of its peak pressure P and its duration T
which are determined from Chapter 2. Chapter 3 contains the procedures to
determine the dynamic response of a slab which include the maximum dynamic
deflection )% and the time to reach that deflection tM. It must be remembered
that using the equivalent resistance-deflection curve to include tension
membrane action, deflections between 2 degrees and incipient failure cannot beI accurately predicted.

The required rebound resistance of the flat slab Is calculated in accordance
with Chapter 3 and the reinforcement necessary to attain this capacity must be
provided. Note that while the dead load reduces the available resistance for
the dynamic loading, this load increases the available resistance for rebound.

4-31. Dynamic Design
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4-31.1. Flexural Capacity

The ultimate moment capacity of a flat slab is usually based upon a type I or
type III cross section depending on the magnitude of the maximum allowable
deflection. The distribution of reinforcement is critical. in flat slab
design. The actual moment capacity provided must be as close as possible to
the unit moments required for an elastic distribution of stresses. The
quantity of flexural reinforcement which is made continuous provides the
tension membrane resistance.

If the amount of continuous reinforcement provided is inadequate for tension
membrane action, care must be taken in furnishing additional reinforcement.
Any additional reinforcement must be placed to maintain the elastic distribu-
tion of reinforcement and the new moment capacities and ultimate resistance
must be re-evaluated. The ultimate moment capacity will not be altered if the
additional reinforcement is provided by increasing the compression reinforce-
ment.

4-Ml.2. Shear Capacity

Unlike continuously supported two-.way slabs where shear stresses are "checked"1

after the flexural design is completed, the design for shear of a flat slab
must be considered during the flexural design. Due to the nature of the
support system, flat slabs will usually generate large shear stresses. Flat
slabs with high percentages of flexural reinforcement and/or long spans should
be avoided,

The shear forces acting at a support are a function of the tributary area of
the sectors formed by the yield lines. The shears at the columns should be
checked first, since design for these forces can drastically effect the
Ilexural design of the slab. Two types of shear action must be considered;
punching shear along a truncated cone around the column and beam shear across
the width of the yield lines. These conditions are illustrated in Figure 4-27.

4 Shears at the columns may require the use of column capitals and/or drop
panels. Punching she'~r can occur around the periphery of the columns or

column capital~s and drop panels. The critical section is taken at de/2 from
the face of the support. The total load is calculated based on the area
enclosed by the positive yield lines and is then distributed uniformly along
the critical perimeter. Figure 4-27a illustrates the critical sections for
punching shear. Beam shear, as a measure of diagonal tension, is taken as
one-way action between supports where the width of the beam is taken as the
spacing between the positive yield lines. The critical section is taken as de
away from the face of the column or column capital and from the face of the
drop panel (Fig. 4-27b). The total load is uniformly distributed along the
critical section.

The slab at the exterior walls must be evaluated for diagonal tension capaci-
ty. Due to the assumed uniform distribution of load at the exterior walls, a
unit width of loaded area may be considered between the positive yield line
and the critical section. The critical section is taken at de from the face
of the exterior wall or, if a haunch is used, from the face of the haunch.

The ultimate shear capacity of slabs has been previously presented. Using
these procedures, the capacity of the slab is evaluated at the locations
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described above. If required, stirrups may be furnished. However, it is more
cost effective to revise the design to incorporate the use of column capitals,
drop panels and/or increased slab thickness to reduce shear stresses. As
previously stated, the use of stirrups is mandatory in the flexural design of
flat slabs between 2 and 4 degrees support rotation.

Diagonal bars must be provided at the face of all supports due to the cracking
caused by the plastic moments formed. For slabs designed for small support
rotations, minimum diagonal bars must be furnished. However, for slabs
designed for large support rotations where t:1 !c cracking at the supports is
severe, diagonal bars must be designed to resist the total support shear but
not less than the minimum required. The diagonal bars furnished at the column
supports should extend from the slab into the column. In slabs where shear
stresses are high, it may be impractical to place the required diagonal bars.

If column capitals were not initially used, their addition would reduce the
required quantity of diagonal bars. In the case where column capitals are
furnished, at least one-half of the diagonal bars should extend into the
column with the remainder cut-off in the column capital. Procedures for the
design of diagonal bars have been previously presented while the required
construction details are illustrated in subsequent sections.

4-31.3. Columns

The interior columns of a flat slab/shear wall structure are not subjected to
lateral loads nor the moments they induce. These columns are designed to
resist the axial loads and unbalanced shears generated by the ultimate
resistance of the flat slab. The axial load and moments at the top of the
column are obtained from the flat slab shear forces acting on the perimeter of
the column capital plus the load on the tributary area of the column capital.
As can be seen from Figure 4-28, the axial. load is:

P - r Z A + ru c2  4-92

and the unbalanced moments are:

Mx - (V4 - V2 ) (c/2) 4-93

MY- (V1 - V3 ) (c/2) 4-94

The procedures for the design of columns is presented in Section 4-49. When
using these procedures, the unsupported length of the column is from the top
of th-2 floor to the bottom of the column capital.
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DESIGN OF LACED ELEMENTS

4-32. Introduction

The detonation of an explosive charge close to a barrier produces a non-
uniform, high intensity blast load which acts on the barrier for a compara-
tively short period of time. The concept of lacing reinforcement (Fig. 4-4
and 4-5) has been developed for use in protective structures subjected to such
loads. Lacing maintains the structural integrity of a barrier and permits it
to attain large plastic deflections.

Extremely high pressure concentrations are caused by close-in detonations.
These concentrations can produce local (punching) failure of an element.
However, with the use of lacing, the high shears produced in the vicinity of
these pressure concentrations are transferred to other areas of the element
where the applied blast loads are less severe. In effect, the lacing tends to
spread out the effects of the non-uniformity of the loading and permits the
use of an average blast load over the entire surface area of the element. In
addition, lacing is required in those elements where large deflections are
desirable. In these cases, the lacing not only resists the high shears
produced but also maintains the integrity of the severely cracked concrete
between the tension and compression reinforcement during the latter stages of
deflection.

The primary use of laced elements is to resist the effects of explosive
charges located close to barriers. The minimum separation distance between
the charge and the laced element is given in Sectirn 2-14.2.1 of Chapter 2.
It should be emphasized that these separation distances are the minimum clear
distance from the surface of the charge to the surface of the laced element.
The normal scaled distances RA (center of charge to surface of barrier)
corresponding to these minimum clear separation distances are equal to
approximately 0.25 ft/1bI/ 3

A laced element may be designed for limited deflections (less than 5 degrees
support rotation), large deflections (up to 12 degrees support rotation) or
controlled post-failure fragments depending upon the protection requirements
of the receiver system. The stresses developed in the reinforcement is a
function of the deflection attained by the element. The type of cross-section
which determines the ultimate moment capacity of the reinforced section is
also a function of the deflection but, more importantly, is a function of the
elements brittle mode response. High intensity blast pressures cause direct
spalling during the initial phase of an element's response. Therefore, a type
III cross-section will usually be available to provide moment capacity as well
as the available mass to resist motion.

Single leg stirrups may be somewhat more economical tban lacing as shear
reinforcement. However, in many design situations, the use of lacing reinfor-cement is mandatory. When explosives are located at scaled distances less
than 1.0, lacing must be used; single leg stirrups are not effective for such
close charge locations. Also, the blast capacity of laced elements are
greater than corresponding (same concrete thickness and quanLity of reinforce-
ment) elements with single leg stirrups. Laced elements may attain deflec-
tions corresponding to 12 degrees support rotation whereas elements with
single leg stirrups are designed for a maximum rotation of 8 degrees. These
non-laced elements must develop tension membrane action in order to develop
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this large support rotation. If support conditions do not permit tension
membrane action, lacing reinforcement must be used to achieve large deflec-
tions.

The design of concrete elements subjected to blast loads involves an Iterative
(trial and error) design procedure in which the element is assumed and then
its adequacy is verified through a dynamic analysis (Chapter 3). The design
of laced elements for limited deflections is performed in much the same
manner. However, the design of laced elements for large deflections has
unique features which permit the formulation of design equations. Since a
laced element is subjected to very short duration blast loads, the actual
pressure-time relationship of the load need not be considered. In fact, the
actual duration of the load need not be considered at all. The load may be
taken as an impulse (area under the pressure-time curve), that is, the entire
load is applied instantaneously to the element. This assumption results in an
insignificant error since the time for the element to reach the maximum
deflection is large in comparison to the actual duration of the load.
Secondly, the elastic portion of the element's resistance-deflection curve
need not be considered. This assumption will also result in a negligible
error since the plastic portion of the curve is many times that of the elastic
portion. Lastly, laced elements must be symmetrically reinforced which
greatly simplifies the expressions for an element's capacity. These features
permit the formulation of design equations and design charts which are used to
design laced elements for large deflections and for the preliminary design of
laced elements for limited deflections.

This section includes the design of laced elements for ductile mode response.
The brittle mode of response including the occurrence of spalling and the
design for controlled post-failure fragments are presented in subsequent
sections. The interrelationship of the parameters involved in the design of
laced elements is illustrated in the idealized resistance-deflection curve
shown in Figure 4-29.

4-33. Flexural Design for Large Deflections

4-33.1. General

The basic equations for the analysis of the impulse capacity of an element
were derived in Chapter 3. For a two-way element which exhibits a post-
ultimate resistance range and is designed for large deflections, the response
is:

i1) mu I>

ru X + - rup(k- Xl) 4-95
2ms mup

The response equation for a one-way element, or a two-way element which does
not exhibit a post-ultimate re.istance range is:2L

ib2
- ru Xm 4-96

ib applied blast impulse load49" ~4-95
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mu,mup- effective unit mass in the ultimate and post-ultimate rang-
es, respectively

rurup- unit resistances in the ultimate and post-ultimate ranges,
respectively

X - deflection at partial failure

Xm - maximum deflection

The above equations give the impulse capacity of a given structural element.
Use of such equations for design purposes is not practical since the procedure
would involve a tedious trial and error design.

4-33.2. Impulse Coefficients

Equations suitable for design are obtained by substituting the general
expressions from Chapter 3 for the effective masses (mu and mu ), the ultimate
resistances (ru and r ) and maximum deflections (XI, and Xu) into Equations
4-95 and 4-96 The resuYting equations take the form:

ib2H
LbH
__ __ C 4-97

PH dc 3 fds

H - height of the element

P - horizontal reinforcement ratio

d - distance from the centroid of the compression reinforcement
to the centroid of the tension reinforcement

fds " dynamic design strength of the steel

C - impulse coefficient

To illustrate the method used to obtain the impulse coefficients, consider a
two-way element (roof slab or wall) fixed on two adjacent edges and free on
the other two. The yield line location is defined by y and L < y < H. The
solution desired is for incipient failure (deflection Xu) of a spalled section
(cross section type III).

From Chapter 3 the equations for the resistances, deflections and effective
masses for this two-way element are as follows:

1, Ultimate unit resistance

5 (M4N + MVp)
ru 2 y (Table 3-2)

y
where

As fds Cie24MVN - "'VP - PVfds dc2  (eqs. 4-18 and 4-19)

b
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and pV is defined as the vertical reinforcement ratio on each face.

2. Post-ultimate unit resistance

(M4VN + M4VP)
t rup2 (Table 3-4)

3. Partial failure deflection

X,-L tan 12* (Table 3-6)

4. Ultimate deflection

wee X.u ytan 12* + (H -y) tan y (Tabl'e 3-6)

12 - anlFtan 12*

L y/L i
5. Effective unit mass in the ultimate range

m~u - (KI1) u m5

(KLM)u is from figure 3-44

dc150-

1728 386 (10-6)c

6. Effective unit mass in the post-ultimate rangeMu KMu1 23- K~~ m- 23)1
the units used are:

yt, L, H, dcl b, X1, kU inches

ib psi-ms

"MVN, MVP in. -lbs/in.

~ds'r, rupr psi

As in. 2

m , M mup, psi-M52/in.

Substituting into Equation 4-95

-2 X cd (KLM)u [ V ds Ltari 120 +
y2
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(KMu 2 Pv dc 2 fds EYta + _H
0.66tan 2 + (H - y) tan -y Ltanl2° 4-98a
0.66 H2 L

Factring10(KLM)uL 3 (KLM)u2
n i 2  2(225dc)PVdc 2 fds tan 12' +

2 H2

(H- y) tan I 1
(y-L + ) 4-98b

tan 12*

Dividing each side by pR the horizontal reinforcement ratio, and rearranging
ib 2H 45 10 (KI4) u (L/H)

-450 (.-)tan 2L- +

PHdc 3 fds (y/H) 2

SY L Y tarn 1S2[
3.. . + (1 u +- 4-98c

{ H $1 tan 120

- 281'( -
PHt dc3 fds PH(yl)2

Y L Y

4.70 (KLM)u [.. + 4.'70 (i- ) tan 1 4-99
H 1. if

where

0.2126
7-12'° tan-,( 4-100

y/L

The solution for partial failure (deflection Xl,) for the above two-way
element is obtained in a similar manner. Substituting the general expressions
for partial failure into Equation 4-96 yields:

Sib 2 H PV ( L/H )
- 957 (--) (KLM)u 4-101

PHdc 3 fds PH ( y/H )2

Equations 4-99 and 4-101 can be rewritten as:

ib 2 H
- 1 C 

4-102
pH dc 3 fds
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ib 2H

- Cu 4-103

Pu dc 3 fds

where the right-hand side of the equation is designated as the impulse
coefficient. The impulse coefficient Cu is used for incipient failure design
(maximiun deflection equals Xu) whereas C1 is for partial failure design
(maximum deflTection equals Xl). These impulse coefficients are a proportional
measure of the impulse capacity under the resistance-deflection curve up to
the maximum deflection.

Expressions for the impulse coefficients of elements with various support
conditions and yield line locations have been derived as above. Equations for
C1 and Cu for two-way elements are given in Table 4-9 and Table 4-10, respec-
tively. For one-way elements which do not exhibit the secondary resistance
range (XI - Xu), the coefficient Cl is equal to Cu. In addition, for a given
support condition, Cu for a one-way element is a constant value. Table 4-11
gives the values of Cu for one-way elements.

4-33.3. Design Equations for Deflections X, and X.

For design purposes, Equations 4-102 and 4-103 can be rewritten as:

.22

Pu dc ib 4-104

Cl fds

ib2H
P d 3  4-105

Cu fds

For a two-way element CI and Cu are functions of support conditions, aspect
ratio, yield line location, reinforcement ratios and the load-mass factors.
It was shown in Chapter 3 the (KLM)u for a two-way element varies with the
yield line location ratio y/H or x/L. Furthermore, it was shown that yield
line location ratio is a function of the span ratio L/H and the moment ratio
[(MVN + MVp)/(MHN + MHp)]. Since the cross sections used for large deflection
design are equally reinforced on each face, the moment ratio is, in effect,
the ratio of the reinforcement ratio pv/PH. Thus it can be seen that the
impulse coefficients are solely functions of L/H and PV/PH for a given support
condition.

To facilitate the design procedure, charts have been constructed for the
impulse coefficients C1 and Cu for two-way elements as a function of pV/pH and
L/H. These curves for various support conditions are given in Figures 4-30
through 4-32 for C1 and Figures 4-33 through 4-35 for Cu. For one-way
elements Cu is a constant (see Table 4-11).

4-33.4. Optimtm Reinforceiaent

A prime factor in the design of any facility is construction economy. Proper
selection of section sizes and reinforcing steel will result in a design
having optimum capacity and minimum cost. See discussion in paragraph 4-23.1.
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To determine the optimum design of any particular two-way structural element,
consideration must be given to the following:

1. There is an ideal distribution of flexural reinforcement, defined
by the reinforcement ratio pV/PH, which is independent of section
depth. This ratio will yield the maximum blast impulse capacity
for a given total amount of flexural reinforcement PT-

2. There is an ideal relationship between the quantity of reinfor-
cement to the quantity of concrete which will result in the
minimum cost of an element. This relationship is defined by the
total percentage of reinforcement in one face of an element. This
total percentage PT is the sum of the vertical and horizontal
reinforcement ratios, PV and PH, respectively.

4-33.4.1. Optimum Reinforcement Distribution

The blast impulse capacity Af an element varies with the distribution of the
reinforcement even though the total amount of reinforcement and the concrete
thickness remains the same. This optimum reinforcement ratio varies for
different support conditions as a function of the aspect ratio L/H. In
addition, the optimum ratio is different for partial failure and incipient
failure design.

To illustrate the determination of the optimum reinforcement distribution
ratio PV/PH, consider a two-way panel fixed on three sides. The panel has an
aspect ratio L/H equal to 3 and a total percentage of reinforcement PT equal
to 1 percent. For various values of PV/PH, the impulse capacity can be
determined for both partial and incipient failure design from Figures 4-31 and
434, respectively.

If (ib 2 H1)/(dc 3 fds is plotted versus PVPH the resulting curves are shown in
Figure 4-36. The ideal pV/pH occurs at the maximum value of ib 2 H/dc3 fds and
is indicated on the illustration as 1.58 for incipient failure and 1.93 for
partial failure design. Increasing or decreasing tne total amount of steel

PT, will shift the curves up or down but not effect the optimum pV/pH ratiu.
This optimum pV/Pji ratio for other L/H ratios and support conditions are
determined from similarly constructed curves.

The optimum values of PV/PH for various support conditions are plotted as a
function of the aspect ratio. Figure 4-37 gives the optimum reinforcement for
partial failure design, while Figure 4-38 gives the optimum ratio for in-
cipient failure design.

The optimum reinforcement ratio for partial failure design alw6ys results in
positive yield lines which bisect the 90 degree angle at the corners of the
element (45 degree yield lines) for all support conditions. Consequently, all
supports reach the maximum rotation of 12 degrees simultaneously and they are
all on the verge of failure. Therefore, the optimum condition for partial
failure is a particular case of incipient failure. This condition is evident
from the common point on Figure 4-36. It can also be seen frem this figure
that at PV/PH ratios other than the common point, partial failure design is
more conservative than incipient failure design which includes the post
ultimate range. The optimun Pv/Pp ratio for partial failure design maximizes
the impulse capacity up to X, leaving no reserve capacity (post ultimate
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range). Therefore, at this ratio, the capacity is numerically equal to that
for incipient failure design. Whi]e there is no quantitative advantage to
optimum partial failure design over incipient failure design, there is a
qualitative advantage. The elements remain intact since all supports are on
the verge of failure as opposed to optimum incipient failure where some
supports have failed and the remaining supports are on the verge of failure.
In this latter case, there is unknown secondary cracking which is not ac-
counted for in the design.

As previously explaine4, incipl.ent failure design includes the capacity from
two-way acti-n of an ulement up to partial failure X1 , and the capacity of
one-way action up to incipient failure Xu. Except as explained below, the
optimtu reinforc;ment ratio for incipient failure design results from maximiz-
ing the ca-acity due to one-way actiOL* after partial failure (post-ultimate
range). The resulting optimum reinforcement ratios for incipient failure

design producc various yield line configurations depending upon the support
conditions. For four edges fixed, the optimum reinforcement ratio is 0.25 and
4.0 for aspect ratios less than and greater than one, respectively. This
distribution maximizes the post ultimate one-way action in the shorter
direction. For two edges fixed, the increase in capacity due to cantilever
action in the post ultimate range is less than the decrease in capacity of the
ultimate range. Thus, for these elements, the capacity cannot be increased
above that for partial failure, and the optimum ratio for incipient failure
design is the same as for partial failure design (45 degree yield lines). For
three edges fixed, the post ultimate range capacity is due to either can-
tilever action in the vertical direction or fixed-fixed beam action in the
horizontal direction. In regions where the post ultimate range consists of
cantilever action (L/H ratio in the immediate vicinity of 2 and L/H ratio
greater than 4) the optimum ratio is the same as for partial failure. For L/H
ratios less than 1.5, the post ultimate range consists of fixed-fixed beam
action and, therefore, the optimum ratio is equal to 0.25. Between these L/H
regions, neither behavior dominates and the resulting optimum PV/PH ratios
maximizes the combination of ultimate and post ultimate range capacities.

4-33.4.2. Optimum Total Percentage of Reinforcement

The optimum total percentage of reinforcement PT gives the relationship
between the quantity of reinforcement to the quantity of concrete which
results in the minimum cost of an element. The total percentage of reinforce-
ment in one face of the element is defined as:

PT - PV + PH4-106

The optim'ui percentage of reinforcement depends upon the relative costs of the
concrete and reinforcing steel. Based on the average costs of concrete and
steel, the optimum percentage of reinforcement PT has been determined to be
between 0.6 and 0.8 percent, with 0.7 being a reasonable value to be used for
design. However, for large projects, a detailed cost analysis may result in a
more economical design.

In the usual design situation, the optimum pV/pH ratio is first determined
E based on the support conditions and aspect ratio. Knowing this ratio, C1 or

Cu is determined and along with the given values of ib H, fds' Equation 4-104
or 4-105 results in:

4-101



TM 5-1300/NAVFAC P-397/AFR 88-22

PHdc - constant 4-107

With the known values of PV/PH and the optimum total percentage of reinforce-
ment equal to 0.7, the required quantity of horizontal reinforcement PH is
calculatcd. The required thickness of the element is then calculated from
Equation 4-107.

In some design cases, it may be desirable to reduce the concrete thicki, ss
below the optimum thickness. The quantity of reinforcement in excess of the
optimum PT must be prcvided to obtain the necessary impulse capacity. The
cost increase is small for total percentages of steel in the vicinity of the
optimum value of PT- In fact, the use of PT equal to 1 percent will result in
a cost increase of less than 10 percent. Beyond 1 percent reinforcement, the
cost increase is more rapid. However, except for very thin elements, the use
of reinforcement in excess of 1 percent is impractical since the required
detail3 cannot be maintained with such large quantities of reinforcing steel.
For thick walls providing evern the optimum PT of 0.7 percent may be impracti-
cal and PT may have to be reduced to as low as 0.3 percent (minimum reinforce-
ment of 0.15 percent in each direction) in order to permit placement of the
reinforcing steel. The total reinforcement PT may also be less than optimum
if a minimum concrete thickness is required to prevent fragment penetration.
When the minimum quantity of reinforcement is provided whether for strength or
to satisfy minimum requirements, the resulting cost may be far in excess of
optimum.

In some cases of incipient failure design, the optimum reinforcement ratio
PV/PH is equal to 0.25 or 4.0. However, in most cases, it is impractical to
provide four times as much reinforcement in one direction as in the other
direction. Since the minimum required percentage of reinforcement in a given
direction is 0.15, the orthogonal direction would require 0.6 percent for a
total percentage of 0.75. Although this percentage is approximately equal to
the optimum percentage of 0.7. it may still be impractical in all but thin
walls. Consequently, in such design situations, a trade off between optimum
reinforcement ratio PV/PH and the optimum total percentage reinforcement PT
must be made for an economical desigii.

4-33.5 Design Equation for Deflections Less than X, or Xu

For certain conditions, it ir sometimes desired to design a structural element
for maximum deflections other than partial failure deflectiun X, or incipient
failure deflection Xu. For those cases, the impulse coefficients can be
scaled relative to the deflections.

For a maximum defiection Xm in the deflection range X1 < Xm < Xu, Equation 4-
107 becomes

where

212

3 bX

PH c c4-1-10
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For a maximum deflecti.in corresponding to a support rotation greater than 5
degrees, but less than XI, Equation 4-108 becomes

PH dc3 ib 4-110

C'ifds

where

C11 - (- ) CI 4-111
X-1

The optimum pV/pH ratio for a given element is a constant for any deflection
less than partial failure deflection Y 1 , and is determined from Figure 4-37.
In the deflection range X, < Xm< Xu the optimum pV/pH ratio varies with the
maximum doflection. However, or design purp.ses, the values from Figure 4-38
for incipient failure may be used.

4-33.6. Design Equations for Unspalled Cross Sections

The impulse coefficients derived above may also be used for type II or
unspalled cross sections. However, the general form of the equation is
slightly modified to account for the change in the physical properties of the
cross section. For a type II cross section, the full thickness of concrete
element is included in calculating the effective mass. Thus, the design
equations for the impulse coefficients of unspalled sections take the form:

Pu Tc de 2 _ b 4-112
"'l fds

ib2H

PH Tc dc2 - 4-113
Cu fds

where Tc is the total thickness of the concrete section.

The optimum reinforcement ratios and the impulse coefficients are the same for
spalled and unspalled cross sections The design procedure for unspalled
cross sections is very similar to the procedure described in Section 4-33.4.2.
The total thickness of concrete Tc (-an be expressed in terms of dc by ap-
proximating the value of d'. The value of d' can be estimated by determining
the required concrete cover and assuming the reinforcing bar sizes.

4-34. Flexural Design for Limited Deflections

In the design of elements for large deflections, only the plastic range
behavior of the element was considered, since the capacity due to elasto-
plastic behavior is relatively small. For elements where support rotations
are limited to 5 degrees or less, the elasto-plastic :ange is a significant
portion of the element's total capacity as well as of its deflected shape.
Therefcre, it must be included in the determination of the response of such
elements.
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The blast impulse capacity of an element whose maximum deflection is less than
or equal to 5 degrees was given in Chapter 3 as

ib2H ru XE Ma
S- + - rii (Xm - XE) 4-114

2ma 2 mu
where

ma - average of the effective elastic and plastic unit masses

XE - equivalent elastic deflection

This is an equation which is suitable for analysis rather than design.
Impulse coefficients could theoretically be derived in a similar manner as
that for large deflections . However, the equivalent elastic deflection cannot
be defined by a mathematical expression making the determination of impulse
coefficients for the various support conditions impractical.

The dzcig6 " an element subjected to an impulse load (short duration pres-
sure-time ]u.l) for limited deflections is accomplished using a trial and
error procedure. An element would be assumed (concrete thickness and reinfor-
ccment) and its response determined from the response charts of Chapter 3. A
preliminary estimate of the size of the element can be obtained using the
equations for partial failure design where the impulse, coefficient is modified
for reduced rotations according to Equation 4-110. It should be noted that
this preliminary design will underestimate the required element.

The above procedure would be used for laced elements designed for support
rotations less than 5 degrees. However, if an element is designed for support
rotations less than 2 degrees and single leg stirrup,; are used in place of
lacing reinforcement, the above prelimiary estimate of the size of the
element may not be used. Since the position of the flexural reinforcement is
not altered for single leg stirrups , an average dc may not be used. Two
values of dc must be determined; one for the vertical reinforcement and second
for the horLzontal reinforcement. Therefore, the capacity of the element
(flexural and shear capacity) must be determined according to the procedures
for conventional reinforced slabs.

4-35 Design for Shear

4-35.1. General

After the flexural design of an element has been completed, the required
quantity of shear reinforcement must be determined. This shear reinforcement
insures that the desired flexural behavior in the ductile mode will be
attained. The design of the lacing reinforcement has been discussed in
previous sections. This section is concerned with the determination of the
shear stresses and forces to be used in the design equations.

Shear coefficients can be derived in a manner similar to that used to derive
the impulse coefficients above. The equations for support shear given in
Chapter 3 and for the ultimate shear stress given in Section 4-27 show that
the shear reinforcement is a function of the resistance of the element and not
of the applied load. The shear forces and stresse3 vary as the ultimate unit
resistance, the geometry and yield line locations of the element, and the
section depth. If ru is evaluated and substituted into these shear expres-
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sions, it can be shown that the ultimate support shear V. can be represented
as an equation in the general form

Pd C2fds

Vs - C 4-115
L

and the ultimate shear stress at distance dc from the support as

vu CPfds 4-116

where
C - shear coefficient

p - flexural reinforcement ratio

fds - dynamic design stress of the flexural reinforcement

The shear coefficient is different for each case and also different for one-
way and two-way elements. Specific values are indicated in the following
paragraphs of this section.

4-35.2. Ultimate Shear Stress

4-35.2.1. One-Way Elements

The ultimate shear stress vu at distance dc from the support for a one-way
element is

vu - CdPfds 4-117

where Cd is the shear coeffici.ent and a function of the ratio of dc/L. Values
of Cd are shown in Table 4-12.

4-35.2.2. Two-Way Elements

The ultimate shear. stress VuH in the horizontal direction (along side H) at a
distance dc from the support for a two-way element is given as

Vuf - CHPHfds 4-118

and in the vertical direction (along side L) as

VuV - CvPvfds 4-119

where CH and CV are the horizontal and vertical shear coefficients, respec-
tively. The shear coefficients, given in Table 4-13, vary as dc/x or dc/y for
the triangular sectors and as x/L and dc/H or y/H and d./L for the trapezoidal
sectors. The solution for the shear coefficients is presented graphically in
Figures 4-39 through 4-52.

The shear coefficients for the triangular sectors, can be read directly from
eithel" Figure 4-39 or 4-40, since the yield line location is the only variable
involved. Plotting the shear coefficients for the trapezoidal sectors for a
particular support condition yields a family of curves. That is, the shear
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coefficient is plotted versus dc/L for various values of yiH (or dc/H for
various values of x/L). The maximum value of the shear coefficient is
different for each curve of y/H or x/L and occurs at various values of d0 /L or
dc/H. Therefore, these family of curves overlap and accurate interpolation
between curves is difficult.

Using a method of coordinate transformation, the family of curves has been
reduced to a set of curves with a common maximum point defined (using the
horizontal shear coefficient as an example) by CH/CM - 1 and (dc/L)/(dc/L)M -

1. The quantities CH and (dc/L)M represent the coordinates of the maximum
point on the original famil of curves for y/H and x/L. The left-hand
portions of the curves becowe identical, and accurate interpolation in the
right-hand portion is now possible. This transformation results in two
figures to define the shear coefficient for a particular support condition and
yield line pattern.

The above sets of curves are presented in Figures 4-41 through 4-52. When
using these curves, the shear parameter curve for the applicable support
condition is entered first with the value of x/L or y/H to determine CM and
(dc/H)M or (dc/L)M. The second curve is then used to determine CH or CV.

It should be noted that when designing two-way panels for incipient f&ilure,
the shear stresses in the post-ultimate range must also be checked using the
equations for one-way elements.

4-35.3. Ultimate Support Shears

4-35.3.1. One-Way element

The ultimate support shear V. for a one-way element ia

p dc fds
Vs - Cs 4-120

L

where Cs is the shear coefficient and is a constant for a given support

condition. Values of C. for several one-way elements are given in Table 4-14.

4-35.3.2. Two-Way Elements

For a two-way element, the ultimate support shear VsH in the horizontal
direction (along side H) is represented as

PH de 2 fds
VsH - Cs 4-121

L

and VsV, in the vertical direction (along side L) is

PV dc2 fds
VsV - CsV

H

where CsH and Csv are the horizontal and vertical shear coefficients, respec-
A• tively. For a given support condition, these coefficients ",ary as the yield

4-106
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line location ratios x/L or y/H. The shear coefficients are listed in Table
4 4-15 and for the trapezoidal sectors only are plotted in Figures 4-53 through

4-56 for various support conditions.

F|
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Table 4-9 Impulse Coefficient CI for Two-Way Elements

Edge Yield Line
Conditions Locations Limits Impulse CoefficientC_

(KLM)ý

Two adjacent <<) 957 /)-.
edges supported -H 98•

atid two edges
free y/L 957(K )(pv/pH)

(KLM). (pvwPH) (LIH)L 9~~l 0 57 (/

(KL___• ,
I5 ox_/H:l 957

Three edges H_( ./)'

supported and
one edge free 0<: y/L•< 957

L / 2-"' -. •l J< 4 71 8 (K l, ) . (p v i, p ,) ( L -)

01,ii)
x ,,..,, <=I~t_ 907 (K1----

...... ./2 LI2 47 -
Four edqes
supported 0: <(KLU y)(pm ,)

LLI2_< /2 478 (vi),
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Table 4-1t Impulse Coefficient Cu for One-Way Elements

IMPULSE

EDGE CONDITIONS COEFFICIENTS
Cu

CANTILEVER 127

FIXED SUPPORTS 510

L
4----
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Table 4-12 Shear Coefficients for Ultimate Shear Stress at Distance dc
from the Support for One-Way Elements (Cross Section Type II and III)

ULTIMATE SHEAR
EDGE CONDMIONS STRESS COEFFICIENTS

Cd

CANTI LEVER - - - 2 C91 L

FIXED SUPPORTS, 16 L 2

L
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Table 4-14 Shear Coefficients for Ultimate Support Shear for One-Way Elements
(Cross Section Type II and III)

ULTIMATE SUPPORT
EDGE CONDITIONS SHEAR COEFFICIEN~TS

CS

CANTILEVER XXL XY. fl2

FIXED SUPPORTS 8
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Table 4-15 Shear Coefficients for Ultimate Support Shear for Two-Way Elements
(Cross Section Type 1I and III)

rA. eono "e , Yidd Hoe location lforiloatad utItOW support Vertic Ilumat siupoet
hmr coe.aInt C.,I &hear co.m nt •'.1

8 6 (2 -x/L) (3 +2x/L)
Two adjacent edges A--/-L (O--/L)(3-2/L)

fixed and two edges 4 'I
free 27 7T777

6(2-y/H) (3+2y/H) /

X (O-y6 f()---ly)(l) Y IL

Three edges fixed and 6

one edge free (

12(2-y/H) 6

L
Four edges fixed --1L 7/ 71 (3-4x/L)

or2(3-y1/H) 6I/

S-y
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COMPOSITE CONSTRUCTION

4-36. Composite Construction

4-36.1. General

Composite elements are composed of two concrete panels (donor and acceptor)
separated by a sand-filled cavity. They have characteristics which are useful
in the blast resistant design of structures located close-in to a detonation.
For a large quantity cf explosives, replacing a single concrete panel with a
composite element can result in a considerable cost savings. It is not
usually cost effective to use a composite element for smaller quantities of
explosives where a single concrete panel would be three feet thick or less.
Where a single concrete panel would be between thr, 2 and five feet thick, a
detailed cost analysis is required to determine whether or riot a composite
element would be more cost effective.

Composite walls are generally used as barricades to prevent propagation of
explosion between large quantities of explosives. These structures are
usually designed for incipient failure. Composite elements may be designed to
provide higher degrees of protection, but the massive walls (greater than 5
feet thick) that make composite elements cost effective are generally not
required in such cases. If the maximum support rotation is limited to 4
degrees or less, and a composite element is shown to be cost effective, single
leg stirrups may be used instead of lacing reinforcement. Walls using single
leg stirrups are somewhat more economical than laced walls.

Composite elements can also be useful for reducing the hazard due to direct
spallii.g. Spalled fragments from the donor panel are trapped in the sand fill
and, therefore, are of no concern. Spalling of the acceptor panel can be
eliminated by maintaining the required minimum thickness and maximum density
of the sand fill given in Section 4-56.2.

The m(chanisms by which composite elements resist the blast pressures are (1)
the strength and ductility of the concrete panels and (2) the blast attenuat-
ing ability of the sand fill. The attenuation of the blast by the sand is
accomplished by (1) the increased mass it affords to the concrete portions of
the wall, (2) the increased distance the blast wave must travel due to the
increased wall thickness produced by the sand (dispersion of blast wave) and
(3) the blast energy absorbed by the displacement and compression of the sand
particles.

4-36.2. Blast Attenuation Ability of Sand TlI.

The method for calculating the impulse capacity of composite elements is
similar tr that for single laced concrete elements except that the blast
attenuating ability of the sand must be included in the calculation. The
blast wave attenuat 4.on is partly due to the increased mass ot the slab. When
computing the impulse capacity of each concrete panel, the total effective
mass includes both the mass of the concrete and the mass of one-half of the
sand. This increased mass is taken into account by multiplying the impulse
coefficients for spalled sections, by

,
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+ (-)(/d 4-123
2 wc 2

or for unspalled sections by

ws Ts ]
Tc(- ) /Tc 4-124

wc 2

where
ws- weight density of sand

wc- weight density of concrete

Ts - thickness of sand fill

The attenuating ability of the sand due to blast wave dispersion and energy
absorption is a function of the thickness and density of the sand, the impulse
capacity of the concrete panels and the quantity of explosive. Figures 4-57
and 4-58 have been developed to predict the impulse capacity of the concrete
element for a sand density equal to 85 pcf and 100 pcf, respectively. These
figures are based on identical donor and acceptor panels. The effect of the
quantity of explosive is taken into account through the use of "scaled"
parameters which are defined as follows:

Tc
Tc - 4-12512WI/3

TT

Ts - 4-126
12Wl/3

iba
~~baiba -WI/3 4-127

ia

Ta WI/ 3  4-128

where

Tc - scaled thickness of concrete panel

W - weight of explosive charge

Ts scaled thickness of sand

iba- scaled blast impulse which can be resisted by acceptor panel

iba- blast impulse capacity of acceptor panel
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i - sum of scaled blast impulse resisted by the acceptor panel
and the scaled blast impulse absorbed by the sand

ia sum of blast impulse capacity of the acceptor panel and the
blast impulse absorbed by the sand

Explosion response slab tests have indicated that the density of the s~and fill

affects the amount of blast energy absorbed by- the sand displacement, i.e.,:1 the higher the initial sand density, the smaller amount of blast energy
absorbed. Also, it was observed in the above response tests that for a unit
weight of sand equal to 100 pcf, the deflection of the donor panel is ap-

~T4 proximately equal in magnitu,-d to the deflection of the acceptor panel. on
the other hand, with a unit weight of sand fill, equal to ý5 pcf, it was
observed that the deflection of the donor panel usually was significantly
larger than that of the acceptor panel. This latter phenomenon was caused by
the fact that, with the lower density, the sand had more voids and, therefore,
more room for movement of the sand particles. This sand movement in turn
permitted larger displacements of the donor panel before the near solid state

of the sand occurred.

Based on the above information, it can be seen that if near equal displacement
of the donor and receiver panels are desired, then a unit weight of sand fill
equal to 100 pcf should be used. A variation of the displacement of donor and
receiver panels can be achieved using a unit weight of sand equal to 85 pcf,
but the actual variation cannot be predicted.

Since the impulse capacity of composite elements is a function of the density
of the sand, it is important to prevent the sand from compacting due to its
own weight and/or water drainage. Several uossible methods for maintaining
the proper sand density are discussed in subsequent sections concerned with
construction details of composite elements.

4-36.3. Procedure for Design of Composite Elements

The design of composite elements is a trial and error procedure. By using
Figures 4-56 and 4-57 and the impulse coefficients of previous sections, the
calculations are gre~itly simplified. The donor and acceptor slabs are
identic a' making it necessary to design only one wall. The depth of the sand
fill is usually equal to the total thickness of the two concrete panels.
Using the procedures in the previous sections, each panel is designed to have
a blast impulse capacity slightly less than half the required. This includes
the in~crease in capacity due to the additional mass of the sand (Equations 4-
123 and 4-124). It should be noted that the design is based on the assumption
that both panels will attain the same deflection. If the density of the sand
fill is 85 pcf, this will not be true. The donor panel will probably have a
larger deflection than the acceptor panel. Since the actual deflection of
each panel cannot be predicted, it must be assumed that the design deflection
is an average of the two.

With the blast impulse capacity of the two concrete panels, Figure 4-56 or 4-
57 is used to determine the total blast capacity of the composite element.

Ask The following procedure illustrates the use of these figures.
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i. Using the given charge weight calculate the scaled thickness of

the concrete panel and the sand, Tc and Ts, respectively.

2. Calculate the scaled impulse capacity which can be resisted by the

donor panel ibd and the acceptor panel 1-ba"

3. Using either Figure 4-56 or 4-57

a) Enter the ordinate at. value of il t a'

b) Proceed horiz<.titall.y from iba to Ts.

c) Proceed vertive'.liy from T to Tc"

d) Proceed horizontally from T to ia

c a (the sum of the scaled
unit blast impulse resisted by the acceptor panel and the
scaled unit impulse absorbed by the sand).

4. calculate the summations of ibd and 'a to get the total unit

im1I:!e which can be resisted by the composite wall ibt.

5. Dtt~rwine the scaled unit blast impulse ib acting on the composite
e1ewiit.

6. Compare [bt and ib- If the blast impulse which can be resisted by
the composite element is not greater than or equal. to the impulse
produced by the blast then the impulse capacity of the walls
should be increased and/or the thickness of the sand increased.
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ULTIMATE DYNAMIC STRENGTH OF REINFORCED CONCRETE BEAMS

4-37 Introduction

Blast resistant concrete buildings subjected to external blast pressures are
generally shear wall structures rather than rigid frame structures. Shear
wall structures respond to lateral loads in a somewhat different manner than
rigid frame structures; the basic difference being the manner in which the
lateral loads are transferred to the foundation. In rigid frame structures
the lateral loads are transmitted to the foundation through bending of the
columns. Whereas, in shear wall strucures, the lateral forces are transmitted
to the foundation through both bending and shearing action of the shear walls.
Shear walls are inherently strong and will resist large lateral forces.
Consequently, shear wall structures are inherently capable of resisting blast
loads and can be designed to resist substantially large blast loads whereas
rigid frame structures cannot be economically designed to resist significan'.
blast loads.

In shear wall structures, beams and columns are usually provided between shear
walls to carry the vertical loads including blast loads on the roof and not to
transmit lateral loads to the foundation. For example, blast loads applied to
the front wall of a two-story shear wall structure are transmitted through the
roof and intermediate floor slabs to the shear walls (perpendicular walls) and
thus to the foundation. The front wall spans vertically between the founda-
tion, the floor, and the roof slab. The upper floor and roof slabs act as
deep beams, and in turn, transmit the front wall reactions to the shear walls.
The roof and floor beams are no!- sublected to significant axial loads due to
th,;' diaphragm action of the slabs.

The design of beams as presented in the following sections applies to beams in
shear wall type structures rather than rigid frame structures. The design
procedure presenteJ is for transverse loads only; axial loads are not
considered. However, the procedure includes the design for torsion. The
design of beams is similar to the design of slabs as described in sections
4-13 through 4-18. The most significant and yet not very important difference
in the design procedurL is that in the case of a slab the calculations are
based on a unit area, whereas, for a beam, they are based on a unit length of
beam,

Beams may be designed to attain limited or lare deflections in the same
manner as non-laced slabs. However, unlike non-laced slabs which in some
cases do not require shear reinforcement (sinZ1.e leg stirrups), shear reinfor-
cement in the form of closed ties must always be provided in beams. Under
flexural action, a beam may attaiu deflections corresponding to 2 degrees
support rotation with a type I cross-section to provide the ultimate moment
capacity. The flexural action may be extended to 4 degrees support: rotation
if equal tension and compression reinforcement is furnished. A type II or III.
cross-section provides the ultimate moment capacity and the required closed
ties restrain the compression Leinforcement. If sufficient lateral restraint
is provided, the beam may attain 8 degrees support rotation under tension
membrane action. The above support rotations are incipient failure conditions
for the structural configurations described.

Beams are primary support members and, as such, are generally not permitted to
attain large plastic deformations. For personnel protection, the maximum
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deflection is limited to a support rotatijn of 2.0 degrees. Structures
intended to protect equipment and/or explosives may be designed for deflec-
tions up to incipient failure conditions.

Beams are generally employed in structures designed to resist the effects
associated with far range explosions. In these structures, beams are usually
used in the roof as primary support members and as secondary support members
such as pilasters around door openings. To a far lesser extent, beams are
designed to resist the effects of close-in detonations in containment type
structures. In these cases, they are generally used as secondary support
members such as pilasters around door openings. Large tensile forces are
induced in containment type structures and, therefore, these structures lend
themselves to tension membrane action when the applicable design criteria
permits large d&formations,

The interrelationship between the various parameters involved in the design of
beams is readily described with the use of the idealized resistance deflection
curve shown in Figure 4-59.

4-38. Ultimate Moment Capacity

4-38.1. Tension Reinforcement Only

The ultimate dynamic resisting moment Mu of a rectangular beam section of
width b with tension reinforcement only (type I) is given by:

Mu As fds (d - a/2) 4-129

and:
As fds

a 4-130
0.85b f'dc

where:
Mu ultimate moment capacity

AA - total area of tension reinforcement within the beam

fds " dynamic design stress of reinforccment

d - distance from extreme compression fiber to centroid of
tension reinforcement

a - depth of equivalent rectangular stress block

b width of beam

f'dc" dynamic ultimate compressive strength of concrete

The reinforcement ratio p is defined as:

As
p 4-131

bd
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and to insure against sudden compression failures, the reinforcement ratio p
must not exceed 0.75 of the ratio Pb which produces balanced conditions at
ultimate strength and is given by:

0.85K1 f'dc 87,000Pb -J4-132

fds 87,000 + fds

where:

K, - 0.85 for f'dc up to 4,000 psi and is reduced by 0.05 for
each 1,000 psi in excess of 4,000 psi

4-38.2. Tension and Compression Reinforcemont

The ultimate dynamic resisting moment M. of a rectangular beam section of
width b with compression reinforcement is given by:

Mu - (As - A'3 ) fds (d . a/2) + A' fls (d - d') 4.133

and:
(As " A's) fds

a - 4-134
0.85 b Vdc

ANIL where:
A'8 - total area of compression. roinforcement within the beam

d' - distance from extreme compression fiber to centroid of

compression reinfo:'cement

The compression reinforcement ratio p' is defined as:

A'
p- 4-135

bd

Equation 4-133 is valid only when the compression reinforcement yields at
ultimate strength. This condition is satisfied when:

f' dc, d' 87,000
p-p' • 0.85 K1  4-136

fds d 87,000 -fds

In addition, the qua.itity p-p' must not exceed 0.75 of the value of Pb given
in Equation 4-132 in order to insure against sudden compression failures. If
p-p' is less than the value given by Equation 4-136, the ultimate resisting
moment should not exceed the value given by Equation 4-129.

I• For the design of concrete beams subjected to far range blast loads which are
to attain support rotations of 2 degrees or less, it is recommended that the
ultimate resisting moment be computed using Equation 4-129 even though a

4-151



TM 5-1300/NAVFAC P-397/AFR 88-22

considerable amount of compression reinforcement is required to resist rebound
loads. It should be noted that a large amount of compression steel that does
not yield due to the linear strain variation across the depth of the section,
has a negligible effect on the total capacity.

For type II or III cross-sections, the ultimate resisting moment Mu of a
rectangular beam section of width b is given by:

Mu - As fds dc 4-137
where

As - area of tension or compression reinfornement within the
width b

dc - distance between the centroids of the compression and the
tension reinforcement

The above moment capacity can only be obtained when the areas of the tension
and compression reinforcement are equal. In addition, the support rotation
must be greater than 2 degrees except for close-in designs where direct
spalling may occur and result in a type III.

4-38.3. Minimum Flexural Reinforcement

To insure proper structural behavior under both conventional and blast
loadings, a minimum amount of flexural reinforcement is required. The minimum
reinforcement required for beams is somewhat greater than that required for
slabs since an overload load in a slab would be distributed laterally and a
sudden failure will be less likely. The minimum required quantity of reinfor-
cement is given by:

p - 2 0 0 /fy 4-138

which, for 60,000 psi yield strength steel, is equal to a reinforcement rstio
of 0.0033. This minimum reinforcement ratio applies to the tension. steel at
mid-span of simply supported beams and to the tension steel at the supports
and mid-span of fixed-end beams.

Concrete beams with tension reinforcement only are not permitted. Compression
reinforcement, at least equal to one-half the required tension reinforcement,
must be provided. This reinforcement is required to resist the ever present
rebound forces. Depending upon the magnitude of these rebound forces, the re-
quired compression reinforcement may equal the tension reinforcement.

4-39. Ultimate Shear (Diagonal Tension) Capacity

4-39.1.. Ultimate Shear Stress

The nominal shear stress vu, as a measure of diagonal tension, is computed
from:

Vu
vu 4-139

bd

where:
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vu- nominal shear stress

Vu- total shear at critical section

The critical section is taken at a distance -. from the face of the support for
those members that cause compression in t' r supports. The shear at sections
between the face of the support and the section d therefrom need not be
considered critical. For those members that cause tension in their supports,
the critical section is at the face of the supports.

4-39.2. Shear Capacity of Unreinforced Concrete

The shoar sLre.4s permitted on an unreinforced web of a beam subjected to
flexure only is limited to:

[1.9 f'd1/2 + 2,500 p 5 3.5 f'dc/2 4-140

where:
Vc - maximum shear capacity of an unreinforced web

p - reinforcement ratio of the tension reinforcement at the
support

4-39.3. Design of Shear Reinforcement

Whenever the nominal shear stress vu exceeds the shear capacity vc of the
concrete, shear reinforcement must be provided to carry the excess. Closed
ties placed perpendicular to the flexural reinforcement must be used to
furnish the additional shear capacity. Open stirrups, either single or double
leg, are not permitted. The required area of shear reinforcement is calcu-
lated using:

v (Vu ,v) b Ss]

h"IIIAV - 4-141

fdy
where:

Av - total area of stirrups

V vuc - excess shear stress p tf n

ss - spacing of stirrups in the direction parallel to the longi-
tudinal reinforcement

capacity reduction factor equal to 0.85

4-39.4. Minimum Shear Reinforcement

In order to insure the full development of the flexural reinforcement in atin
beam, a premature shear failure must be prevented. The following l.imitations

must be considered in the design of closed ties:

1. The design shear stress (excess shear stress vu - vc) used in
Equation 4-140 shall be equal to or greater than the shear
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capccity of unreinforced concrete vc as obtained from equation
4-139,

2. The nomipal shear stress vu must not exceed 10 ( f'd) 1 /2.*

3. The area AV of closed ties should not be less than 0.0015 bss.

4. The required area Av of closed ties shall be determined at the
critical section and this quantity and spacing of reinforcement
shall be used throughout the entire member.

5. The maximum spacing of closed ties is limited to d/2 when vu - vc
is lcss Lhan 4 ( f'de) 1 / 2 or 24 inches whichever is smaller.
When vu - vc is greater than 4 ( ftdc)1/2 the maximum spacing is
limited to d/4.

4-40. Direct Shear

Direct shear failure of a member is characterized by the rapid propagation of
a vertical crack through the depth of the member. This crack is usually
located at the supports where the maximum shear stresses occur. Failure of
this type is possible even in members reinforced for diagonal tension.

Diagonal bars are required at supports to prevent direct shear failure: when
the design suppcrt rotation exceeds 20 (unless the beam is simply supported),
when the design support rotation is : 20 but the direct shear capacity of the
concrete is insufficient, or when the section is in tension. Diagonal
reinforcement consists of inclined bars which extend from the support into the
beam.

Diagonal bars are not typically recommentrded in beams. Therefore, beams should
be designed for small rotations and with an adequate cross-sectional area for
the direct shear capacity of the concrete, Vd, to exceed the ultimate direct
shear force, Vs.

If the design support rotation, 8, is less than or equal to 20 (6 s 2°), or if
the section, with any rotation 8, is simply supported (total moment capacity
of adjoining elements at the support must be significantly less than the
moment capacity of the section being checked for direct shear), then the
ultimate direct shear force, Vd, that can be resisted by the concrete in a
slab is given by Equation 4-30.

If the design support rotation, a, is greater than 20 (8 > 20), or if a
section (with any support rotation) is in net tension, then the ultimate
direct shear capacity of the concrete, Vd, is zero and diagonal bars are
required to take all direct sheat.

If diagonal bars must be used, the required cross-sectional area i2:

Ad - (Vsb - Vd)/(fdssin(a)) 4-142

where:

Vd - 0.18 f'dc bd. (8 ! 20 or simple supports),
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or Vd - 0 (9 > 2* or section in tension).

and Ad - total area of diagonal bars at the support within a width bld
Vs- shear at the support of unit width b

a- angle formed by the plane of the diagonal reinforcement and
the longitudinal rainforcement.

4-41. Ultimate Torsion Capacity

4-41.1. General

In addition to the flexural effects considered above, concrete beams may be
subjected to torsional moments. Torsion rarely occurs alone in reinforced
concreto beams. It is present more often in combination with transverse shear
and bending. Torsion may be a primary influence but more frequently it is a
secondary effect. If neglected,. torsional stresses can cause distress or
failure.

Torsion is encountered in beams that are unsymmetrically loaded. Beams are
subject to twist if the slabs on each side are not the same span or if they
have different loads. Severe torsion will result on beams that are essenti-
ally loaded from one side. This condition exists for beams around an opening
in a roof slab and for pilasters around a door opening.

The design for tor ion presented in this Section is limited to rqctangular
sections. For a beam-slab system subjected to conventional loaL Ig condi-
tions, a portion of the slab will assist the beam in resisting tursional
moments. However, in blast resistant design, a plastic hinge is usually formed
in the slab at the beam and, consequently, the slab is not effective in
resisting torsional moments.

4-41.2. Ultimate Torsional Stiess

The nominal torsional stress in a rectangular beam in the vertical direction
(along h) is given by:

3Tu

V(tu)V - b 2 h 4-143

and the nominal torsional stress in the horizontal direction (along b) is
given by:

3 Tu
V(tu)H - bh2 4-144

where:

Vtu - non.1nal torsional stress

Tu - total torsional moment at critical section

b - width of beam
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h - overall depth of beam

The critical section for torsion is taken at the same location as diagonal
tension. It should be noted that the torsion stress in the vertical face of
the beam (along h) is maximum when b is less than h whereas the torsion stress
along the horizontal face of the beam (along b) is maximum when b is greater
than h.

4-41.3 Capacity of Unreinforced Concre.te for Combined Shear and Torsion

For a beam subjected to combined shear (diagonal tension) and torsion, the
shear stress and the torsion stress permitted on an unreinfoxced section are
reduced by the presence of the other. The shear stress permitted on an
unreinforced web is limited to:

2 (f'dc)I/2
vc- 4-145

11/2

I 12
1+ Vtu

L L 1.2vu

while the torsion stress taken by the concrete of the same section is limited
to:

S....v,2.4 If' 1c /2

' tc 1 /2  4-146

S•' 1. 2vu

[1+ Vtu

where:
Sc- maximum shear capacity of an unreinforced web

Vtc - maximum torsion capacity of an unreinforced web

v1- nominal shear strds.

Vtu - nominal t-,sion stress in the direction of vu

It should be noted that the shear stress permitted on an unreinforced web of a
beam subjected tc shear only is given by Equation 4-139. Whereas, the torsion
stress permitted on an unreinforced web of a beam subjected to torsion only is
given by:

Vtc - 2.4 (j'dc)I/ 2  4-147

Whenever the nominal shear stress vu exceeds the shear capacity vc of the
concrete, shear reinforcement must be provided to carry the excess. This
quantity of shear reinforcement is calculated using Equation 4-140 except the
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value of vc shall be obtained from Equation 4-144 which includes the effects

0of torsion.

4-41.4. Design of Torsion Reinforcement

4-41.4.1. Design of Closed Ties

Whenever the nominal torsion stress vtu exceeds the maximum torsion capacity
K of the concrete, torsion reinforcement in the shape of closed ties, shall be

provided to carry tte excess. The required area of the vertical leg of the
closed ties is givwn by:

V(tu)V Vtc ) b2 hs
A(t)V - 4-148

St bt ht fdy

and the required area of the horizontal leg of the closed ties is given by:

(V ) - vtc ) bh 2 s)- 4-149

t t bt t fdy

in which:

at - 0.66 + 0.33 (ht/bt) < 1.50 for lit > bt 4-150a

at - 0.66 + 0.33 (bt/ht) < 1.50 for ht > bt 4-150b

where:
t " area of one leg of a closed stirrup resisting torsion within

a distance s

s - spacing of torsion reinforcement in a direction parallel to
the longitudinal reinforcement

P - capacity reduction factor equal to 0.85

bt - center-to-center dimension of a closed rectangular tie along
b

ht- center..to-center dimension of a closed rectangular tie along
h

The size of the closed tie prov!td to resist torsion must be the greater of
that required for the vertical (a-ong h) and horizontal (along b) directions.
For the case of b less than h, the torsion stress in the vertical direction is
maximum and the horizontal direction need not be considered. However, for b
greater than h, the torsion stress in the horizontai direction is maximum. In
this case the required A\t for the vertical and horizontal directions must be
obtained and the greater value used to select the closed stirrup. It shouldbe noted that in the horizontal direction a beam, in shear wall type struc-

tures, is not subjected to lateral shear (slab resists lateral loads) and the
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value of vtc used in Equation 4-148 is calculated from Equation 4-146 which
does not include the effect of shear.

When torsion reinforcement is required, it must be provided in addition to
reinforcement required to resist shear. The closed ties required for torsion
may be combined with those required for she.ar. However, the area furnished
must be the sum of the individually required areas and the most restrictive
requirements for spacing and placement must be met. Figure 4-60 shows several
ways to arrange web reinforcement. For low torsion and shear, it is con-
venient to combine shear and torsional web reinforcement in the form of a
single closed stirrup whose area is equal to At 4. Av/ 2 . For high torsion and
shear, it would be economical to provide torsional and shear reinforcement
separately. Torsional web reinforcement consists of closed stirrups along the
periphery, while the shear web reinforcement is in the form of closed stirrups
distributed along the width of the member. For very high torsion, two closed
stirrups along the periphery may be used. The combined area of the stirrups
must equal At and they must be located as close as possible to each other,
i.e., the minimum separation of the flexural reinforcement. In computing the
required area of stirrups using Equation 4-147, the value of bt should be
equal to the average center-to-center dimension of the closed stirrups as
shown in Figure 4-60.

4-41.4.2. Design of Longitudinal Reinforcement

ln addition to closed stirrups, longitudinal reinforcement must be provided to
resist the longitudinal tension caused by the torsion. The required area of
longitudinal bars Al shall be computed by:

A1 - 2At [ bt + 4-151a

or by:

400bs Vtu 1 bt + ht

A 1 - 2AtJ 4-151bfdy V7tu + Vu s

whichever is greater. When using Equation 4-151b, the value of 2At shall be
greater than or equal to 50 bs/fdy. It should be noted that Equation 4-151a
requires the volume of longitudinal reinforcement to be equal to the volume of
the web reinforcement required by Equation 4-147 or 4-148 unless a greater
amount of longitudinal reinforcement is required to satisfy the minimum
requirements of Equation 4-151b.

Longitudinal bars should be uniformly distributed around the perimeter of the
cross section with a spacing not exceeding 12 inches. At least one lon-
gitudinal bar should be placed in each corner of thi closed stirrups. A
typical arrangement of longitudinal bars is shown in Figure 4-60 where
torsional longitudinal bars that are located in the flexural tension zone and
flexural compression zone may be combined with the flexural steel.
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The addition of torsional and flexural longitudinal reinforcement in the
flexural compression zone is not reasonable. It is illogical to add torsional
steel that is in tension to the flexural steel that is in compression. This
method of adding torsional steel to flexural steel regardless of whether the
latter is in tension or in compression is adopted purely for simplicity. For
blast resistant design, flexural reinforcement added but not included in the
calculation of the ultimate resistance could cause a shear failure. The
actual ultimate resistance could be significantly greater than the ,alculated
ultimate resistance for which the shear reinforcement is provided. Therefore,
torsional longitudinal reinforcement cannot be indiscriminately placed but
rather must be placed only where required.

In the design of a beam subjected to both flexure and torsion, torsional
longitudinal reinforcement is first asswiied to be uniformly distributed around
the perimeter of the beam. The reinforcement required along the vertical face
of the beam will always be provided. However, in the flexural compression
zone, the reinforcement that should be used is the greater of the flexural
compression steel (rebound reinforcement) or the torsional steel. In terms of
the typical arrangement of reinforcement in Figure 4-60, either A's or A1 is
used, whichever is greater, as the design steel area in the flexural compres-
sion zone. For the tension zone at the mid span of a unifoivmly loaded beam
the torsional stress is zero and torns.onal longitudinal reinforcement is not
added. Conversely, the tension zone at the supports is the location of peak
torsional stresses and longitudinal torsional reinforcement must be added to
the flexural steel.

4-41.5. Minimum Torsion Roinforcement

ln the design of closed ties for beams subjected to both shear and torsion,
the following limitations must be considered:

1. The minimum quantity of closed ties provided in a beam subjected
to both shear and torsion sihall not be less than that required for
a beam subjected to shear alone.

2. The maximwum nominal shear stress vu must not exceed 10 (f' )l/2

3. The maximum nominal torsion stress Vtu shall not exceed

12/12 (f'd12

1/2

[1+ (1. vu) /(vtu)]

4. The required spacing of closed stirrups shall not exceed (bt +
ht)/4 or 12 inches nor the maximum spacing required for closed
ties in beams subjected to shear only.

5. The required areas AV and A, shall be determined at the critical
section and this quantity and spacing of reinforcement shall be
used throughout the entire bea
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6. To insure the full development of the ties, they shall be closed
using 135-degree hooks.

4-42. Flexural Design

4-42.1. Introduction

The flexural design of beams is very similar to the design of non-laced
concrete slabs. The main difference is that in the case of a slab the
calculations are performed based on a unit area, whereas for a beam, they are
based on a unit length of beam. In addition, since beams are one-way members,
the distribution of mutually perpendicular reinforcement does not have to be
considered.

4-42.2. Small Deflections

The design range for small deflections may be divided into two regions; beams
with support rotations less than 2 degrees (limited deflections) and support
rotations between 2 and 4 degrees. Except for the type of cross-section
available to resist moment, the design procedure is the same.

A concrete section and reinforcement are assumed. Using the equations of
section 4-38 (Equation 4-129 for type I cross-sections, Equation 4..137 for
type II and III cross-sections) the moment capacities of the trial section is
computed. The moment capacities are required to calculate thie ultimate unit.1e istance ru and the equivalent elastic deflection XE. These parameters,
along with the natural period of vibration Tn, define the equivalent single-
degree-of-freedom system of the beam, and are discussed in detail in Chapter3.

A dynamic analysis (see section 4-43) is performed to check if the beam meets
the allowable deflection criteria. Finally, the assumed section is designed
for shear and torsion, if applicable. If the beam does not meet the allowable
responue criteria, the required shear reinforcement is excessive, or the beam
is overdesigned, a new conczete section is selected, and the entire design
procedure is repeated.

4-42.3. Large Deflections

4-42.3.1. Introduction

Design of reinforced concrete beams for support rotations greater than 4
degrees depends on their ability to act as a tensile membrane. Late-ral
restraint of the beam must be provided to achieve this action. Thus, if
lateral restraint does not exist, tensile membrane action is not developed and
the beam reaches incipient failure at 4 degrees support rotation. However, if
lateral restraint exists, deflection of the beam induces membrane action and
axial forces. These axial tension forces provide the means for the beam to
continue to develop substantial resistance up to maximum support rotations of
approximately 12 degrees.

4-42.3.2. Lateral Restraint

Adequate lateral restraint of the reinforcement is mandatory in order for the
beam to develop and the designer to utilize the benefits of tensile membrane
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behavior. Sufficient lateral restraint is provided if the reinforcement iA
adequately anchored into adjacent supporting members capable of resisting the
axial forces induced by tensile membrane action.

Tensile membrane behavior should not be considered in the design process
unless full external lateral restraint is provided. Full lateral restraint

17 means that adjacent members can effectively resist a to~al lateral force
equivalent to the ultimate strength of all continuous reinforcement in the
beam. This external resistance is more difficult to realize for beams than
for slabs due to thR concentration of the end reactions.

4-42.3.3. Resistance - Deflection Curve

The re•istance-deflecjion curve for a beam is the same as that fot a slab
which is shown in Figure 4-18. The initial portion of the cur%-e is primarily
due to flexural action (increased capacity due to possible compression forces
is not shown). At 4 degrees support rotation, the beam loses flexural
capacity, flowever, due to the presence of continuous reinforcement and
adequate lateral restraint, te:;sile membrane action developed. The resistance
due to this action increases with increasing deflection up to incipient
failure at approximately 12 degrees support rotation.

In order to simplify the design calculations, the resistance is assumed to be
due to flexural action throughout the entire range of behavior (same procedure
for slab calculations). To approximate the energy absorbei under the actual
resistance-def"Iection curve, the maximumii support of the idealized is limited

Ab to 8 degrees. Design for this deflection would produce incipient failur3
conditions.

For the design of a laterally restrained beam for 8 degrees support rotation,
a type III cross-section is used to compute the ultimate moment capacity of
the section as well as to provide the mass to ;resist motion. The stress in
the reinforcement fds would be equal to that corresponding to support rota-
tions 5 < em :< 12 given in Table 4-2. At every section throughout the beam,
the tension and compression reinforcement must be continuous in order to
develop the tensile membrane action discussed below.

4-42.3.4. Ultimate Tensile Membrane Capacity

As can be seen in Figure 4-18, tensile membrane resistance is a function of
deflection. It is also a function of the !.,pan length and the amount of
continuous reinforcement. The tonsil-, membrane resistance rt of a laterally
restrained beam at a deflection X is expressed as:

8T

in which

"T - As f 4-153Sedy

* where
r tensile membrane resistance
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X - def) ection of the beam

T - force in the cortinuous reinforcement A

L - clear span

Asc - total area of continuous reinforceinent

Even thcugh the capacity of a laterally reh.trained beam is based on flexural
action, adequate tensile membrane capacity muzt be provided, that is,
sufficient continuous reinforcement must be provicied so that the tensile
membrane resistance rt- corresponding to 8 degrees support rotation must be
grea'er than the flexural resistax,:ze ru. The deflection is computed as a
function of the plastic hinge loeations. The force in the cc.ntinuous
reinforcement is calculated using the dynamic design stress fds corresponding

to 8 degrees support rotation (Table 4-2).

4-42.3.5. Flexural Design

Since the actual tensile membrane resist ance-deflection curve is replaced with
an equivalent flevural curve, the design of a beam for large deflections is
greatly simplified, The design is performed in a similar manner as for small
deflections. However, sufficient continuous reinforcemenc must be provided to
develop the required tensile membrane resistance. This reinforcement must be
fully anchored in the lateral supports. Care must be taken to ensure that the
lateral supports are capable of resisting the lateral force T as given in
Equation 4-153.

4-43. Dynamir Analysis

4-43.1. Design for Shock Load

When a concrete slab supported by beams is subjected tc a blast load, the slab
and beams act together to resist the load. The beam-slab systemiu is actually a
two-mass system and should be treated as such. However, a reasonable design
can be achieved by considering the slab and beams separately. That is, the
slab and beams are transformed into single-degree-of-freedom systems coin-
pletely independent of each other and are analyzed sepacately. The dynamic
analysis of slabs is treated extensively in previous sections.

The equivalent single-degree-of..freedom system of any st.ructural element is
defined in terms of its ultimate unit resistance, ru, equivalent elastic
deflection XE and natural period of vibration TN. The ultimate unit resis-
tance is obtained from the teble for one-way elements in Chapter 3 for the
momer.t capacity given above. The procedures and parameters necessary to
obtain the equivalent elastic deflection and natural period are also obtained
from Chapter 3.

Chapter 2 describes procedures for determining the dynamic load which is
defined by its peak value P and duration T. For the ratios, P/ru and T/TN the
ductility ratio XI/XF and t,1/T can be obtained from the response charts of
Chapter 3. These values Y,,, whi.ch is the maximum deflection, and tin, the time
to reach the maximum deflection define the dynamic response of the beam.
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A beam is designed to resist the blast load acting over the tributary area
supported by the beanm. Therefore, tha peak value of the blast load P is the
product of the unit peak blast pressure times the spacing of the beams, and
has the unit of pounds per inch.

In addition tc the short term effect of the blast load, a beam must be able to
withstand the long term effect of the resistance of the element(s) being
supported by the beam when the response time of the ele;ment(s) is equal to or
greater than the duration of the blast load. To insure against premature
failure, the ultimate resistance of the beam must be greater than the reaction
of the supported element (slab, wall, blast door, etc.) applied to the beam as
a static load.

In the case of a supported slab, the slab does, in fact, act with the beam; a
po::tion of the mass of the slab acts with the mass of the beam to resist the
dynamic load. It is, therefore, recommended that 20 percent of the mass of
the slab (or blast door, wall, etc.) on each side of the beam be added to the
actual mass of the beam. This increased mass is then used to compute the
natural period of vibration TN of the beam. It should be noted that in the
calculation of TN the values used for the effective mass and stiffness of the
beam depends upon the allowable maximum deflection. When designing for
completely elastic behavior, the elastic stiffness is used while, in other
caaes, the equivalent elasto-plastic stiffness KE is used. The elastic value
of the effective mass is used for the elastic range while, in the elasto-
plastic range, the effective mass is the average of the elastic and elasto-
plastic values. For small plastic deformations, the value of the effective
mass is equal to the average of the equivalent elastic value and the plastic
value while for large plastic deformations, the effective mass is equal to 1l1e
plastic value.

4-43.2. Design for Rebound

The beam must be designed to resist the negative deflection or rebound which
occurs after the maximtum positive deflection has been reached. The negative
resistance r', attained by the beam when subjected to a triangular pressure-
time load, is obtained from figure 3-268 in Chapter 3. Entering the figure
with the ratios of Xm/XE and T/TN, previously determined for the positive
phase of design, the ratio of the required rebound resistance to the ultimate
resistance C 7ru is obtained. The beam must be reinforced to withstand this
rebound resistance r" to insure that the beam will remain elastic during
rebound.

The tension reinforcement provided to withstand rebound forces is added to
what is needed for the compression zone during the initial loading phase. To
obtain this reinforcement, the beam is essentially designed for a negative
load equal to the calculated value of r-. However, in no case shall the
rebound reinforcement be less than one-half of the positive phase reinforce-
ment. The moment capacities and the rebound resistance capacity are calcu-
lated using the same equations previously presented.• I
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DYNAMIC DESIGN OF I14TERIOR COLUMNIS

4-44. Introduction

The design of columns is limited 'o those in shear wall type structures where
the lateral loads are transmitted through the floor and roof slabs to the
exterior (and interior, if required) shear walls. Due to the extreme stiff-
ness of the shear walls, there is negligible sidesway in the interior columns
and, hence, no induced moments due to lateral loads. Therefore, interior
columns are axially loaded members not subjected to the effects of lateral
load. However, significant moments can result from unsymmetrical loading
conditions.

4-45. Strength of Compression Members (P-M Curve)

4-45.1. General

The capacity of a short compression member is based primarily on the strength
of its cross section. The behavior of the member encompasses that of both a
beam and a column. The degree to which either behavior predominates depends
upon the relative magnitudes of the axial load and moment. The capacity of be
the column can be determined by constructing an interaction diagram as shown
in Figure 4-61. This curve is a plot of the column axial load capacity versus
the moment it can simultaneously withstand. Points on this diagram are
calculated to satisfy both stress and strain compatibility. A single curve
would be constructed for a given cross section with a specified quantity of
reinforcement. The plot of a given loading condition that falls within the
area represents a loading combination that the column can support, whereas, a
plot that falls outside the interaction curve represents a failure combina-
tion. Three points of the interaction diagram are used to define the behavior
of compression members under combined axial and flexural loads. These points
are: (1) pure compression (PO, M - 0), (2) pure flexure (P - 0, M.), and, (3)
balanced conditions (Pb, Mb)) The eccentricity of the design axial load for
the condition of pure compression is zero. However, under actual conditions,
pure axial loads will ra..jly, if ever, exist. Therefore, the maximum axial
load is limited by a minimum eccentricity, elfin. At balanced conditions, the
eccentricity is defined as eb while the eccentricity at pure flexure is
infinity. The strength of a section is controlled by compression when the
design eccentricity e - Mu/Pu, is smaller than the eccentricity under balanced
conditions. The strength of the section is controlled by tension when the
design eccentricity is greater than that for balanced conditions.

4-45.2. Pure Compression

The ultimate dynamic strength of a short reinforced concrete columin subjected
to pure axial load (no bending moments) is given by:

w e " 0.85 f'dc(Ag Ast) + Ast fdy 4-154
where: Po-9

Po - maximum axial load

Ag- gross area of section

Ast - total area of reinforcing steel
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A member subjected to pure axial compression is a hypothetical situation since
all columns are subjected to some moment due to actual load conditions. All
tied and spiral columns must be designed for a minimum load eccentricity.
This minimum design sit-uation is presented in a subsequent section.

4-45.3. Pure Flexure

An interior column of a shear wall type structure cannot be subjected to pure
flexure under normal design conditions. For the purpose of plotting a P-M
curve, the criteria presented for beams is used,

4-45.4. Balanced Conditions

A balanced strain condition for a column subjected to a dynamic load is
achieved when the concrete reaches its limiting strain of 0.003 in/in simul-
taneously with the tension steel reaching its dynamic yield stress fdy' This
condition occurs under the action of the balanced load Pi, and the correspond-
ing balanced moment Mb. At balanced conditions, the eccentricity of the load
is defined as eb, and is given by:

b Mb/Pb 4-1155

The actual values of the balanced load and corresponding balanced moment are
generally not required. The balanced eccentricity is the important parameter
since a comparison of the actual eccentricity to the balanced eccentricity
distinguishes whether the strength of the section is controlled by tension or
compression. The comparison of the actual eccentricity to the balanced eccen-
tricity dictates the choice of the appropriate equation for calculating the.
ultimate axial load capacity, Pu"

Approximate expressions have been derived for the balanced eccentricity for
both rectangular and circular members. These expressions are sufficiently
accurate for design purposes. For a rectangular tied column with equal
reinforcement on opposite faces (Fig. 4-62a). the balanced eccentricity is
given by:

eb 0.20h + (l.54wAs)/b 4-1.56
and:

m- (fdy) / (0.85 ft dc) 4-157

where:
eb - balanced eccentricity

hi - depth of rectangular section

b - width of rectangular section

AO - area of reinforcement on one face of the section
For a circular section with spiral reinforcement (Fig. 4-62b), the balanced

eccentricity is given by:

eb- (0.24 + 0.39 p Dm) D 4-158

and:
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PT - Ast/Ag 4-159

where:

PT - total percentage of reinforcement

Ast - total area of reinforcement

Ag gross area of circular section

D - overall diameter of circular section

4-45.5. Compression Controls

When the ultimate eccentric load Pu exceeds the balanced value Pb, or when the
eccentricity e is less than the balanced value eb, the member acts more as a
column than as a beam. Failure of the section is initiated by crushing of the
concrete. When the concrete reaches its ultimate strain, the tension steel
has not reached its yield point and may actually be in compression rather than
tension, The ultimate eccentric load at a given eccentricity e less than eb
may be obtained by considering the actual strain variation as the unknown and
using the principles of statics. However, equations have been developed which
approximate the capacity of the column. These approximate procedures are
adequate for design purposes.

For a rectangular tied coltunn with equal reinforcement on opposite faces (Fig.
4-62a), the ultimate axial load capacity at a given eccentricity is approxi-
mated by:

Abh f'dc
AP "dy f bh -'d 4-160

[e/(2d-h)] + 0.5 (3he/d 2 ) + 1.18

where:

P- ultimate axial load at actual eccentricity e

e - actual eccentricity of applied load

SAs area of reinforcement on one face of the section

d - distance from extreme compression fiber to centroid of
tension reinforcement

1 h - depth of rectangular section

b - width of rectangular section

For a circular section with spiral reinforcement, the ultimate axial load

capacity at a given eccentricity is approximated by:
i• [ st fdy A f'gde

Pu t d | + A .. . . . . .. _ | 4-161

3e 9. 6 De i_ _°

/ + 1.0 + 1.18

DJ (1 D +0.67 D5 )
2
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where:

Ast - total area of uniformly distributed longitudinal reinforce-
ment

Ag - grosr area of circular section

D - overalIj. diameter of circular section

Ds - diameter of the circ~e through centers of reinforcement

arranged in a circular pattern

4-45.6. Tension Controls

Wnen the ultimate eccentric load Pu is liss than the balance value Pb or when
the eccentricity e is greater than the balanwed value eb, the member acts mnore
as a beam than as a column. Failure of the suction is initiated by yield.ng
of the tension steel. The ultimate eccentric load at a given eccentricity e
greater tha:1 eb may bp obtained by considering the actual strain variation az
the url..iown and using the principles of statics.

However, again, equatiors have been developed to approximate the capacity of
the column. It should be pointed out that while tension controls are a
possible design situation it is not an usual condition for interior columns, of
a shear wall type structure.

For a rectangular tied column wit-h equal roinforcement on opposite faces (Fig.
4-62a), the ultintate axial load capacity at a given eccentricity is approxi-
mated by:

Pu - 0.85 f'dc bd l-p -- +

11 el 1/2]
+ 2p [(m-1) (2 -) + - 4-162

Sd d~

in which:

ps - A / bd 4-163

el - e + d - (h/2) 4-164

m - fdy / (0.85 f'dc) 4-165

where:
p - percentage of reinforcement on one face of section

e' - eccentricity of axial load at the end of member measured

from the centroid of the tension reinforcement
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For a circular section with spiral reinforcement (Fig. 4-62b), the ultimate
axial load capacity at a given eccentricity is approximated by:

.85e 
PTmDs 1/2

Pu- 0.85 f'dcD2 K 0.38)2 +
D 2.5D

0.85e7
0.38 4-166

D

where:

PT - total percentage of reinforcement and is defined in Equation
4-159

4-46. Slenderness Effects

4-46.1. General

The preceding section discussed the capacity of short compression members.
The strength of these members is based primarily on their cross section. The
effects of buckling and lateral deflection on the strength of these short
members are small enough to be neglected. Such members are not in danger of
buckling prior to achieving their ultimate strength based on the properties of
the cross section. Further, the lateral deflections of short compression
members subjected to bending moments are small, thus coni.ributing little
secondary bending moment (axial load P multiplied by lateral deflection).
These buckling and deflection effects reduce the ultimate strength of a
compression member below the value given in the preceding section for short
columns.

In the design of colum-ns for blast resistant buildings, the use of short
columns is preferred. The cross section is selected for the given height and
support condiiJorns of the column in accordance with criteria presented below
for short coltumns. If the short column cross section results in a capacity
much greater than required, the dimensions may be reduced to achieve an
economical. design. However, slenderness effects must be evaluated to insure
an adequate design. It should be noted that for shear wall type structures,
the interior columns are not subjected to sidesway deflections since lateral
loads are resisted by the stiff shear walls. Consequently, slenderness
effects due to buckling and secondary bending moments (Pa) are the only
effects that must be considered.

4-46.2. Slenderness Ratio

The unsupported length Lu of a compression member is taken as the clear
distance between floor slabs, beams, or other members capable of providing
lateral support for the compression member. Where column capitals or haunches
are pre'ient, the unsupported length is measured to the lower extremity of
capital or haunch in the plane considered.
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The effective length of a column kLu is actually the equivalent: length of a
pin ended column. For a column with pin ends the effective length is equal to
the actual unsupported length (k - 1.0). Where translation of the col'Wlin at
both ends is adequately prevented (braced column), the effective length of the
column is the distance between points of inflection (k less than 1.0). It is
recommended chat for the design of columns in shear wall type structures the
effective length factor k may be taken as 0.9 for columns that are definitely
rest:.ained by beams and girders at the top arid bottom. Vor all other cases k
shall be taken as 1.0 unless analysis shows that a lower value may be used.

For columns braced against sidesway, the effects of slenderness may be
neglected when:

kLu Ml
< 34 - 12- 4-167

r M2

* where:

k - effective length factor

Lu - unsupported length of colhs~n

r - radius of gyration of cross section of column (r - 0.3h for
tied columns and 0.25D for circular coltmlns)

M1 - value of smaller end moment on col~un, positive if member is
Ah bent in single curvature and negative in double curvature

M, - value of larger end moment on coluimn

iE lieu of a more accurate analysis, the value of MI/M 2 may conservatively be
taken equal to 1.0. Thereiore, in the design of columns the effect of
slenderness may be neglectea when:

kLu
- : 22 4-168

r

The use of slender columns is not permitted in order to avoid stability
problems. Consequently, the slenderness ratio must be limitd to a maximum
value of 50.

4-46.3. Moment Magnification

Slenderness effects due to buckling and secondary bending moments must be
considered in the design of columns whose slenderness ratio is greater than
that given by Equation 4-167. The reduction in the ultimate strength of a
slender colt in is accounted for in the design procedure by increasing the
design moment. The cross section and/or reinforcement is thereby increased
above that required for a short column.

S• A column braced against sidesway is designed for the applied axial load P and
a magnified moment M defined by:
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M- 6 M2  4-169

in which:

Cm
6- 4-170

P
1 --

PC

where:
M - design moment

6 - moment magnifier

M2 - value of larger end moment on column

Cm - equivalent moment correction factor defined by equation
4-171

MI - value of smaller end moment on column

P - design axial load

PC - critical axial load causing buckling defined by equation
4-172

The value of the moment magnifier 6 shall not be taken less than 1.0. • M

For columns braced against sidesway and not subjected to transverse loads
between supports, i.e. interior columns of shear wall type structures, the
equivalent moment factor Cm may be taken as:

Cm - 0.6 + 0,4 MI / M2  4-171

The value of Cm may not under any circumstances be taken less than 0.4. In
lieu of a more accurate analysis, the value of MI/M 2 may conservatively be
taken equal to 1.0. Therefore, in the design of interior columns, Cm may be

taken as 1.0.

The critical axial load that causes a column to buckle is given by:

W2 E1

P1 - 4-172
(kLu)

2

In order to apply Equation 4-172, a realistic value of E1 must be obtained for
the section at buckling. An approximate expression for E1 at the time of
buckling is given by:

EQ :a
El - 4-173

1.5
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in which:

la -c4-174

2

and:

Ic- Fbd 3  4-175
where:

Ia - average momeat of inertia of section

I - moment of inertia of gross concrete section about centroidal' g axis, neglecting reinforcement

AIc- moment of inertia of cracked concrete section with equal
reinforcement on opposite faces

F - coefficient given in Figure 4-5

4-47. Dynamic Analysis

Columns are not subjected £o the blast loading directly. Rather, the load
that a column must resist is transmitted through the roof slab, beams and
girders. These members "filter" the dynamic effects of the blast load. Thus,
in buildings designed to obtain plastic deformations, the dynamic load
reaching the columns is typically a fast "static" load, that is, a flat top
pressure time load with a relatively long rise time.

The roof members and columns act together to resist the applied blast load.
However, a reasonable design can be achieved by considering the column
separately from the roof members. The response (resistance-time function) of
the roof members to the blast load is taken as the applied dynamic load acting
on the columns.

Columns are subjected to an actual axial load (with associated eccentricity)
equal to the ultimate resistance of the appropriate roof members acting over
the tributary area supported by the colhun. It is recommended for design of
columns the ultimate axial load be equal to 1.2 times the actual axial load.
This increase insures that the maximum response of the column will be limited
to a ductility ratio (Xm/Xe) of 3.0 or less. If the rise time of the load
(time to reach yield for the appropriate roof members) divided by the natural
period of the column is small (approximately 0.1), the maximum ductility is
limited to 3.0. Whereas, if the time ratio is equal to 1.0 or greater, the
column will remain elastic. For the usual design cases, the ratio of the rise
time to the natural period w.11 be in the vicinity of 1.0. Therefore, the
columns will remain elastic or, at best, sustain slight plastic action.

In some instances, buildings may be designed to remain completely elastic. In
these cases, the actual axial load that the column must resist is equal to the
maximum actual response of the roof members framing into the column. This
response and, therefore, the maximum load on the column, can be no more than
two times the blast load.
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4-48. Design of Tied Columns

4-48.1. General

Interior columns are not usually subjected to excessive bending moments since
sidesway is eliminated by the shear walls. However, significant moments about
both axes can result from unsymmetrical loading conditions. These moments may
be due to unequal spacing between columns or to time phasing of the applied
loads, As a result of the complex load conditions, the columns must be
proportioned considering bending about both the x and y axes simultaneously.

One method of analysis is to use the basic principles of equilibrium with the
acceptable ultimate strength assumptions. This method essentially involves a
trial and error process for obtaining the position of an inclined neutral
axis. This method is sufficiently complex so that no formula may be developed
for practical use.

An approximate design method has been developed which gives satisfactory
results ior biaxial bending. The equation is in the form of an interaction
formula which for design purposes can be written in the form:

Pu Px Py Po

where:

Pu- ultimate load for biaxial bending with eccentricities ex and

Px ultimate load when eccentricity ex is present (ey - 0)

- ultimate load when eccentricity ey is present (ex - 0)

Po " ultimate load for a concentrically loaded column (ex- ey 0)

Equation 4-176 is valid proided Pu is equal to or greater than 0.10 Po0  The
usual design cases for interior columns satisfy this, limitation. The equation
is not reliable where biaxlal bending is prevalent and is accompanied by an
axial force smaller than 0.10 P0. In the case of strongly prevalent bending,
failure is initiated by yielding of the steel (tension controls region of P-M
curve). In this range it is safe and satisfactorily accurate to neglect the
axial force entirely and to calculate the section for biaxial bending only.

This procedure is conservative since the addition of axial load in the tension
controls region increases the moment capacity. It should be mentioned that
the tension controls case would be unusual and, if possible, should be avoided
in the design.

Reinforcement must be provided on all four faces of a tied column with the
reinforcement on opposite fac-s of the column equal. In applying Equation 4-
176 to the design of tied columns, the values of Px and Py are obtained from
Equation 4-160 and 4-162 for the regions where compression and tension control
the design, respectively. The equations are for rectangular columns with--
equal reinforcement on the faces of the column parallel to the axis of
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bending. Consequently, in the calculation of Px and Py, the reinforcement
perpendicular to the axis of bending is neglected. Conversely, the total
quantity of reinforcement provided on all four faces of the column is used to
calculate P0 from Ecuation 4-154. Calculation of Px) P" and P in the manner0 . ,Y0

described will yield a cons. rvative value of Pu from Equation 4-1.76.

4-48.2. Minimum Ecccntricity

Due to the possible complex load conditions that can result in blast design,
all tied columns shall be designed for biaxial bending. If computations show
that there are no moments at the ends of the column or that the computed
eccentricity of the axial load is less than 0.lh, the column must be designed
for a minimum eccentricity equal to 0.1h. The value of h is the depth of tb,,
column in the bending direction considered. The minimum eccentricity sha'
apply to bending in both the x and y directions, simultaneously.

4-48.3. Longitudinal Reinforcement Requirements

To insure proper behavior of a tied column, the longitudinal reinforcement
must meet certain restrictions. The area of longitudinal reinforcement shall
not be less than 0.01 nor more than 0.04 times the gross area of the section.
A minimum of 4 reinforcing bars shall be provided. The size of the lon-
gitudlaal reinforcing bars shall not be less than #6 nor larger than #11. The
use of #14 and #18 bars as well as the use of bundled bars are not recommended
due to problems associated with the development and anchorage of such bars.
To permit proper placement of the concrete, the minhLmum clear distance between
longitudinal bars shall not be less than 1.5 times the nominal diameter of the
longitudinal bars nor 1.5 inches.

4-48.4. Closed Ties Requirements

Lateral ties must enclose all longitudinal bars in compression to insure their
full development. These ties must conform to the following:

1. The ties shall be at least #3 bars for longitudinal bars /#8 or
smaller and at least .14 bars for 1#9 longitudinal bars or greater.

2. To insure the full development of the ties they shall be closed
using 135-degree hooks. The use of 90-degree bends is not recow-
mended.

3. The vertical spacing of the ties shall not exceed 16 longitudinal
bar diameters, 48 tie diameters or ½ of the least dimension of the
column section.

4. The ties shall be lccated vertically not more than k the tie
spacing above the top of footing or slab and not more than k the
tie spacing below the lowest horizontal reinforcement in a slab or
drop panel. Where beams frame into a colLmn, the ties may be
terminated not more than 3 inches below the lowest reinforcement
in the shallowest of the beams.

5. The ties shall be arranged such that every corner and alternate
longitudinal bar shall have lateral support provided by the corner
of a tie with an included angle of not more than 135 degrees and
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no bar shall be farther than 6 inches clear on each side along the
tie from such a laterally supported bar.

The above requirements for the lateral ties is to insure against buckling ofthe longitudinal reinforcement in compression. However, if the section is

subjected to large shear or torsional stresses, the closed ties must be
increased in accordance with the provisions established for beams (see section
4-39).

4-49. Design of Spiral Coluumns

4-49.1. General

Spiral columns may be subjected to significant bending moments about both axes
and should, therefore, be designed for biaxial bending. However, due to the
uniform distribution of the longitudinal reinforcement in the ford of a
circle, the bending moment (or eccentricities) in each direction can be
resolved into a resultant bending moment (or eccentricity). The column can
then be designed for uniaxial bending using Equations 4-161 and 4-166 for the
regions where compression and tension control the design, respectively,

4-49.2. Minimum Eccentricity

Since spiral columns show greater toughness than tied columns, particularly
when eccentricities are small, the minimum eccentiicity for spiral columns is
given as 0.05D in each direction rather than O.lh in each direction for tied
columns. The resultant minimum eccentricity for a spiral column is then equal
to 0.0707D. Therefore, if computations show that there are no moments at the
ends of a column or that the computed resultant eccentricity of the axial load

is less than 0.070/D, the column must be designed for a resultant minimum
eccentricity of 0.0707D.

4-49.3. Longitudinal Reinforcement Requirements

To insure proper behavior of a spiral reinforced column, the longitudinal
reinforcement must meet the same restrictions given for tied columns concern-
ing minimum and maximum area of reinforcement, smallest and largest reinforc-
ing bars permissible and the minimum clear spacing between bars. The only
difference is that for spiral columns the minimum number of longitudinal bars
shall not be less than 6 bars.

4-49.A. Spiral Reinforcing Requirements

Continuous spiral reinforcing must enclose all longitudinal bars in compres-
sion to insure their full development. The required area of spiral reinforce-
ment Asp is given by:

12 f'dc
Asp -0.1125 s Dsp - 4-177

D2]Dsp fdy

where:
Asp- area of spiral reinforcement
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s - pitch of spiral

D - overall. diameter of circular section

Dsp - diameter of the spiral moasured through the centerline of
the splral bar

The spiral reinforcement must conform to the following:

1. Spiral column reinforcement; shall consist of evenly spaced contin-
uous spirals composed of continuous #3 bars or larger. Circular
bars are not permitted.

2. The clear spacing between spiral shall not exceed 3 inches no): be
less than 1 inch.

3. Anchorage of spiral reinforcement shall be provided by I-½ extra
turns of spiral bar at each end.

4. Splices in spiral reinforcement shall be lap splices equal to 1-½
turns of spiral bar.

5. Spira's shall extend from top of footing or slab to level of
lowest horizontal reinforcement in members supported above.

6. In columns with capitals, spirals shall extend to a level at which
the diameter or width of capital is two times that of the column.
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DYNAMIC DESIGN OF EXTERIOR COLUMNS

4-50. Introduc-ticn A

Exterior coltumns may be required for severe loading conditions. These columns
could be monolithic with the exterior walls and as such would be subjected to
both arcial and transverse loading. The axial load results from the direct
transfer of floor and roof beam reactions while the transverse load is due to
the direct impact of the blast load.

The use of exterior columns would normally be restricted to use in framed
structures to transfer roof and floor beam reactions to the foundation.
Normally, only tied columns would be used since they are compatible with the
placement of wall and beam reinforcement. Exterior columns are not normally
required for flat slab structures since roof and floor loads are uniformly
transmitted to the exterior walls.

4-51. Design of Exterior Columns

Exterior columns are generally designed as beam elements. The axial load on
these columns may be significant, but usually the effect of the transverse
load is greater. The column will usually be in the tension controls region (e
greater than eb) of the P-M curve (Fig. 4-61) where the addition of axial load
increases the moment capacity of the member.

Consequently, the design of an exterior column as a beam, where the axial load
is neglected, is conservative.

Since an exterior column is a primary member which is subjected to an axial
load, it is not permitted to attain large plastic deformations. Therefore,
the lateral deflection of exterior columns must be limited to a maximum
ductility (Xm/XE) of 3.
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STRUCTURAL ANALYSIS AND DESIGN FOR BRITTLE MODE RESPONSE

4-52. Introduction

The response of a structural element in the brittle mode consists of that
structural behavior which is associated with either partial or total failure
of the element and is characterized by two types of concrette fragmentation:
(1) spalling (eithei direct.spalling or scabbing) which is the dynamic
disengagement of the surface of the element, and (2) post-failure fragmenta-
tion which is associated with structural collapse.

Spalling is usually of concern only for those acceptor systems where person-
nel, valuable equipment and/or extremely sensitive explosives require protec-
tion. Where the acceptor system consists of relatively insensitive explosives
so that fragment impact will not result in propagation of explosion or mass
detonation, then post-failure fragmentation can be considered in the design.

SFor this latter case, even though the velocity of the spalls can be greater
than the velocity of the post-failure fragments, the effects of spalling can
be neglected because of the smaller masses involved. Post-failure fragmenta-
tion cannot be permitted when personnel are being protected.

4-53. Direct Spalling

Direct spalling of a concrete element (Fig. 4-63) is the result of a tension
failure in the concrete normal to its free surface and is caused by the shock
pressures of an impinging blast wave being transmitted through the element.

When a shock front strikes the donor surface of a concrete element, compres-
sion stresses are transmitted from the air to the element. This stress
disturbance propagates through the element in the form of a compression wave,
and upon reaching the rear (acceptor) free surface, i.s reflected as a tension
wave identical in shape and magnitude to the compression wave During the
return passage, if the tension stresses in the reflected wave exceed the
stresses in the compression wave plus the tensile capacity of the concrete,
the material will fracture with that part of the element between the rear free
surface and the plane of failure being displaced from the remainder of the
element. A portion of the stress wave is trapped in the failed section and
contributes to its velocity. The part of the stress wave which remains within
the main section continues to propagate with additional reflections and
concrete fractures until its magnitude is reduced to that level below which
spalling does not occur.

Direct spalling generally results in the formation of small concrete frag-
ments. The size of the fragments is attributed to the nonuniformity of the
shock wave (close-in effects) and the further distortions of the wave during
its propagation through the element (nonhomogeneous material, rndnelastic
effects, etc.). Localized failures occur under the action of both flexural
and shear stresses resulting in the rupture of the mortar binding the stone
aggregate together. The failure zone propagates across the concrete surface
forming a large number of comparatively small concrete fragments. The
thickness of concrete between the rear (acceptor) surface of the element and
the centroid of the rear face reinforcement is the usual depth of concrete
dynamically disengaged from the element. Although the concrete between the
layers of reinforcement may be cracked to some extent, it is confined by the
flexural and lacing reinforcement, thus preventing its disengagement.
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The size of the surface area which spalls depends upon the magnitude and
duration of the applied blast loads striking and subsequently being trans-
mitted through the element, in addition to the size and shape of the element
itself. For long cantilever-type barricades, only a portion of the wall will
usually spall, since the magnitudes of the applied blast pressures decrease
rapidly along its length, while for cubicle-type structures, the entire wall
surface will usually spall because of the amplification of the blast pressures
due to their multiple reflections within the structures.

A wide range of velocities exists for spalled fragments. The initial velocity
at which spalled fragments leave a structural element has been found to be low
(50 feet per second or less). However, concrete elements subjected to the
close-in effects of a detonation are generally accelerating before or soon
after spalling takes place. This accelerated motion of the element in turn
accelerates spalled fragments. The fragment velocities produced by these
acceleration effects may be as high as several hundred feet per second. For
analytical purposes, an upper limit for the velocities of direct spalled
fragments from elements sensitive to impulse may be taken as the initial
velocity of the element which is also assumed to be the maxinim velocity.
However, for elements which respond to the pressure only or prepsure-time
relationship, an evaluation of the resistance-time and pressuýe-time curves
must be performed to obtain the maximum fragment velocity. The procedures and
equations that are necessary to determine the above velocities are contained
in Section 4-58.

4-54. Scabbing

Scabbing of reinforced concrete elements (Fig. 4-64) is the end result of a
tension failure in the concrete normal to its free surface and is associated
with large deflections. In the later stages of the ductile response mode of a
reinforced concrete element, extremely large deflections are developed
producing larg. strains in the flexural reinforcement and, consequently,
severe cracking and/or crushing of the concrete perpendicular to the free
surfaces. Because the tension and compression strains arc highest at the
surface and since the lacing reinforcement in the later stages of deflection
confinee the concrete between the layers of flexural reinforcement, damage to
the concrete is more severe ac the exterior of the reinforcement than between
the layers. The applied loads having long since passed, the element is in a
stage of deceleration at these large deflections. Therefore, the velocities
of scabbed fragments, which are equal to the velocity of the element at 8 - 50
(start of scabbing), are lower than the velocities of accelerated direct
spall.ed fragments. However, the velocities of scabbed fragments also may be
in the order of several hundred feet per second. Refer to Section 4-58 to
determine the velocity of the element at a support rotation of five degrees.

H• 4-55. Prediction of Concrete Spalling

[ As previously explained, direct spalling is due to a compression wave travel-
A ing through a concrete element, reaching the back face and beirg reflected as
0 a tension wave. Spalling occurs when the tension is greater than the tensile

strength of the concrete. Spalling will occur:

a for: Vir Pr
-- 1,0 when -- 2 1.0 4-178

TC Pr au
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or for:

Vir Pr Tc Pr
- -. 5 1.0 when - 1.0 4-179

Te Pr au Vir

where:

au - 0.1 f'c 4-180

V - (Ec/p)1/2 4-181

and:

Pr - peak normal reflected pressure

au - tensile strength of concrete

V - velocity of compression wave through concrete

ir - normal reflected impulse

Tc - thickness of concrete element

f' - static compressive strength of concrete

Ec - modulus of elasticity of concrete

p - mass density of concrete

Equations 4-178 and 4-179 are shown graphically in Figure 4-65. Use of this
figure predicts the incidence of spalling, that is, whether or not spalling
will occur at the point on the element which is subjected to the peak normal
reflected pressure Pr and impulse ir.

If spalling is predicted, the spalled area cannot be calculated from the above
data. However, the spalled area may be qualitatively estimated by considering
the distance of the plotted point above the line on Figure 4-65. The greater
the distance above the line, the larger the spalled area is likely to be. In
addition, if the average refiected pressure Pb and impulse ib are substituted
for Pr and i respectively, and spalling is still predicted, then the spalled
area will likely include the major portion, if not all, of the element's
surface.

If a concrete element is subjected to side-on pressures only, Figure 4-65 may
still be used to prdict the occurrence of spalling. In this case, the peak
reflected pressure Pr and impulse ir are replaced with peak side-on pressure
Pso and impulse is, respectively.

4-56. Minimization of Effects of Spalling and Scabbing

If it is determined that concrete spall dte to blast loading will occur (using
the procedures outlined in the preceding Section), or that scabbing will occur
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due to large deflections (>5°), then there are several procedures which can be
utilized to minimize its effects.

4-56.1. Design parameters

The occurrence of direct r)..ling can be eliminated by an adjustment of the
charge location, i.e., if an explosive charge is placed at a sufficient
distance away from the surface of an element, the magnitude of the blastpressures striking the element will be less than those which will cause
tension failure of the concrete. Large adjustments of the donor charge
location in a design for the sole purpose of preventing direct spalling is
usually not economically feasible.

Although sufficient separation distance between a detonation and an element
prevents direct spalling, its effect in reducing scabbing is negligible. A
reduction of scabbing is accomplished by limiting the magnitude of the maximum
deflection of the element. By reducing this deflection, the strains in the
concrete and reinforcement are lowered to a level where tensile failure of the
concrete and subsequent scabbed fragment formation is prevented. Scaled ter --
have indicated that scabbing does not occur when deflections are limited to
values less than those corresponding to support rotations of no larger than
five degrees. To maintain the same response of the element, the resistance-
mass product of the element must be increased proportionally to the decrease
in deflection, and this capacity (resistance and/or mass) increase results in
an increased construction cost.

4-56.2. Composite Construction

Direct spalling and scabbing can be eliminated through the use of composite
elements composed o! two concrete panels (donor and acceptor) separated by a
sand-filled cavity. Spalling of the donor panel is not generally of concern
since resulting fragments enLer and ace trapped in the sand fill. On the
other hand, spalling of the receiver panel will endanger the acceptor system.
By maintaining certain design parameters, both direct spalling and scabbing of
the receiver panel can be prevented.

To prevent the occurrence of direct spalling, the high peak blast pressures
applied to the donor panel of a composite element must be attenuated by the
sand fill. This attenuating capability of the sand is attained by providing:
(1) a thickness of the sand fill at least equal to twice the thickness of the
donor panel where the panel thickness is predicated upon the reqaired strength
to resist the applied loads, (2) for one-way elements a ratio of the cavity
thickness to span length not less than 0.2ý for cantilevers and 0.05 for
e' '.ents fixed on two opposite sides shall be used, and for two-way elements
each direction (span) shall be considered separately as shown above: 'the
larger cavity thickness used, and (3) the sand density shall not be grL-ter
than 85 pounds per cubic foot. Since scobbing is eliminated by limiting the
element's deflection, scabbing of composite elements i3 prevented by limiting
the deflection of the acceptor panel to the support rotation previously cited.

Figure 4-66 illustrates the use of composite construction to prevent spalling.
The magnitude of the donor panel. deflection was such that the panel was near
incipient failure, the panel expe'iencing the effects of both direct spalling
and scabbing. On the other hand, the deflection of the acceptor pane3l has
been limited and, therefore, had only minor cracking. Direct spalled or
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scabbed fragments were not formed on the exterior surface of the acceptor
panel.

The use of composite barriers for the sole purpose of eliminating spalling is
not usually economically feasible. However, if the magnitude of the applied
blast loads warrant the use of composite construction, then the elimination of
spalling can be achieved at a sllght increase in cost by conforming to the
previously stated element configurations and response.

4-56.3. Fragment Shields

4-56.3.1. General

Fragment shields are composed of steel plates or other structural material
which can be attached to, or placed a short distance from, a protective
barrier (fig. 4-67). Unlike the other methods, the use of shields does not
reduce or deter the formation of spalled fragments but rather confines and
prevents them from striking the acceptor system.

4-56.3.2. Attached Fragment Shield

If the permissible maximum deflection of a barrier is relatively small, then
steel plates, blast mats, or other similar raterial attached rigidly to the
barrier may be used to confine the concrete fragments, thus preventing their
ejection from the barrier (Fig. 4-67a). It is recommended that for rigidly
attached shields the deflection be liw'ted to a five-degree support rotation
to prevent failure of rhe shield and its connections as a result of excessive
stra~ining.

The velocity of spalled fragments due to the transmission of air blast is
small, However, spalling occurs during the initial response of the element.
Since the element is in motion when spalling occurs, the spalled fragments are
actually being pushed by the concrete element. After the element reaches
maximum velocity, the element and thr attached shield decelerate due to the
flexural resistance of the concrete element. Thie attached shield, therefore,
decelerates the spalled fragments which are confined between the shield and
the unspalled portion of the conc:.ete. The maximum deceleration of the
element and, consequently, of the confined spall fragments is given by:

a - ru/mu 4-182

i where:
a - deceleration of the structural element

ru - ultimate unit resisttince of concxece element

mu - effective unit mass of the concrete element in the plastic
range

The force acting on the shield is due to the inertial force of the fragments.
Thus, the required resistance of the fragment shield must be equal to this
inertial force or: a 4-183
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where:
rfs - ultimate unit resistance of fragment shield

msp mass of the spalled fragments

When calculating the mass of the spalled fragments the actual mas&• oil the
disengaged concrete is used. It is assumed that all the concrete from the
rear face of the element to the centroid of the rear face reinforc'ement
disengages. Thus, the spall thickness for a laced section is:

dsT, - (Tc - dc) /2 4-184

where:
dsp - depth of spalled concrete

Tc - thickness of the concrete element

dc - average distance between the centroids of the compression
and tension reinforcement

An attached fragment shield usually consists of a flat or corrugated steel
plate spanning between angles or channels. The angles or channels act as
beams spanning between anchor bolts. The anchor bolts connect the plate and
beams to the unspalled portion of the concrete. To insure that they do not
fail due to concrete pull-out, the anchor bolts are hooked around the flexural
reinforcement as shown in Figure 4-68. If the required resistance of the
fragment shield is small, the fragment shield may be considered a two-way
spanning member without the supporting beams. In such cases, the shield is
designed as a flat slab with the anchor bolts supporting it at multiples of
the flexural bar intersections. For larger resistances, the plate thickness
would become excessive and the design uneconomical.

4-56.3.3. Separated Fragment Shi.eld

If the barrier is permitted to attain large deflections (greater than five-
degred support rotation) then the shields must be separated from the barrier.
This separation distance should be sufficient to eliminate the possibility of
impact between the deflecting barrier and shield. Fragment shields, separated
from the main protective elements and affording protection against spalled
fragments from the walls and/or roof, are shown in Figure 4-67b. Toe shield
may consist of structural steel, reinforced concrete, wood, etc., arLd must be
designed to resist the impact and penetration of the spalled fragments as well
as the overall motion of the main protective structure and any leakage
pressure which may occur.

To design a separated shield, the mas.: and velocity of the spalled fragments
must be determined. As an approximation, an average velocity for all spalled
fragments can be utilized. The average velocity of the spalled fragments is
taken as equal to the maximum velocity of the element (single-degree-of-
freedom system) so that.:

v - ib/mu 4-185

where:
v - average velocity of spalled fragments
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ib - blast impulse

mu - effective unit mass of the concrete element in the plastic
range

The impulse imparted to the fragment shield by the spalled fragments is equal
to their momentum or:

if,- msp V 4-186

where:
ifs - required impulse capacity of the fragment shield

m - mass of the spalled fragments (Section 4-56.3.2)

The shield is designed to resist this impulse, ifs.

The cost of separated shields may be somewhat more expensive than shields
attached directly to the bar-ier. However, the cost reduction achieved by
permitting the larger barrier deflections may offset the increased cost of the
separated shield.

4-57. Post-Failure Concrete Fragments

When a reinforced concrete element is substantially overloaded by the blast
output, the element fails and concrete fragments (post failure) are formed and
displaced at Nibli velocities. The type of failure as well as the size and
number of the fragments depends upon whether the element has laced or unlaced
reinforcement.

Failure of an unlaced element (Fig. 4-69) is char'cterized by the dispersal of
concrete fragments formed by the cracking and dipliacement of the concrete
between the donor and acceptor layers of the reinforcement. With increased
deflections, these compression forces tend to buckle the reinforcement outward
thereby initiating the rapid C'sintegration of the element.

Laced concrete elemeILs exhibit a different type of failure from unlaced
elements, the failure being characterized b, reinforcement failures occurring
at points of maximum flexural stress (plastic hinges) with the sections of the
element between the points of failure remaining essentially intact. When
fracture due to excessive straining of the tension reinforcement occurs at the
positive yield lines, some small concrete fragments will be formed at the
acceptor side of the barrier. Quite often, if the overload is not too severe,
the compression reinforcement at the hinge points does not fail and thereby
prevents total disengagement of the sections between the hinges (Fig. 4-70).
Irn cubicle type structures where continuous laced and flexural reinforcement
"is used throughout, failuire is s.uaetimes initiated at the positive yield lines
where flexural and lacing reinforcewaent fail, while at the supports, only the
tension reinforcement fails. The intact sections between the failure points
rotate with the compression reinforcement at the supports, acti.ig as the
mechanical hinges of an analogous swinging door (Fig. 4-71). The compression
reinforcement at the supports, serving as hinges, produces rotational rather
than translational motion of the failed sections, and ene-:gy which would
ordinarily result in translational velocities is transferred to sections of
the structure adjacent to the failed element.. In other situations, where
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there is a larger )verloading of the element, the failed sections of the laced
element are completely disengaged and displaced from the structure. The
translational velocities of these sections are usually less than the maximum
velocity of the element at incipient failure.

4-58. Post-Failure Impulse Capacity

4-58.1. General

Elements which protect non-sensitive explosives may be designed for controlled
post-failure fragments with a substantial cost savings. These elements fail
completely, but detonation is prevented by limiting the mass and velocity of
the fragments. Barriers and shelters which will protect personnel, equipment
and/or sensitive explosives cannot be designed for post-failure criteria.
Procedures are presented below for determining the post-failure impulse
capacity of laced elements.

4-58.2. Laced Elements

4-58.2.1. General

The idealized curves of Figure 4-72 illustrate the response of an impulse-
sensitive two-way element when the applied blast impulse load is larger than
it flexural impulse capacity (area under the resistance-time curve, Fig.
4-72a). The asstwiptions made in these curves are the same as those for
impulse-sensitive systems whose response is less than or equal to incipient
failure (Vol. III) namely: (1) the element prior to being loaded in at rest,
and (2) the duration of the applied blast load and the time to reach to yield
are small in comparison to the time to reach the ultimate deflection. In
Figure 4-72 the duration of the applied blast load and time to reach yield
have been taken as equal to zero so that the element will respond and reach
its maximuin velocity instantaneously (i.e., at to - 0, vo - ib/mu).

When the element is designed to remain intact (equal to or less than incipient
failure conditions), its velocity at time tu (deflection Xu) is equal to zero.
However, if the element is overloaded, then the velocity just prior to failure
is a finite value, the magnitude of which depends upon: (1) the magnitude of
the overload, (2) •he magnitude of the flexural capacity, and (3) mas:s of the
element.

When lared elements are overloaded, failure occurs at the hinge lines and the
element breaks into a small number of large sections. The magnitude of the
velocity of each sector at failure vari.es from a maximum at the point of
ma.,imum deflection to zero at the supports. The variation of the fragment
velocity across a section produces tumbling. This tumbling action may result
in an acceptor charge which is located close to the barrier being stuck by
that portion of a failed sector traveling at the highest velocity. If the
acceptor charge is located at a considerable distance from the barrier, the
velocity of the fragments should be taken as the translational velocity. The
translational velocity is approximately equal to the average velocity of the
sector before failure (the average momentum of the element before failure is
equal to the average momentum after failure).

The analytical relatiouship which describes the response of a laced element,
both in its flexural and post-failure ranges of action, is obtained through a
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semigraphical solution of Newton's equation of motion similar to that de-
scribed for incipient failure design in Chapter 3.

If the areas under the pressure-time and resistance-time curves (Fig. 4-72a)
are considered to be positive and negative, respectively, and the velocity of
the system before the onset of the load is zero, the summation of the areas at
any Cime divided by the appropriate effective mass for each range is equal to
the instantaneous velocity at that time. The velocity vi at the incipient
failure deflection Xu (time, tu) may be expressed as:

ib r. ti rup (tu - tl)
vi 4-187

Mu mu mup

where the values of ib, ru, t 1 and tu are defined in Figure 4-72 and mu and
nup are the effective masses of the single-degree-of-freedom system in the
various flexural ranges (ultimate and post-ultimate) of the two-way element.
The acceptor charge is assumed to be close to the barrier, so that the maximum
velocity of the fragment after failure vf is equal to the maximum velocity of
the element at incipient failure vi.

The expression for the deflection at any time may be found by multiplying each
lifferential area (between the time to and the time in question), divided by
the appropriate effective mass, by the time which is defined by the distance
between the centroid of the area and the time in question, and adCLnc, these
values algebraically. Using this procedure and the expression for the
deflection at partial failure (initial failure of a two-way element) the
deflection at time tI is:

ib tI ru t 1 2
XI- 4-188

mu 2mu

while the equation for the deflection at incipient failure at tu is given by:

ib tu ru ti [ tl 1  ru) (tu - tl)2

Xu -- tu- - 4-189

mu [u 2 2 mup

4-58.2.2. Post-Failure Impulze Capacity

The expression for the blast overload impulse capacity of a two-way 'lement
includes both the flexural capacity and the post.-failuie. fragment momentum
portion of the element's response. Solving Equations 4-187 through 4-189

simultaneously gives the expression for the blast overload impulse capacity.
For a two-way element the resulting equation is:

ib2 Mu mu vf2

- - ru X + r (X . XI) + 4-1902mu mup 2

For a one..way element or a twc-way element which does not exhibit a post-

ultimate range, the blast overload impulse capacity is:
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ib 2  2

- - r'uX + 4-191
2mu 2

4-58.2.3. Response Time

The response time is the time at which the elements reach the ultimate
deflection Xu, and failure occurs. -The expression for the response time tu is
found by solving Equations 4-187 and 4-188 simultaneously. The response time
for a two-way element is:

ib mu i r b2  1/2 mu
tu + ib 2mu ruXI - - vf 4-192

mu mu rup ru rup

The response time of a one-way element or for a two-way element which does not

exhibit a post-ultimate range is:

S- Vf 
4-193

ru

4-58.2.4. Design Equations

The basic equations for the analysis of the blast impul: capacity of an
element are given above. However, the form of these equations is not suitable
for design purposes. The use of these equations would require a tedious
trial-and-error solution. Design equations can be derived in the same manner
as for elements designed for incipient failure or less (see Sect. 4-33).

If Equations 4-190 and 4-191 are compared with Equations 4-95 and 4-96, it may
be seen that except for the right-hand term in each of the above equations,
the corresponding analytical expressions are the same if Xu is substituted for
Xm The additional term in the above equations is the kinetic energy of the
fragments after failure. Because of this similarity, Equations 4-190 and
4-191 may be expressed in a form wich will be a function of the impulse
:oefficients (section 4-33), the geometry of the element, applied blast
impulse and a post-failure fragment coefficient. The resulting equation is:

PH dcfd
Pbd -du I+ Cf d,2 vf 2  4-194

H

where ib - applied unit blast impulse

PH " reinforcement ratio in the horizontal direction

dc - distance between centroids of the compression and tension
reinforcement
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d dynamic design stress for the reinforcement

H - span height

Vf - maximum velocity of the post-failure fragments

Cu - impulse coefficient for ultimate deflection Xu

Cf - post-failure fragment coefficient

Equation 4-194 is applicable to both one-way and two-way elements which are
uniformly loaded. Values of Cu can be found in Section 4-33. The post-
failure fragment coefficient takes into account the variation in the effective
mass. It is a function of the element's horizontal and vertical reinforcement
ratios, aspect ratio and boundary conditions. To facilitate tl~e design proce-
dure, values of the post-failure fragment coefficient Cf have been plotted in
Figures 4-73, 4-74 and 4-75 for two-way elements supported on two adjacent
edges, three edges and four edges respectively. For one-way elements, the
value of coefficient Cf is a constant (Cf - 22,500).

4-58.2.5. Optimum Reinforcement

The optimum arrangement of the flexural reinforcement in two-way elements
designed for post-failure fragments will not neressarily be the same as that
for similar elemAnts which are designed for incipient failure damage or less.
The optimum ratio of the vertical to horizontal reinforcement pv,/PH will be a

AM function of the amount of the blast impulse absorbed through the flexural
action of the element in comparison to that which contributes to the momentum
of post-failure fragments. Unlike incipient failure design, the optimum ratio
will va4y with a variation in the depth of the element. As discussed earlier,
the optimum depth of an element and total amount of reinforcement PT is a
function of the relative costs of concrete and reinforcing steel. In a given
situation, the designer must establish, through a trial and error design
procedure and a cost analysis, the optimum depth, reinforcement ratio pv/pH
and total amount of reinforcement PT-

For very large projects. this type of detailed analysis ,uay result significant
cost benefits, but for most projects using the values of pv /pl and PT recom-
mended for incipient failure design will yield an economical design.
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STRUCTURAL BEHAVIOR TO PRIMARY FRAGMENT IMPACT

S~ 4-59. Introduction

4-59.1. Fragment Characteristics

Detonation of cased explosives results in the formation of primary fragments
due to the shattering of the casing. These fragments are usually small in
size and initially travel at velocities in the order of thousands of feet per
second, Upon contact with a barrier, the fragments will either pass through
(perforate), be embedded in (penetrate with or without spalling), or be
deflected by the barrier. The resulting effect is dependent on the interac-
tion of the following factors: (1) the magnitude of the initial velocity, (2)
the distance between the explosion and the barrier, (3) the angle at which the
fragment strikes the barrier (angle of obliquity), and (4) the physical
properties of the fragment (mass, shape and material strength) and the barrier
(concrete strength and thickness).

4-59.2. Velocity and Impact Limitations

This section deals with the situation where a fragment with given properties
strikes a barrier element with a known velocity and where the angle of
obliquity between the trajectory path of the fragment and a normal to the
surface of the barrier is zero degrees (normal impact). The striking velocity
of the fragment is assumed equal to its initial velocity for a detonation in
close proximity to the element or is determined according to the procedure in
Chapter 2 for cases where the fragment travels a distance greater than 20

O feet.

4-60. Fragment Impact on Concrete

4-60.1,. General

When a primary fragment strikes a concrete barrier, penetration i~sisting
pressures, in the order of thousands of psi, act on the cross-sectional area
of the fragment. For a given mass of the fragment, as the striking velocity
is increased, the resisting pressures also increase~, while for an increase in
the cross-sectional area of the fragment, the resisting pressures decrease.
If the fragment can withstand these pressures acting on its frontal surface,
then the amount of penetration will be governed by its mass, shape, and
striking velocity. On the other hand, if the fragmer deforms under the
applied loads, then the resisting pressures in the concrete become effective
over an increased cross-sectional area, thereby reducing the possible penetra-
tioan for a given available kinetic energy of the fragment. Generally, larger
penetrations may be expected with les9 ductile metals such as fragnuents from
armor piercing casings.

As a fragment impinges on a wall surface, a section of the wall adjacent to
the point of impact spalls, forming a crater around the impact area (Fig. 4-
76). This crater is conical in shape but irregular. As the striking velocity
of the fragment increases, the size of the crater also increases. At smallI velocities, the increase in the crater size for a given velocity increment is

O morc rapid than at higher velocities in the order of several thousand feet per
second. At a striking velocity of approximately 1,000 feet per second or
less, the fragment does not usually penetrate beyond the depth of the crater,
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while for larger velocitiLs, the fragment penetrates beyond the front of the
crater and either lodges within or passes through the barrier.
A crater similar to that formed on the front face of the barrier is also

produced on the back side if the kinetic energy of the fragment upon impact is
sufficient to produce excessive tensile stresses in the concrete. As in the
case of the front-face crater the size of the crater on the back face in-
creases with an increase in striking velocity of a particular fragment. The
back-face crater is generally wider and shallower than the front-face crater,
though again the surface of the crater is irregular. Quite often, the kinetic
energy afforded by the striking fragment is only sufficient to dislodge the
concrete on the exterior side of the rear face reinforcement. In this case,
only spalling will occur. As the striking velocity is increased beyond the
limit to cause spalling, the penetration of the fragment into the slab
increases more and more until perforation is attained.

4-60.2. Penetration by Armor-Piercing Fragments

A certain amount of expeiimental data, which is analogous to primary fragment
penetration, has been accumulated in connection with projects to determine the
effects of bombs and projectile impact on concrete structures. This data has
been analyzed in order to develop relationships for the amount of fragment
penetration into concrete elements in terms of the physical properties of both
the metal fragment and the concrete. A general expression for the maximum
penetration into a massive concrete slab (i.e. a slab with infinite thickness)
by an armoi.-piercing fragment has been obtained as follows:

Xf - 4.0 x 10-3 (KND) 0 . 5 d' 1 I Vs 0 -9 for Xf 5 2d, 4-195

Xf- 4.0 x 10-6 KND dl. 2 vs1" 8 + d for Xf > 2d 4-196

and

K - 12.91/(f'c)'/ 2  4-197

where:
Xf - penetration by armor-piercing steel fragments

K - penetrability constant

N - nose shape factor as defined in Figure 4-77

D - caliber density as defined in Figure 4-77

d - fragment diameter

vs - striking velocity

For the standard primary fragment and concrete strength 'c equal to 4,000
psi, Equations 4-195 and 4-196 reduce to the following equations in terms of
fragment diameter (in) and the striking velocity vs (fps):

Xf - 2.86 x 10-3 dl'i v,0-9 for Xf : 2d 4-198

Xf - 2.04 x 10-6 J.12 vsl'8 + d fjr Xf > 2d 4-199

4-206
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Equations 4-198 and 4-199 can also be expressed in terms of fragment weight
(standard shape) as:

Xf - 1.92 x 10- 3 Wf0 ' 3 7 vs 0 "9  for Xf • 2d 4-200

Xf - 1.32 x 10-6 Wf0.4 vsl. + 0. 6 9 5 WfO':3 4-201

for Xf > 2d

Figure 4-78 is a plot of the maximui penetration of a standard fragment

through 4,000 psi concrete for various fragment weights and striking veloci-
ties.

Maximum penetration of fragments in concrete of strengths other than 4,000
psi, may be calculated using the values of Xf from Equation 4-200, 4-201 or
Figure 4-78 and the following equation:

1/2
4,000 1/

X'f- Xf 4-202
C

where:
Xf - maximum penetration into 4,000 psi concrete

X'f - maximum penetration into concrete with compressive strength
equal to f' C

In addition to the weight and striking velocity of a primary fragment, its
shape will also affect the resulting penetration. The sharper the leadiag
edge of a fragment, the greater the distance traveled through the concrete.
The shape indicated in Figure 4-77 is not necessarily the most critical. When
the container of an explosive shatters, it is statistically probable that some
of the resulting fragments will have a sharper shape than the standard bullet
shape assumed in this manual. However, the number of these fragments is
usually very small in comparison to the total number formed, and the probabil-
ity that these sharper fragments will have normal penetrations though the
concrete is low. In most instances, the majority of the primary fragments
will have a more blunt shape than that shown. Therefore, for design purposes,
the normal. penetrations defined for a bullet-shaped fragment can usually be
assuned as critical.

4-60.3. Penetration of Fragments Other than Armor-Piercing

To estimate the concrete penetration of metal fragments other than armor-
piercing, a proceaure has been developed where the concrete penetrating
capabilities of armor-piercing fragments have been related to those of other
metal fragments. This relationship is expressed in terms of relative metal
hardness (the abilit-y of the metal to resist deformation) and density, and is
represented by the constant in Equation 4-203.

X'f - k Xf 4-203
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where:
X'f maximum penetration in concrete of metal fragments other

than armor-piercing fragments

k - constant '.pending on the casing metal, from Table 4-16

Xf - maximum penetration of armor-piercing fragment

It should be noted that Xf is calculated from Equation 4-200, 4-201 or Figure
4-78 if f'c - 4,000 psi, and from Equation 4-202 when Xf is modified for
concrete strengths other than 4,000 psi.

4-60.4. Perforation of Concrete

Quite often the magnitude of the initial kinetic energy of primary fragments
will be large enough to produce perforation of the concrete. The depth of
penetration Xf of a fragment into massive concrete is less than into a wall of
finite thickness due to the high resisting stresses afforded by the massive
concrete. Consequently, the concrete thickness required to prevent perfora-
tion is always greater than the depth of penetration Xf into massive concetv.e.
The minimum thickness of concrete required to prevent perforation can be
expressed in terms of the equivalent depth of penetration into massive
concrete and the fragment size according to the following relationship:

Tpf - 1.13 Xf d 0 "I + 1.311 d 4-204

where:
Tpf - minimum thickness of concrete to prevent perforation by a

given fragment

Xf - depth of penetration corrected for concrete strength and
fragment material

Fragments which perforate a concrete element will have a residual velocity
which may endanger the receiver system. The magnitude of this velocity may be
approximated from the expression which defines the velocity of the fragment at
any time as it penetrates the concrete.

For cases where Xf is less than 2d:
r 0.555

vr/vs- [I- (Tc/Tpf)21 4-205

and for cases where Xf is greater than 2d:

0.555
Vr/vs- [v - (Tc /Tpf)] 4-206

where:
4 Tc - thickness of the concrete, less than or equal to Tpf

Vr- residual velocity of fragment as it leaves the element
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Plots of vr / v. against Tc / Tf according to Equations 4-205 and 4-206 are
presented in Figures 4-79 and 4-80, respectively.

4-60.5. Spalling due to Fragment Impact

When a primary fragment traveling at a high velocity strikes the donor surface
of a concrete barrier, large compression stresses are produced in the vicinity
of the point of impact. These stresses form a compression wave which travels
from the impact point, expanding spherically until it reaches the back face
element. At this free surface, the compression wave is reflected (reversed in
direction and changed from a compression wave to a tension wave). When the
stresses in the resulting tension wave exceed the tensile capacity of the
concrete, spalling of the concrete at the receiver surface occurs. The
spalling forms a crater on the receiver surface. This crater does not usually
penetrate beyond the reinforcement at the receiver surface.

The occurrence of spalling is a function of the fragment penetration; i.e.,
the fragment must penetrate a barrier element to such a depth that suffi-
ciently large stresses are formed at the receiver surface to produce spalling.
If the thickness of t:h. element is i'Acreased above the critical thickness at
which spalling occurs for a particular fragment, then the spalling is elimi-
nated. On the other hand, concretq spalllng alays occurs with fragment

perforation. The minimum thickness of concrete barrier required to prevent
spalling due to penetrat.ion of a given fragment can he expressed in terms of
the fragment p2netration into massive ioncrete and the fragment diameter:

Tsp - 1.215 Xf + 2.12d 4-207

where:
Tsp - minimum c( crete thickness to prevent spalling
Vp

Xf - depth of penetration corrected for concrete strength and
fragment material

The secondary fragment velocities associated with spalling resulting from
fragment impact are usually small (less than 5 fps). However, when blast
pressures are also involved, the magnitude of the resulting velocities can be
quite large. The secondary concrete fragments are accelerated by the motion
of the barrier resulting in possible fragment velocities up to several hundred
feet per second.

Because of the potentially large secondary fragment velocities associated with
primary fragment impact, full protection is usually required for personnel,
valuable equipment, and sensitive explosives. This protection may be ac-
complished either by providing sufficient concrete thickness to eliminate
spalling or by other mechanical means used to minimize the effects of spalling
resulting from blast pressures as described in section 4-56. The required
concrete thickness to eliminate spalling caused by primary fragment impact may
be obtained from Equation 4-207.

4-61. Fragment Impact on Composite Construction

4-61.1. General To evaluate the effect of primary fragments on composite
(concrete-sand-concrete) barriers, the penetration of the fragment thrcugh
both the concrete and sand must be considured. For damage to be sustained at
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the rear of a composite barrier a fragment must first perforate both the donor
concrete panel and the sand, and then penetrate or perforate the receiver
panel. If the fragment penetrates only part of the way through the receiver
panel, then spalling may or may not occur, depending on the panel thickness.
Obviously, fragment perforation of the receiver panel indicates perforation of
the entire barrier.

4-61.2. Penetration of Composite Barriers

To determine the degree of damage at the receiver side, the penetration of the
fragment in each section of the barrier must be investigated in sequence.
Starting with the striking velocity and the weight of the primary fragment,
the donor concrete section is first analyzed to determine whether or not
perforation of that section occurs. If the calculations indicate that the
fragment will stop within this section, then no damage will be sustained by
the remainder of the barrier. On the other hand, if perforation does occur in
the forward (donor) section, then the fragment penetration through the sand
must be investigated.

The amount of the penetration through the sand depends upon the magnitude of
the residual velocity as the fragment leaves the rear of the donor pavel.
This residual velocity is determined from Figures 4-79 and 4-80 utilizing the
striking velocity, the thickness of the donor panel, and the theoretical
maximum fragment penetration obtained from Figure 4-78.

The maximum penetration through massive sand is obtained from Equation 4-208,
using the residual velocity calculated above as the striking velocity of the
fragment: on the surface of the sand.

Xs - 1.188 Dd in (1 + 2.16 x 10-3 vs 2 ) 4-208

where:
XS- penetration of the fragment into the sand

Substituting the caliber density D for a standard shape (Fig. 4-77), Equation
4-208 becomes:

s- 3.53d in (I + 2.16 x 10-3 v s2) 4-209

A plot of Equation 4-.0,'i for a range of fragment weights and striking proper-
ties is shown in Figure 4-81. If the penetration in the sand is found to be
less than the thickness of the sand layer, no damage is sustained at the rear
surface of the barrier. In case of perforation, the penetration of the frag-
ment into the rear" section (receiver) of the barrier is governed by the resid-
ual velocity as the fragment leaves the sand. This residual velocity is

calculated in a manner similar to that used for computing the r,•sidual
velocity for the donor panel, except that the fragment penetration and
striking velocity are those asso-iated with movement of the fragment through
the sand, that is:

vr / v [ Ts / Xs 0.555 4-210

whe re:
'T_ - actuat. thickne.;s of the sand layer
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Figure 4-80 can be used to calculate the residual velocity of a fragment
perforating the sand layer.

Similar to the fragment penetration through the donor panel and sand, penetra-
tion of the fragment through the receiver panel is a function of the magnitude
of the fragment velocity as the fragment strikes the forward surface ef the
panel. This velocity is equal to the residual velocity as the fragment leaves
the sand. Once the penetration in the receiver panel is known, then the dam-
age sustained at the rear of the composite barrier can be defined in terms of
either spalling or fragment perforation.

SEAM
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Table 4-16 Relative Penetrability Coefficients for Various Missile Materials

Type of Metal Constant k

Armor-piercing steel 1.00

Mild steel 0.70

Lead 0.50

Aluminun 0.15

4-21
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7 CONSTRUCTION DETAILS AND PROCEDURES

4-62. Introduction

A major portion of the detailing and construction procedures required for
structures designed to resist blast pressures is the same as required for
structures designed conventionally. However, some differences do exist and
neglecting them would result in an unsafe situation, since the structure would
not act as assumed in the design. These sections describe the differences in
construction. Particular attention is directed towards the construction of
structures subjected to close-in blast effects (elements reinforced with
lacing or single l-g stirrups) but the construction of conventionally rein-
forced elements, flat slabs and composite elements is also discussed.

Although the construction of blast resistant structures is similar to conven-
tional structures, some changes in the fabrication and construction procedures
are required to insure full development of both the concrete and the reinfor-
cement well into the range of plastic action of the various elements. Since
these changes primarily affect the reinforcement rather than the concrete, the
major portion of the following discussion pertains to reinforcing steel
details. Typical details are presented to illustrate detailing procedures and
design considerations. These details may not be applicable to all design
situations, and may have to be modified by the engineers within the guidelines
given below.

4-63. Concrete

The dynamic characteristics and high magnitude of the applied blast load
require the strength of the concrete used in blast resistant construction to
be higher than that required for conventional construction. Because of the
flexural action of blast resistant elements while large deflections are
required and the high pressures associated with blast loadings, it is recom-
mended that a minimum concrete strength of 4,000 psi be , ed.

The properties and testing of the concrete materials (cement, aggregate,water used in blast resistant concrete construction are the same as those

normally used and should conform to the standards specified in the AGI
Building Code. High eariy-strength Portland cement (type III) may be used.
To minimize the effects of spalling, it is recommended that the size of the
aggý-egate used be not greater than 1 inch. This limitation of the aggregate
size also facilitates the placement of the concrete, particularly where the
coyer over the reinforcement is held to a minimum. In all cases, the minimum
cotrete cover should conform to that specified in the ACI Building Code and,
wbelever possible, should also be the maximum thickness of the concrete cover.

B•,use of the large amounts of flexural reinforcement and, in laced elements,
th4 presence of lacing reinforcement, the concrete slump used is usually
larger than that permitted for conventional construction. A concrete slump of
4 to 6 inches is recommended for laced elements to insure that concrete voids
do not occur.

Wherever possible, both horizontal and vertical construction joints should be
avoided. A wall whose height is equal to or less than 10 feet usually can be
poured without a horizontal joint. On the other hand, good construction
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techniques and economy may require the use of horizontal joints for higher
walls. These joints should be located at points of low stress intensity. A
more detailed discussion of joint locations is given later in sections.

4-64. Flexural Reinforcement

The flexural reinforcement used in blast resistant construction shculd be
designated as ASTM A 615, Grade 60. Slabs must be reinforced in two mutually
perpendicular directions. In all elemercs, the reinforcement should be
continuous in any direction. All flexural reinforcement should consist of
straight bars, and bends in the reinforcing within the span of an element
should be avoided. However, the reinforcement may be bent well within the
element's supports when additional anchorage is required.

The spacing of flexural bars is governed by the required area of the reinforc-
ing steel, the selected bar size and, as discussed later, the spacing required
to achieve a working and economical arrangement of lacing reinforcement and
single leg stirrups. In general, flexural bars should be spaced fairly close
together to insure that the cracked concrete between the layers of reinforce-
ment will not be dislodged from the element. Tests have indicated that a
maximum spacing of approximately 15 inches will insure confinement of the
concrete.

Because of their reduced ductility, reinforcing steel larger than No. 14 bars
(No. 18) should not be used as flexural reinforcement in blast resistant
elements. Also, the size of the flexural steel should be at least equal to a
No. 4 bar. Where necessary, the areu of steel normally furnished by the
special large bars should be provided by bundling smaller bars. However, the
use of these bundled bars should be limited to one direction only, for any
laced element. If bundled bars are used in an element whose main span is
between two opposite supports, then all bars of each bundle should be con-
tinuous across the full span. On the other hand, if the main span is between
a support and a free edge, then bundled bars may be cut off at points of
reduced stress. At least one bar in each bundle should be continuous across
the full span. For two-way elements these cutoffs must be located beyond the
positive yield line with sufficient anchorage to develop the bars.

Continuous reinforcement should be used in blast resistant elements, but in
many cases, this is a physical impossibility. Therefore, splicing of the
reinforcement is necessary. Splices should be located in regions of reduced
stress and Lheir number held to a minimum by using the longest reinforcing
bars practical (bars 60 feet in length are generally available throughout the
country). Tests have indicated that the preferable method of splicing
flexural reinforcement in laced concrete elements is by lapping the reinforc-
ing bars. The length of each lap should be at least equal to 40 diameters of
the larger of the two bars spliced, but not less than 2 feet (usually the same
size bars will be spliced). In addition, splices of adjacent parallel bars
should be staggered to prevent the formation of a plane of weakness. Figure
4-82 illustrates typical splicing patterns for both single and bundled bars
used in the close-in design range.

In conventionally reinforced (non-laced) concrete elements used in the far
design range, a two bar splice patteru is used. The length of the lap splices
mnust be calculated to ensure full development of the reinforcement. If the
splices occur in regions of low stress, the length of the lap is taken as 40
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bar diameters. Lap splices of No. 14 bars are not permitted in either laced
or non-laced concrete elements.

Mechanical splices may also be used, but they must be capable of developing
the ultimate strength of the reinforcement without reducing its ductility. If
the bar deformations have to be removed in the preparation of these splices,
grinding rather than heat should be employed since heat can alter the chemical
properties thereby changing the physical properties of the steel and possibly
reducing the capa::ity of the element. Welding of the reinforcement should be
prohibited unless it can be determined that the combination of weld and
reinforcement steel will not result in a reduction of the ultimate strength
and ductility. In those cases where welding is absolutely essential, it may
be necessary to obtain special reinforcement manufactured with controlled
chemical properties.

4-65. Construction Details for "Far Range" Design

4-65.1. General

Unlaced reinforced concrete elements are generally used in those facilities
designed to resist explosive output at the far design range. The facilities
generally consist of shelter-type structures.

Blast resistant structures utilizing unlaced reinforced concrete construction

will only differ from. conventional construction ins'ofar as the increased
magnitude and reversibility of applied loads are concerned. These differences
are reflected in the details of the blast resistant stru.cture. An increase in
the amount of reinforcement is required to resist the large dynamic loads.
Also, the reinforcement at both surfaces of an element must be detailed to

prevent failure due to rebound Etresses.

In general, conventionally reir.forced elements are limited to deflections
corresponding to support rutations of 2 dcgrees or less. However, elements
designed for far range effects are capable of attaining deflections up to 4
degrees through the use of single leg stirrups and up to 8 degrees by develop-
ing tension membrane action. Elementsi subject to close-in effects require
stirrups and are limited to 2 degrees support rotations. Details are pre-
sented below for elements designed for limited deflections, elements acting
under tension membrane action and columns. For elements subjected to low and
intermediate pressure and reinforced with stirrups; the details given below
may be used without modification. However, details for elements with stirrups
and subject to high pressures are discussed in the fnllowing section.

4-65.2. Eleme~nts Designed' for Limited Deflections

K Construction and detailing of unlaced, blast resistant structures is very
similar to conventional structures. The major difference is the method of
anchoring the reinforcement. A typical section through a non-laced wall is
shown in Figure 4-83. At the roof-wall intersection, the exterior wall
reinforcement is continued through the regions of high stress and lap spliced
with the roof reinforcement in the vicinity of the point of inflection. Thus,
the reinforcement is not actually anchored but rather developed. The interior

* reinforcement of both wall and roof' is terminated with a standard hook in
order to he effective in resisting rebound tension forces. However, this
reinforcement will be in compression during the initial phase of loading and
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therefore, the straight portion of the bar must be sufficient to develop the
reinforcement in compression.

The bottom floor slab reinforcement is extended through the floor-wall
intersection into the wall in the same manner as the roof-wall intersection.
Again the reinforcement is developed into the wall. The vertical wall
reinforcement is supported on the floor slab rather than supported above the
floor slab on the reinforcement. Figure 4-83 illustrates a building with a

F slab-on-grade foundation. Figure 4-84 illustrates several alternative
arrangements.

A horizontal section through the intersection through two discontinuous walls
(F;.g. 4-85) would reveal details very similar to those shown for the roof-wall
intersection The number of splices used would depend on the length of each
wall.

Wherever possible, continuous reinforcement should be used. Lap slices may be
used when necessary but their number should be held to a minimum and they must
be located in regions of reduced stress. To prevent the formation of a plane
of weakness, splices on adjacent parallel bars must be staggered. In addi-
tion, the splice pattern for the reinforcement on opposite faces of an element
should not be in the same location. Figures 4-86 and 4-87 illustrate pre-
ferred splice locations for a two-way slab and a multi-span slab respectively.

4-65.3. Elements Designed for Large Deflections

Unlaced concrete slabs are capable of attaining deflections up to 8 degrees
support rotation through the development of tension membrane action. Construc-
tion details are basically the same whether the slab attains large or small
deflections, however, there are two important exceptions. At large deflec-
tions, tension membrane action produces large tensile strains in both tension
and "compression" reinforcement. Therefore, all anchorage lengths and lap
splice lengths must be calculated for the design stress fds and all the
reitforcement is in tension. The second difference in detailing concerns the
location of splices. Although splices should still be located in regions of
low flexural stress, they will be located in regions of high tensile stress
when the element attains its full tension membrane capacity. The length of
the lap splice must, therefore, be increased to 1.3 times the modified
development length given in Section 4-21.4 of a reinforcing bar in tension.

4-65.4. Column Details

Columns are generally required in blast resistant, shear wall structures.
Their details differ little from those used in conventional structures. Both
round, spiral reinforced columns and rectangular, tied columns can be used,
but one or the other is preferred for a given design situation. Details of
the reinforcement and formwork of rectangular columns are compatible with beaw
details and, therefore, are recommended for beam-slab roof systems. Round
columns should be used for flat slab roofs.

Figure 4-88 illustrates a typical section through a circular column with a
capital oupporting a flat slab. A round column prevents stress concentrations
that may cause local failures. The column capital, although not required, ispreferred since it simplifies the placement of the diagonal bars as well as
decreasing shear stresses. All diagonal bars should extend into the column.
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e If, however, the number and/or size of the diagonal bars do not permit all the
bars to extend into the column, up to half the bars may be cut off in the
capital as shown. Lateral reinforcement of a circular column consists of
spiral reinforcement beginning at the top of the floor slab and extending to
the underside of the drop panel or the underside of the roof slab if no drop
panel is used. Within the column capital, No. 4 hoop reinforcement at 6
inches on center must enclose the diagonal bars.

In a beam-slab system, beam reinforcement does not permit the addition of
diagonal bars at the top of the column. Therefore, the beams themselves must
be able to provide adequate shear strength. Closed ties provide lateral
support of the longitudinal reinforcement in rectangular columns. The ties
must start not more than ½ tie spacing above the top of the floor slab and end
not more than 3 inches below the lowest reinforcement in the shallowest beam.
The ties must be arranged so that every corner and alternate longitudinal bar
has the lateral support provided by the corner of a tie having an included
angle no more than 135 degrees. In addition, no longitudinal bar shall be
farther than 6 inches clear on either side from such a laterally supported
bar.

The column footing illustrated in Figure 4-88 is the same for both rectangular
and circular columns. Dowels anchor the column into its footing. Since there
is little or no moment at the bottom of the column, splices need not be
staggered as they are in a wall. The splice should be able to fully develop
the reinforcement in tension in order to resist rebound tension forces.
Within the column, no splices of the longitudinal reinforcement are permitted.
Continuous reinforcement should not be a problem as blast resistant structures
are limited to one and two-story buildings.

4-66. Construction Details for "Close-In Design"

4-66.1. General

Laced reinforced concrete elements are usually used in those facilities which
are designed to resist the explosive output of close-in detonations (high-
intensity pressures with short durations). The functional requirements of
these facilities (storage and/or manufacture of explosives) normally dictate
the use of one-story concrete buildings with austere architecture. Basically,
these structures consist of a series of interconnecting structural elements
(walls, floor slabs, and/or roofs) forming several compartments or cubicles.
Because of this cubicle arrangement, the walls separating the individual areas
are the predominant element used in laced construction and are the most
critical component in the design. However, in some cases, the roof and/or

floor slab can be of equal importance.

Single leg stirrups may replace lacing bars when the scaled normal distance
between the charge and the element is equal to or greater than 1.0 ft/lbsI/3 .
However, the maximum allowable support rotation for elements with single leg
stirrups is less than for laced elements. Single leg stirrups are more

economical to fabricate and slightly more economical to place during construc-
tion. Unlike laced reinforcement which requires that the position of the
flexural reinforcement be changed to suit the horizontal and vertical lacing,
the position of the flexural reinforcement remains constant for single leg
stirrups. The stirrups are tied around the outer bars whether they are
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horizontal or vertical. Details for flexural reinforcement, splice location
and length etc., are the same for single leg stirrups and laced reinforcement.

4-66.2. Laced Elements

4-66.2.1. Lacing Reinforcement

All flexural reinforcing bars must be'tied with continuous diagonal lacing
bars (Fig. 4-89). At any particular section of an element, the longitudinal
or main tension and compression reinforcement is placed to the interior of the
transverse or secondary flexcural reinforcing steel around which the diagonal
lacing bars are bent.

Lacing reinforcement must be fabricated without the formation of excessive
stress concentrations at the bands. The bending should be performed without
the use of heat, and in no case should the radius of the pin used to bend thle
lacing be less than four times the diameter of the bar. Figure 4-90 il-
lustrates the typical lacing bends used with both single and bundled flexural
bars.

The amount of lacing reinforcement required in an element depends upon the
element's capacity (quantity and distribution of flexural reinforcement,
thickness of the element, and the type and number of supports) while the size
of the lacing bars is a function of the required area and spacing. The
maximum and minim=m size of the lacing bars should be No. 8 and No. 3 bars,
respectively. However, the preferred maximum size of lacing bar is No. 6.
Several lacing schemes have beer developed (Fig. 4-91.) which avoid excessive
stress concentrations as a result of large angular bends , provide adequate
restraint against buckling of the compression reinforcement, and make use of
the most efficient arrangement of the lacing reinforcement (lacing making an
angle of 45 degrees with the longitudinal reinforcement is most efficient).
In these schemes, the transverse flexural reinforcement may or may not be tied
at every intersection with a longitudinal bar. However, a grid system is
established whereby bar intersections are tied within a distance sl or 2 feet,
whichever is less. The choice of the scheme to be used depends upon the
flexural bar spacing and the thickness of the ele: !nt so that the angle a is
approximately equal to, but never less than, 45 degrees. Although not tying
every transverse flexural bar results in a large lacing bar size, the total
cost of the lacing may be reduced since the size of the lacing bend associated
with an increase in the spacing sl reduces the overall length of the bar and
the number of bends required to cover a given longitudinal discance.

An additional cost saving in the fabrication of the lacing way be realized by
utilizing the equipment that is used to bend the steel bars for open web steel

MO. joists. However, when detailing the flexural and lacing reinforcement and the
concrete wall thickness, consideration must be given to the physical capabili-
ties (size of bend and bar, depth of lacing, etc.) of the equipment. Altera-
tion of bar joist equipment to meet the requirements of a design is not usu-
ally practical with respect to both time and cost.

The placement of the lacing depends upon the distribution of the flexural
reinforcement and the number and type of supports. Lacing is always placed
perpendicular to the element's supports to resist diagonal tension stresses.
Because of the nonuniformity of the blast loads associated with close-in
detonations, continuous lacing across the span length should be used to
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distribute the loads. Except for cantilever elements, lacing in one-way
elements is placed in the direction of and continuous across the span.
Cantilever elements require lacing in two directions. Discontinuous lacing is
located perpendicular and adjacent to the support while continuous lacing is
placed across the full width of the element in direction parallel and adjacent
to the free edge located opposite the element's support. For twý way ole-
ments, diagonal tension stresses must be resisted in two directions. Because
of interference, lacing can only be continuous in one direction, which in
general is in the direction of the longest span. Figure 4-92 illustrates the
location of the lacing used in a cantilever wall as well as in several two-way
elements. For two-way elements, the location of the lacing is not affected by
the type of supports. Therefore, the supports indicated in Figure 4-92 can be
simple, restrained, or fully fixed.

Similar to the flexural reinforcement, lacing will usually require splices.
Tests have indicated that the preferable way of splicing lacing is by lapping
the bars. The lap length which is measured along the bars should be at least
equal to that required for a full tension s'ice (40-bar diameters). However,
the lacing should also be bent around a minimum of three flexural bars. The
splices of adjacent lacing bars should be staggered to avoid forming a plane
of weakness in the element, and the slices should be located in regions of low
stress (away from the supports and positive yield lines). Typical details for
the splicing of lacing bars are presented in Figure 4-93. Wherever possible,
welding of lacing bars should be avoided and is only permitted while the full
development of the ultimate strength can be assured without any reduction in
strength or ductility.

The location oF the splices is determined from the distance along the length
of the element which can be covered by a given length of lacing bar (usually
60 feet). The expression for the actual length of lacing bar LI required to
cover the length sl is a function of the flexural bar spacing and the geometry
of the lacing and is given in Figure 4-94.

4-66.2.2. Corner Details

Because of the magnitude of the blast loads associated with close-in detona-
tions and their amplification at corners, the use of concrete haunches has
been found to be satisfactory method of mailataining the integrity of these
sections of a structure. All corners should be reinforced with diagonal bars
to uransfer the high shear forces from the element to its support and to as-
sist in maintaining the integrity of the intersection. Diagonal bars should
be used in elements both with and without haunches. Reinforcement details for
corners are shown in conjunction with wall intersections in the following
section.

4-66.2.3. Walls

Figure 4-95 illustrates the detailing procedure for a typical laced wal.l. The
wall is free at the top, supported at its sides by other walls (not shown),
and at its base oy the floor slab. It has vertical lacing which is continuous
from the bottom of the wall to approximately midheight. In the upper half ofK the wall, the hcd'zontal lacing reinforcement is continuouj over the full
length of the wall and anchored in the side supports. It should be noted that
the horizontal flexural steel in the lower half of the wall is located at the
exterior of the vertical reinforcement, while in the upper half of the wall it
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is at the interior. This arrangement is necessary for the placement of the
lacing so that the lacing can provide full confinement of both the Ulexural
steel and the concrete separating the two layers of reinforcement. If
spalling is critical, its effects may be minimized by reducing the concrete
cover over the reinforcement in the upper half of the wall. The addition of
U-bars at the top of the free edge also minimizes the formation of concrete
fragments from this area. Reducing the concrete cover is not cost effective
and, therefore, if spalling is not critical, the wall should have a constant
thickness.

A portion of the wall should extend below the floor slab a distance no less
than that required to anchor the flexural reinforcement (40-bar diameters) and
in no case less than 1 foot - 6 inches. In addition to providing anchorage
for the vertical reinforcement, the portion of the wall below the floor slab
assists in resisting sliding of the structure by developing the passive
pressure of the soil adjacent to the wall.

The working pad at the base of the wall provides the support required for the
erection of the wall reinforcement and also affords protection for the
reinforcement after construction is completed. It should be noted that in the
example illustrated in Figure 4-95 the cover over the reinforcement in the
portion of the wall above the floor slab is specified as 3/4 inch (minimum
reinforcement cover required by the ACI Building Code for concrete not exposed
to the weather). while below the floor slab it is specified as 2 inches
(minimnu cover required by ACI Building Code for concrete in contact with the
ground after removal of the forms). The increased cover below the floor slab
is achieved by increasing the wall thickness rather than bending the reinfor-
cement. d
Diagonal bars are provided at the intersection of the floor slab and wall.
These bars transfer the high shear forces from the base of the wall through
the haunch and into the floor slab. Section C-C, Figure 4-95 indicates the
location of the diagonal bars relative to the lacing reinforcement.

Details of the reinforcement at wall intersections are similar to those at the
intersection of the wall and floor slab. Figures 4-96 through 4-98 illustrate
these details for the intersection of two continuous walls, one continuous and
one discoitinuous wall, and two discontinuous walls, respectively. In all
cases, both the flexural and lacing reinforcement are fully anchored by being
made continuous through the intersection (a distance of at least 40 bar
diameters). In discontinuous walls, the wall must be extended a distance
sufficient to anchor all reinforcement but not less than 1 foot-6 inches.
This extension (or extensions) aids in resisting both the overturning of the
structure and the tension force produced in the walls (discussed further in
subsequent sections). Diagonal bars have been provided at all intersections
to transfer the support shears and to maintain the integrity of the section.
Where discontinuous walls are encountered, only one diagonal bar is effective
for the continuouis wall of Figure 4-97 and for both discontinuous walls of
Figure 4-98. For these cases, bundled diagonal bars (2 bars maximum) may have
to be used,

If wail extensions are not permitted due to architectural or other criteria,
the reinforcement is anchored by bending it within the corner (figs. 4-99 and
4-100). However, the distance from the face of the support to the end of the
hook must be at least 20 bar diameters. A standard hook may be used if; (1)
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the total distance from the face of the support to the end of the bar (inclu-
*O ding the hook) is 40 bar diameters and (2) the length of the hook is at least

12 inches. The use oi hooks may cause problems in the placement of the lacing
reinforcement and is discussed in conjunction with the sequence of construc-
tion below.

In addition to flexural reinforcement, the walls of containment structures may
require the addition of tension reinforcement. This reinforcement is placed
at the mid-depth of the wall and has the same spacing as-the flexural rein-
forcement. It may be required in the vertical and/or horizontal directions.
The reinforcement is anchored at wall intersections in the same manner as the
flexural reinforcement. Vertical tension reinforcement usually does not
require splices. However, if the horizontal tension reinforcement requires
splicing, the splice (lap, mechanical, weld) and pattern should be same as the
flexural reinforcement. Of course, the tension steel should never be spliced
at the same location as the flexural reinforcement.

4-66.2.4. Floors Slabs

Floor slabs on grade must provide sufficient capacity to fully develop the
wall reinforcement. If sufficient resistance is provided by the soil, slabs
poured on grade usually do not require lacing nor other shear reinforcement;
although lacing reinforcement is always required in slabs exposed to multiple
detonations. Soil strata having enough bearing capacity to support the dead
load of the structure can be considered to provide the support required by the
slab. Before placement of the slab, the top 6 inches of the subgrade should
be compacted to 95 percent of maximum density in accordance with ASTM Standard
D1557.

Piles are used to support a structure where the bearing capacity of the soil
is inadequate. The piles are placed under the walls and the floor must span
between them. Lacing or single leg stirrups must be provided. The reactions
of the slab are transferred to the portion of the wall below the floor slab
which acts as a beam spanning between piles.

In addition to flexural reinforcement, floor slabs may require tension
reinforcement located at mid-depth of the slab. Tension forces are discussed
in conjunction with single and multi-cubicle structures.

4-66.2.5. Roof Slabs

Roof slabs are similar to walls since they are usually supported only at their
periphery and require the addition of lacing to distribute and resist the
applied blast loads. In those facilities where the explosion occurs within a
structure, the blast pressures acting on the interior surface of a nonfran-
gible roof causes tension stresses in the walls which require the addition of
tension reinforcement above that needed for bending. Tension forces are
discussed in conjunction with single and multi-cubicle structures.

4-66.3. Elements Reinforced with Single Leg Stirrups

4-66.3.1. Single Leg Stirrups

A single leg stirrup consists of a straight bar with a hook of at least 135
degrees at each end. Hooks shall conform to the ACI Building Code. At any
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particular section of an element, the longitudinal flexural reinforcement is
placed to the interior of the transverse reinforcement and the stirrups are
bent around the transverse reinforcement (Fig. 4-101).

The required quantity of single leg stirrups is calculated in the same manner
as lacing. They are a function of the element's flexural capacity while si:ce
rebar used is a function of the required area and spacing of the stirrups.
The maximum and minimum size of stirrup bars are No. 8 and No. 3, respective-
ly, while the spacing between stirrups is limited to a maximum of d/2 or dc/2
for type I and type II or III, respectively.

The preferable placement of single-leg stirrups is at every flexural bar
intersection. However, the transverse flexural reinforcement does not have to
be tied at every intersection with a longitudinal bar. A grid system may be
established whereby alternate bar intersections in one or both directions are
tied within a distance not greater than 2 feet. The choice of the three
possible schemes depends upon the quantity of flexural reinforcement, the
spacing oZ the flexural bars and the thickness of the concrete element. For
thick, lightly reinforced elements, stirrups may be furnished at alternate bar
intersections, whereas for thin and/or heavily reinforced elements, stirrups
will be required at every bar intersection. For those cites where large
stirrups are required at every flexural bar intersection, the bar size used
may be reduced by furnishing two stirrups at each f exural bar intersection.
In this situation, a stirrup is provided at each side of longitudinal bar.

Single leg stirrups must be distributed throughout an element. Unlike shear
reinforcement in conventionally loaded elements, the stirrups cannot be
reduced in regions of lcw shear stress. The size of the stirrups is deter-
mined for the high stress areas and, because of the non-uniformity of the
blast loads associated with close-in detonations, this size stirrup is placed
across the span length to distribute the loads. For two-way elements,
diagonal tension stresses must be resisted in two directions. The size of
stirrup determined for each direction is placed to the same extent as the
lacing shown in Figure 4-92. However, the distribution does not apply for
cantilever elements siDf'3 they are one-way elements requiring only one stirrup
size which is uniformly distributed throughout.

4.-66.3.2. CorneL )etails

Corner details for elements with single leg stirrups are the same as for laced
elements. Concrete haunches, reinforced with diagonal bars, should be used at
all corners. For those cases where compelling operational requirements
prohibit the use of haunches, diagonal bars must still be placed at these
corners In addition to diagonal bars, closed ties must be placed at all
corners (fig. 4-102) to assist ki maintaining the integrity of the intersec-
tion. The tie should be the same size as the stirrups but not less that) a No.
4bar. The spacing of the ties should be the same as the flexural reinforce-
:..ent.

4-66.3.3. Walls

The detailing procedure for a wall with single leg stir-rups is similar to a
laced wall. Figure 4-1.03 illustrates the detailing procedure for a typical
wall with single leg stirr:ups. This wall is the same as the wall shown in
Figure 4-95 except that sti.rrups are used rather than lacing. These are only
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two differences between the two walls. First, there is no need to alter the
position of the horizontal flexural reinforcement for the placement of

1,3 stirrups. The horizontal reinforcement is in the main direction (assumed for
wall illustrated) and, therefore, this steel is placed exterior of the
vertical reinforcement for the entire height of the wall. Second, closed ties
are placed at the wall and floor slab intersection to assist in maintaining
the integrity of the section. The common requirements for both walls include
the addition of U-bars, diagonal bars, concrete haunches, increased cover over
the reinforcement below the floor slab by increasing the wall thickness, shear
reinforcement (stirrups or lacing) in the rall extension below the floor slab,
and the preferred use of a working pad.

Details of the reinforcement at wall intersections are similar to those at the
intersection of the wall and floor slab. The requirements for anchorage of
the flexural reinforcement and diagonal bars at wall intersections are exactly
the same as laced walls (fig. 4-96 through 4-100). The placement of the
single leg stirrups and the required closed ties are shown in Figure 4-102,
Similar to laced walls, the use of wall extensions is the preferred method of
reinforcement anchorage at discontinuous walls.

4-66.3.4. Floor Slabs

The floor slab must provide sufficient capacity to fully develop the wall
reinforcement. The requtirements are the same as a floor slab for laced walls.

4-66.3,5. Roof Slabs

Roof slabs are similar to walls since they are usually supported only at their
periphery and require the addition of single leg stirrups to distribute and
resist the applied blast loads. For interior explosions, the roof causes
tension force! in the walls. Tension reinforcement is discussed in
conjunction wth single and multi-cubicle structures.

4-67. Composite Construction

Composite construction is primarily used for barricades and consists of two
concrete panels separated by sand fill. (Fig. 4-104). Details of each panel
are similar to those described for single laced walls (or walls reinforced

with single leg stirrups).

The concrete panels may be supported at the base either by the floor slabs or
a concrete pedestal. When the pedestal is used, reinforcement across the base
of both panels terminates in the floor slab and provides a monolithic connec-
tion between the two panels. The floor reinforcement serves as the monolithic
connection when pedestals are not used.

The upper portion of the wall may either be open or solid. Open sections are
usually used when the upper edge of the wall, is unsupported; the solid section
is used when an external tie system is used to restrain the motion and provide
support for the top of the wall. The solid section must be reinforced to
resist torsion and bending induced by the ties and the panels.

The impulse capacity of composite walls is a function of the density of the
sand fill. The sand will be compacted after construction due to its own
weight and/or by water drainage when the wall is exposed to the weather. The
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sand fill must be continuously maintained at the level stipulated in the
design by mechanical means which will allow periodic rearrangement of the send
fill. Clay pipe or other similar material may be placed in the wall cavity
with the sand so -,hat when the wall is loaded the clay pipe will be crushed 'by
the impact of the donor panel, thereby providing space within the wall. cavity
into which the compacted sand bay flow, hence reducing its density. If possi-
ble, the sand should be protected from the elements by sealing the top of the
cavity.

4-68. Sing.e and Multicubicle Structures

In single-cell structures (Fig. 4-105) unbalanced force (support reactions)
exist at all element intersections (walls, and floor and wall intersections)
and must be resisted by tension force produced in the support elements. In
addition to the reinforcement required to resist flexural and shear stresses,
tension reinforcement, distributed along the centerline of the elements, is
required. Horizontal tension reinforcemenat in the side wall and floor slab
(parallel to the side walls) is required to resist the vertical and horizontal
reactions of the back wall, while horizont'.l steel in the back wall and floor
slab (parallel to the back wall) resists the tension force produced by the
side wall reactions.

These unbalanced forces are transmitted to the structure's foundation and,
depending upon their magnitude, the size and configuration of the structure
and the subgrade conditions, the structure may `e subject to both transla-
tional and vertical rotational motions. Transiation of the structure is re-
sisted by the extension of the walls below the floor slab (shear key) and the
friction developed between the floor slab and subgrade, whereas rotation is
resisted by the mass of the structure with assistance from the blast load act-
ing on the floor slab of the donor cell. The stability of the structure can
b,ý substantially increased by the extension of the walls and floor slab as
illustrated in Figure 4-105b. This extension of the walls and floor slab (1)
increases the resistance of the structure to overturning (rotation), (2)
increases the rigidity of the structure, (3) reduces the effects of the
unbalanced wall moments which cause twisting of the corners, (4) reduces the
required thickness and/or reinforcement in the floor slab (moment capacity of
the floor slab extension must be developed by bearing on the subgrade). and
(5) eliminates the need to anchor the reinforce-ient by bending at the corners
which would ordinarily hinder the placement of the concrete.

End cells of multicubicle arrangements also require the addition of tension
reinforcement to resist unbalanced blast loads acting on the end walls. The
interior cells do not require this additional reinforcement since the mass and
base friction of adjoining cells provide the restraint to resist the lateral
forces. Two possible multicubicle arrangements are shown in Figure 4-106. In
both arrangements the back walls of the cells are continuous, whereas the side
walls between the adjoining cells are either continuous or discontinuous. The
type of cell arrangement (either one of those shown in Figure 4-106 or a
combination of both arrangemaents) used in a pvrticular design depends primar-
ily upon the functional requirements of the facility and the economy involved.
However, there ae certain structural features which should be considered in
the final selection of either strtictural arrangement. The horizontal reinfor-
cement (flexural and lacing) in the side walls may be placed continuous across
the back wall of scheme a, whereas with scheme b, the side wall horizontal
reinforcement must be bent end anchored in the back wall. This latter
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arrangement can result in congestion of the horizontal reinforcement at the
wall intersections. On the other hand, by offsetting the side walls at each
side of the back wall, the span length of the back wall between adjacent side
walls is reduced thereby reducing the required strength (concrete thickness
and/or reinforcement) of the back wall.

In general, continuous walls usually require constant concrete thickness and
horizontal reinforcement. However, where economy can be achieved, it may be
desirable to reduce the thickness and reinforcement of the continuous wall of
one cell in comparison to those of adjoining cells. This reduction should
only be made between the supports in order that a constant moment capacity can
be maintained across the length of the reauced element. This capacity
reduction requires the horizontal reinforcement to be sliced at the supports,
and extreme caution should be exercised in the detailing of the splices.

4-69. Sequence of Construction

Although the construction procedure for all blast resistant concrete elements
is similar, each structure must be evaluated to determine the specific
sequence of construction which is most appropriate for the particular situa-
tion. This evaluation should consider: (1) typo and location of shear
reinforcement (single leg stirrups, horizontal and vertical lacing). (2)
location of reinforcement splices, (3) erection sequance of the reinforcement
(flexural and shear), (4) location of horizontal construction joints and (5)
pouring sequence of concrete.

To illustrate the construction of a laced concrete structure, consider the
recosmended construction procedure for the cubicle structure shown in Figure
4-105 b. A vertical section through any wall is similar to the wall described
in Figure 4-95. Figure 4-107 illustrates the pouring sequence for the
following procedure.

I. Fabricate the reinforcement as Indicated on the drawings.

2. Pour a working pad.

3. Erect vertical flexural reinforcement, vertical lacing and verti-

cal diagonal bars in all walls. Thread horizontal flexural bars
between vertical lacing and vertical flexural bars up to the top
of thEt floor slab. Also place reinforcement for the floor slab.

4. Adjust reinforcement to required positions and complete second
pour to the top of the floor slab. As an alternative, place
sufficient horizontal lacing (as described in step 7) to insure
proper positioning of the vertical flexural reinforcement aid then
complete second pour. Additional horizontal flexural bars may be
placed beyond the limit of the pour to help stabilize the reinfor-
cement.

5. Thread horizontal flexural bars between the vertical lacing and
vertical liexural bars beyond the limit of the third pour. Adjust
reinforcement and complete the third pour.

6. Thread the remainder of the horizontal flexural bars up to the tcp
of the vertical lacing.
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7. Place horizontal flexural and l.cing reinforcement and dialonal
bars between the top of the vertical lacing and the top of t'le
wall. Placement of the horizontal flexural and horizontal lacing
reinforcement is accomplished by lowering this reinforcement over
the vertical reinforcument. At wall intersections the proper
sequence ie to first lower diagonal bars, type a. Then in the
north-south walls lower horizontal lacing bar type b, place
horizontal flexural reinforcement and lower opposing lacing bar
type a. Repeat this sequence with the reinforcement in the east-
west walls and complete this individual layer of reinforcement by
placing the horizontal diago*•al bars type b. The entire sequence
is repeated for the remaining reinforcement.

8. Add U bars at the top of the wall and adjust reinforcement to
required positions. Pour remainder of the wali.

The above procedure is for the cubicle structure of Figuce 4-105 b, where wall
extensions are provided at the corners. For the case wbre wall extensions
are not vsed (Fig. 4-105 a), the horizontal reinforcement must utilize a 90
degree hook for anchorage (Fig. 4-100). The horizontal flexural reinforcement
for the side walls requires a 90 degree hook at one end. Therefore, the
reiniforcement must be threaded between the vertical lacing and vertical
flexural bars from behind the back wall. If the back wall was close to an
existing structure, the horizontal reinforcement could not be threaded. The
horizontal flexural reinforcement in tte back wall raquires a 13 degree hook
at each end which would prohibit threading the bars. To placo thic steel, the
bars would have to be spliced ao that they could be theAzdad through the back
wall from each side wall. The use of spLices is noi desirable and should Le
avoided, making the use of wall extensions preferab.e.

The construction procedurG for an alement re9Jnfoced with single leg stirrups
is similar, hut not quite as complex as laced elements. The single leg
stirrups should be lowered into position if the vertical fle~ural reinforcing
bars are extexior of the horizontal bars. However, if the horizontal bars are
exterior of tho vertical bars (Fig. 4-103). the horizontal 1'ars should be
threaded between the stirrups and vertical bars. Again, as for laced ele-
ments, the reinforcement of intersecting walls and the diagonal bars must be
placed in sequence.

The use of construction joints (both vertical and horizontal) should be
avoided wherever possible since all joints are a potential plane of weakness.
However, joints in large structures cannot be avoided because good practice
for placement of concrete and/or economy requires their use. All Joir.ts
should be located in regions of low stress intensity, and, if possible, for
laced elements, vertical joints should be situated in areas where horizontal
lacing is located, and.horizontal joints should be situated in areas where
vertical lacing is located. However, vertical joints are difficult to form in
laced construction. In most cases, vertical joints are not used, and a
certain height of all walls is poured simultaneously. In addition, Ooncrete
surfaces should be roughened at all joints.

The above consLruction procedure required the use of two horizontal construc-
tion joints. The joint located at the floor alab is generally usod in all
blast resistant structures while the second joint in the upper section of the
wall should only be used if the height of the wall warrants it. The use of
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vertical construction joints is generally required for multicubicle arrange-
ments. Walls (intersecting walls must be poured simultaneously) and corres-
ponding floor slabs should be poured in checkerboard fashion to guard against
joint separation due to shrinkage and temperature variations. To maintain a
minimum, rate of pour, multiple pouring crews may have to be us.-I, and pumping
of concrete, rather than the use of tremies, may be required for high walls.

Expansion joints are generally not required for laced concrete elements due to
the presence of relatively large amounts of reinforcement. However, their use
should be considered for long buildings and/or structures subjected to extreme
temperature changes.
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Figure 4-83 Typical section thr'ough conventionally reinforced concrete wall
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Figure 4-99 Intersection of continuous and discontinuous laced walls
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Ficaure 4-101 Element reinforced with single leg stirrups
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SCHEME a) CONTINUOUS SIDE WALL CONSTRUCTION

SCHEME b) DISCONTINUOUS SIDE WALL CONSTRUCTION

Figure 4-106 Typical multicubiele structures
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Problem 4A-1. Elements Designed for the Pressure-Time Relationship

Problem: Design an element which responds to the pressure-time relation-
ship.

Note:
Steps 5, 8, 10 through 18, 22 and 23 are specific for two-way
elements, however, references are given defining similar proce-
dures for one-way elements.

Procedure:

Step 1. Establish design parameters:

a. Blast loads including pressure-time relationship (Chapter 2).
b. Deflection criteria.
c. Structural configuration including geometry and support condi-

tions.
d. Type of section available to resist blast, Type I II or III

depending upon the occurrence of spalling and/or crushing of the
concrete cover.

Step 2. Select cross section of element including thickness and concrete
cover over reinforcement. Also determine static stresses of
concrete and reinforcing steel (Section 4-12).

Step 3. Determine dynamic increase factors for both concrete and rein-
forcement from table 4-1. Using the above DIF and the static
stresses of step 2, calculate the dynamic strength of materials.

Step 4. Determine the dynamic design stresses using table 4-2 and the
results from step 3.

Step 5. Assume vertical and horizontal reinforcement bars to yield the
optimum steel distribution. The steel distribution is optimum
when the resulting yield lines make an angle of 45 degrees with
supports.

Step 6. Calculate de (d or d,, depending upon type of cross section avail-
able to resist blast) for both the positive and negative moments
in both vertical and horizontal directions. Determine reinforcing
ratios. Also check for minimum steel ratios from table 4-3.

Step 7. Using the area of reinforcement, the value cf de from step 6, and
the dynamic design stresses of step 4, calculate the moment
capacity (Section 4-].7) of both the positive and negative rein-
forcement.

Note: Steps 8, 10 through 18 are i -equred to determine the actual
and equivalent resistance-deflection curves for two-way elements.
To obtain these curves for one-way elements, see problem 4A.6.
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Step 8. Using the equations of table 3-2 or table 3-3 and the moment
capacities of step 7. calculate the ult:imate resistance in the
plastic range,

Step 9. Using equation 4-4, the static concrete stress of step 2, and unit
weight for concrete equal to 150 psf, calculate the modulus of
elasticity for concrete. With the above modulus for concrete and
that for steel (eq. 4-5) and equation 4-6, calculate the modular
ratio.

Ste? 10. With the use of equation 4-9a and the assumed concrete thickness
of step 2, calculate the gross moment of inertia of the concrete.
Using the value of de for the negative and positive reinforcement
of step 6, calculate an average value of de. Also calculate an
average percent of positive and negative reinforcement using the
above d. and the area of reinforcement of step 6 in both vertical
and horizontal directions. With the values of p (average) and
figure 4-11 or 4-12, determine the values of the constants F and
calculate the moment of inertia of a cracked section with equation
49b in both directions. Calculate the averago cracked moment of
inertia for the element using equation 4-10, and also, the average
moment of inertia of the element from equation 4-7.

Step 11. Using equation 3-33, and the modulus of elasticity of step 9 and
the moment of inertia of step 10, calculate the unit flexural
rigidity.

Step 12. Establish points of interest and their ultimate moment capacities

(fig. 3-23).

Step 13. Compute properties of first yie].d.

a. Location of first yield,
b. Resistance at first yield re.
c. Moments at remaining points consistent with re.
d. Maximum deflection at first yield.

Step 14. Compute properties at second yield.

a. Remaining moment capacity at other points.
b. Location of second yield.
c. Change in unit resistance Ar, between first and second

yield.
d. Unit resistance aL second yield rep.
e. Moment at remaining points consistent with re.-
f. Change in maximum deflection.
g. Total maximum deflection.
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Note:

An element with unsymmetricai support conditions may exhibit three
or four support yields. Therefore, repeat step 14 as many times
as necessary to obtaili properties at various yield points.

Step 15. Compute proper'ties at final yield (ultimate unit resistance).

a. Ultimate unit resistance.

b. Change in resistance between ultimate unit resistance
and resistance at prior yield.

c. Charge in maximum deflection (for elements supported on tw;o,
three or four edges, use stiffness obtained from figure 3-
26, 3-30 and 3-36, respectively).

d. Total maximum defl.ýction.

Step 16. Draw the actual resistance-deflection curve (fig. 3-39).

Step 17. Calculate equivalent maximum elastic deflection of the element.

Step 18. Calculate the equivalent: elastic unit stiffness KE krom equation
3-36.

Step 19. Determine the load-mass factor K1'4 for the elastic, e~asto-plastic
and plastic ranges from table 3-13 and figure 3-44. The average
load mass factor is obtained by taking the averago RKL for the
elastic and elasto-plastic ranges and averaging this value with
the KIM of the plastic range. In addition, calculate the unit
mass of the element (account for reduced concrete thickness if
spalling is anticipated) and multiply this unit, mass by KLM for
the element to obtain the effective unit mass of the element.

Note:

For one-way elements, use table 3-12 to determine the average load
mass factor.

Step 20. Using the effective mass of step 19 and thc equivalent stiffness,
calculate the n.tural period of vibiation TN from equation 3-60.

Step 21. Determine the response chart parameters:

a. Peak pressure P (step 1).

b. Peak resistance ru (step 8).

c. Duration of load T (step 1).

Sd. Natural period of vibration TN (step 20).
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Also calculate the ratios of peak pressure P to paak resistance ru and
duration T to period TN. Using these ratios and the response .harts of M
Chapter 3, determine the value of Xln/XE and tm/TN . Compute the value of

and compare it to tl'e maximuiu permissible deflection of step 1, and
if found satisfactory, pioneed to step 22. If comparison is unsatisfac-
tory, repeat steps 2 to step 21. In addition, compute the value of
tm/to from tm/TN and T/TN and assuming that T - to, determine whether or
not correct procedure has been used; for elements to tespond to the
pressure-time relationship, 0.1 < tm/to < 3.

Step 22. Using the ultimate resistance of step 8, the value of de of step 6

and equations of table 4-7, calculate the ultimate diagonal
tension shear stresses at distance de from each support. Also
calculate the shear capacity if the element from equation 4-23.
If the capacity is greater than that produced by the load, shear
reinforcement is not required. However, if the shear produced by
the load is greater than the capacity, then sheer reinforcement
must be added to resist the excess.

Note:

For one-way elements, use table 4-6 to establish diagonal tension
shear stress.

Step 23. Using the equations of table 3-10 or 3-11 and the ultimate resis-
tance of step 8, calculate the shear at the aupports. Determine
required area of diagonal bars using equation 4-30. However, if
section type I is used, then the minimum diagonal bars must be
provided (eq. 4-31).

Note:

For one-way elements, use table 3-9 to calculate the shear at the
supports.

Example 4A-1, Elements Designed for the Pressure-Time Relationship

Required: Design a wall which spans in two directions and is fully re-
strained at all supports for a given blast load.

Solution:

Step 1. Given:

a. Pressure-time loading (fig. 4A-1).

b. Maximui deflection equal to 3 times elastic deflection.

c. L - 180 in., H - 144 in. and fixed on four sides (fig. 4A-1).

d. Type I cross section.
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CL35 APPLIED
LOAD

iTc

10.5

TLME,ms

BLAST LOAD SECTION

Figure 4A-1

Step 2. Select cross section of element and static stress of reinforcement
and concrete (fig. 4A-2).

NEGATIVE REINF.- ' 4 POSITIVE REINF.

* *INTERIOR SURFACE f - 4,000 psi

11/2:f yIC.f - 66,000 psi

CL Assume TC- 12 in. and

EXTERIOR SURFACE ... concrete cover as shown,

Figure 4A-2

Step 3. Determine dynamic stresses.

a. Dynamic. increase factors -DIF (table 4-1).

Concrete:

Bending - 1.19
Diagonal tension - 1.00
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Reinforcement:

Bending - 1.17
Diagonal tension - 1.00
Direct shear - 1.10

b. Dynamic strength of materials

Concrete (f'dc):

Compression - 1.19 (4,000) - 4,760 psi

Diagonal tension - 1.00 (4,000) - 4,000 psi

Reinforcement (fdv):

Bending - 1.17 (66,000) - 77,200 psi

Diagonal tension - 1.00 (66,000) - 66,000 psi

Direct shear - 1.10 (66,000) - 72,600 psi

Step 4. Dynamic design stresses fro- table 4-2.

Concrece (f'dc):

Compression - 4,760 psi
Diagonal tension - 4,000 psi

Reinforcement (fds - fdy):

Bending - 77,200 psi

Diagonal tension - 66,000 psi

Direct shear - 72,600 psi

Step 5. In order to obtain optimum steel ratio PV/PH, set x - H/2 to have

45 degrees yield lines.

x H 144
-. . . .. 0.40
L 2L 2 x 180

From figure 3-17,

L MVN MVp] 1
- - 1.43

H MHN + MHp

Therefore,

MVN + M~p - 1.43 x 144 j2
-V +-'V 1.31

M + L 180

Try No. 4 bars at 10 in. o.c. in vertical direction, and No. 4

bars at 12 in. o.c. in horizontal direction.
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Step 6, Calculate dcand steel ratios for each direction, minimum rein-
forcement ratio is equal to 0.15 percent.

Vertical.:
Vertical reinforcement bars are N~o. 4 at 10 in. o.c. from
step 5.

A5V - .20 X 12/10 -0.24 in /ft 2

Negative moment dv- 12 -1.5 - 0.25 -10.25 in

Positive moawent dV - 12 -0.75 - 0.25 -1.1.0 in

ASV 0.24
r- -__ _- - 0.00182 > 0.0015 O.K.

bdV 12 X 11.0

Horizontal:
Horizontal. Yinforcement bars are No. 4 at 12 in. o.c. from
step 5.

AS .-20 X 12/1.2 - 0.20 in /ft 2

N~egative moment dQ - i0.25 .0.25 - 0.25 - 9,75 in

Positive moment dH1 - 11:0 0.25 - 0.25 - 10.5 in

ASH .20
PH ___ . 0.00158 > 0.0015 O.K.

bdH 12 X 1.0.5

Step 7. Calculate moment capacity of both positi~ve end negative reinforce-

ment in both directions.

a. Depth of equivalent rectangular stress blocks,

ASfds
a - -___ (eq. 4-12)

.85 bfidc

.24 X 77,200
aV - -- .382 in

.85 X 12 X 4760

.20 X 77,200
aH~ - - .318 in

.85 X 12 X 4760
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b. Mom~nt capacity (eq. 4-11).

Asfds
Mu (d -a/2)

b

0.24 (77,200)(10.25 -. 382/2)
14VN -- 15531 in-lbs/in

12

0.24 (77,200) (11.0 -. 382/2)
M~p ______________________ - 16689 in-lbs/in.

12

0.20 (77,200) (9.75 -. 318/2)
-MHN____________ 12340 in-lbs/in

12

0.20 (77,200) (10.5 - 318/2)
- _________________ 13305 in-lbs/in

12

Step 8, Determine ultimate resistance of the element.AM

L -MV M 4V 180 1531 + 16689

[H L MHI 144 12340 + 13305 1 -14 .3(tp5
From figure 3-17,

x
--. 405

N L

x -. 405 X 180 -72.9 in

Ultimate resistance (table 3-2).

r 5 (MHN+ MIHP) 5(12,340-i+ 13,305)-241 ps

Step 9. Determine modulus of elasticity and modular ratio.

a. Concrete (eq. 4-4)
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W 1.5 33 -fc / (150)1.5 (33)(4000)1/2

-3.83 X 106 psi

b. Steel (eq. 4-5)

Es-29 X 106 psi

E 29 X 106
C. n - - __ _- -- 7.56 (eq. 4-6)

E 3.83 X 106

sta 10. Determine average moment of inertia for an inch strip.

a. Gross moment of inertia (eq. 4-9a)

T 3  123
C 4

'g -- -- 144 in /in
12 12

b. Moment of inertia of cracked section (eq. 4-9b).

Vertical directioni

10.25 + 11.0

d( avg) -- 10.625 in

A 0.24

P -vg) - ___ -- 0.00188
b(avg) 12(10.625)

F -0.0102 (fig. 4-12)

1c d~g .0102 X (10.625)3 12l.2 in/i

Horizcntal direction:

9.75 + 10,50
dav) ______ - 10.125 in
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.20

P(avg) - 12 (10.125) .0019q

..F - 0.0092

IcH - .0092 X (10.125)3 9.5 in4/in

C. Average moment of !.nertia of cracked seu.Xion.

LI cV + 111cH
(eq. 4-10)

(180 X 12.2) + (144 X 9.5)
- _____________ 11.0 in4/in

180 + 144

d. Average momenit of inertia (eq. 4-7).

'a - 1 g - Ic 144.0 + 11.0 -77.5 in4/in

2 2

Step 11. Calculate lonit flexural rigidity.

E cIa
D-(eq. 3-33)

1-V2

Ilse v - .167 for concrete

Therafore,

D - (3.83 X-067. 305.34 X 106 in-lbs
1..(.167 )2

St;ep 12. For points of interest, see figure 4A-3.

Step 13. Properties at first yield.
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Prom figure 3-33 of Chapter 3 for H/L -0 80

POINT 3, MVNj

- ~POINT 2Z MMa
PO14T 1,
Mfipmvp

POINT 24 M/Z7 
7

POINT 3, MV~

K Figure 4A-3

Bil- 0.023 82 -0.056

BlV - 0.031 B3 - 0.068

Y, 0.0018

a. MHp- 13.305, bi-lbs/in 141N - 12,340 in-lbs/in

MVP -16,689 in-lbs/in MVN - 15,531 in-lbs/in

M
M -BrH 2  .r- -- (eq. 3-25)

r1H -. 13,305/[10.023(1.44)2] -27.90 psi

rjV - 16,689/[0.031 (144)2] -25.96 psi

-12,340/II0.056(144) 2] -10.63 psi
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14 r 3 -. 15,531/[0.068(144)2] -11.01 psi

First yield at point 2 (smallest r).

b. re -1.0.63 psi

c. M1H -(0.023)(10.63)(144)2 -5,070 in-lbs/in

TMlv -(0.031)(10.63)(144)2 - 6,833 in.-lbs/in

M3 - (0.068)(10.63)(144)2 - 14,989 in-lbs/in

d. Xe - YlreH /D (eq. 3-32)

xeý(0.0018) (10.63) (144)4/305.34 X 106 -0.0269 in

Step 14. Properties at second yield.

After first yield element asstunes a simple-simple-fixed-fixed

configuration, therefore, figure 3-34 for II/L - 0.80,

BH- 0.020

3V- 0.039 B3 -0.076

Yi- 0.0022

a. MI - -H M1u (at re) -13,305 -5,070 -8,235 in-lbs/i.n

MV- Mp- M1IV (at re) -16,689 -6,833 -9,856 in-lbs/in

I :I :.643 - MVN - M43 (at re) -15,531 -14,989 -542 in-lbs/in

b. Ar- -

8112

Ar111  8,235/(0.020(144)]- 19.86 psi

ArlV -9,856/[0.039(144)2 - 12.19 psi
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Ar3 -542/[0.076(144)2 - 0.34 psi

Second yield at point 3 (smal~ler Ar)

C. Ar -0.34 psi

d. - r + Ar -10.63 + .34 -1.7pi(q -6

I'm - (.020)(0.34)(144) + 5,070 -5,211 in-lsi

MiV - (0,039)(0.34)(144)2 + 6,833 -7,108 in-lbs/in

f . AX - yjArli4 /1

AX - (0.0022)(0.34)(144) /305.34 X 106 -0.0011 in

g. X - Xe + AX - 0.0269 + 0.0011 - .028 in
j . op

Step 15. Properties at final yield (ultimate unit resistance). After
second yield element assume& a simuple -simiple -9impl -simplz config-
uratioti, Lhorefore, fromi figure 3.36 for H/L - 0.80.

-l 0.0054

a. ru - 24.13 psi (frow step 8)

b. Ar - ru- rep -24.13 -10.97 -13.16 psi

C. AX -Y 1ArIU
4 /D

AX -(0,0054)(13.16)(144)4/0. i 6 
-010i

d. X~- X~ + AX -0.028 +0.100 - 0.128 in

Step 16. For actual. resistance. deflection curve, see figure 4A-4.

Step 17. Equivalent elas~tic deflection from equation 3-35.
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XE Xe(r8 /ru) + Xep[l -(re/ru)] + X~ptl - (rep/ru)]

XE -0.0269 (10.97/24.13) + 0.028 [1 - (10.63/24.13]

+ 0.128 [1 - (10.97/24,13)] - 0.098 in

The equivalent resistance-deflection curve is .Thown in figure 4A-4.

Step 18. Calculate equivalent elastic stiffness.

ru 24.13
KE r __ 246.2 psi/in (eq. 3-36)

XE 0.098

Step 19, Calculate effective mass of element.

a. Load mass factors (table 3-13 and fig. 3-44).

LH- 1.25 x/L -. 405

Elastic range KIA - .61 +.16 (1.25-1) -. 65

Elasto-plastit range:

two simple edges -L - .62 + .16(1.25-1) - .66

four simpl.e edges -L - .63 + .16(1.25-1) - .67

0ýPlastic range -KIA - .54

.65 4. .66 + .67
KLM(avg. elastic and elasto-plastic) - -_ __ .66

3

.66 + .54
KLK (avg. elastic and plastic) - - .60

2

b. Unit mass of element.

wTc 150 X (1) X 106
in- - - - 2,700 psi - ns 2 /in

g 32.2 (1728)

C. Effective unit mass of element.

del
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me -Ku~a .60 (2,700) -1,620 psi-ms /in

Step 20, Calculate natural period of vibration.

mej 27 (eq, 3-.60)

KE J

1 1620 ~
TN -2(3.4 4 16.1. ms

Stop 21. Determine response chart parameters (fig. 3-64a).

Peak pressure P - 35 psi (stop 1)

Peak resistance ru 24.13 psi (step 8)

Duration T 10.5 ms (step 1)

Period of vibration TN -16.1 ms (step 20)

-/u 35/24.13 - 1.45 T/TN - 10.5/16.1. 06

From figure 3-64a:

-2.8 <3 (step 1)

Use assumed section

tm/TN -0.60 
(f~ig, 3-64a)

tm/TN 0.60
tm/to -tm/T - - 0.923

r/TN 0.65

The correct procedure has been used since tM/to -0.923 is within

the range, 0.1 < tm/to < 3.

Step 22. Check diagonal tension at de distance from support.

a. Ultimate shear stress (table 4-7).

3ru (1 -,x)

- -- where de -dH 1 (of negative moment)

de /x (5 -4d,/x)
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3 X 24.13 (1 -9.75/72.9)~
VUH - 91.0 psi

(9.75/72.9) [5 - 4 (9.75/72.9)]

is, ru (0.5 -de/H)(1 - x/L - 2 d x/HL)
V uv

de/H(3 - x/L - 8 dex/HL)

where de -dv (of negative moment)

3 *24.13(.5 - 10.25/144)(1 -. 405 -2*.405*10.25/144)

vuv-
0¾(10.25/144)(3 

-. 405 -8*.405*10.25/144)

-99.1 psi

b. Allowable shear stress (eq. 4-23),

-C [1.9 (f' d)1/2 + 2,500 p] 3.50 (f'c)"' 2 
-221.4 psi

where p is the ste~el ratio at support

vC 1.9 (4,000)1/2 12[ 124.4 psi > 91.0ps

-c 1.9 (4,00)/ [250(.4 125.0 psi > 99.1 psi
12(10.25)

No stirrups required

Step 23. Determine minimtum area of the diagonal bars (cross section type
U).

Ad - v0 bd/fd sina (eq. 4-31)

where d is equal to de at support.

Using a-450,

A&1 - 124.4 (12 X 9.75)/72,600 (0.707) -. 283 in /ft

AdV - 125.0 (12 X 10.25)/72,600 (0.707) -. 300 in2/ft
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use #5 diagonal bars @ 12"

Problem 4A-2. Preliminary Flat Slab Design for Large Deflection

Problem: Design a flat slab for large deflections.

Procedure:
Step 1. Establish design parameters:

a. Blast loads including pressure-time relationship (Chapter
2).

b. Deflection criteria.
c. Structural configuration including geometry and support

conditions.
d. Type of section available to resist bi.ast, type I, II or III

depending upon the occurrence of Lnalling and/or crushing of
the concrete cover.

Step 2. Select cross section of the slab and the column or column capital.
Include concrete cover over reinforcement and maximum size of the
"reinforcing bars in the flat slab. Also determine allowable
static stresses of concrete and reinforcing steel (Section 4-12).

Step 3. Determine dynamic increase factors for both concrete and rein-
forcement from table 4-1. Uaing the above DIF and the allowable
static stresses of step 2, calculate the dynamic strength of
materials.

Step 4. Determine the dynamic design stresses using table 4-2 and the
results from step 3.

Step 5. Determine the ratio of the flexural stiffness of the wall to slab
in both directions using equations 4-50, 4-51, 4-62 and 4-73.

Step 6. Proportion total span moments to unit column and midstrip moments
in both directions using equations 4-52 through 4-60 and 4-63
through 4-71.

Note:

Use equivalent frame method for the direction(s) with only two
spans.

Step 7. Adjust unbalanced negative unit moment at column and midstrip in
both directions of the roof. Correct the corresponding positive
moments to maintain the same total span moments.

Step 8. Calculate total external work done by ru from equation 4-74 using
yield line patterns similar to figure 4-24. Use uniform deflec-
tion (A) for all positive yield lines.
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Step 9. Calculate total internal work done using equation 4,76 and the
unit moments determined in steps 6 and 8.

Step 10. Equate the total external work to the internal work (equation 4-
77). Solve the resulting equation for the ratio of ru/MoH . Use
equations 4-61 and 4-72 to substitute MoL with MoH.

Step 11. Determine the minimum value of ru/MoH by trial and error proce-
dure. Vary the assumed value of one of the yield location vari-
ables while assuming a constant value for the rest to find the
minimum ru/MOH. Repeat until all yield line location variables
are established (X, Y, W and Z). The last step will yield the
final minimum value of ru/MoH to be used in the following steps.

Step 12. Calculate the load-mass factor for the flat slab using the proce-
dure outlined in Chapter 3, for two-way elements. Use equation
3-59 for the slab sectors with no drop panel and equation 3-58 for
the slab sectors with drop panel.

Step 13. Calculate effective unit mass of the slab using the larger de of
the assumed slab section from step 2 and equation 3-54.

Step 14. Calculate the maximum deflection of the flat slab using the
shortest sector length (Ls).

Step 15. Determine the required unit resistance (ravail in equation 4-90)
to resist the given impulse loading (Chapter 2) and the values
from steps 13 and 14. Check that the correct procedure was used.

Step 16. Determine the uniform dead load of the flat slab and calculate the
ultimate resistance of the slab (ru) from equation 4-90.

Step 17. Determine the required total. panel moments in each direction using
the ultimate resistance from step 16, the minimum value of ru/MoH
from step 11 and the ratio of MoL to MoH established in step 10.

Step 18. Calculate the minimum required unit moments in eazh direction from
step 6 or 7 using the values of MoL and MoH from step 17.

Step 19. Calculate the minimum moment capacity of the slab section in each
direction by choosing reinforcing bars, These capacities should
be equal to or slightly larger than the corresponding moments from
step 18. Also check frc minimumw reinforcing ratios from table 4-
3.

Step 20. Determine provided resistancE in eacn direction by using the
ratios provided to requircd unit ruanents from steps 18 and 19.
Find the average of these values to establish the unit resistance
of the flat slab.

Step 21. Determine ultimate tension membrane capacity of the flat slab
using equation 4-85. Find the average of continuous steel in the
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m.f and column strip using: unit moment ratios from step 6 or 7
and steP 19. Use fds for bending from step 4 in calculating uni,
tension forces in the continuous reinforcement, in each span
direction.

Step 22. Calculate diagonal tension stresses at de distance from the edge
of wall supports according to Section 4-31.2 in both directions.
Determine concrete capacity in diagonal tension from equation 4-23
using the ratios of urit muments from steps 6 or 7 and the rein-
forcing ratios from step 19. If the diagonal tension stresses are
larger than the concrete capacity, single leg stirrups should be
used or a drop panel be added along the wall in lieu of a change
in flat slab cross section. If drop panels are used, the diagonal
shear stress at de distance from the edge of wall drop panel must
also be checked.

Step 23. Check punching shear de/ 2 distance out and around the column or
column capital. Use the load area between positive yield lUnes
minus the area supported by polumn or its capital. If the shear
stress is larger than 4(f'c)2, use a column drop panel and check
the punching shear with the new thickness of the slab over the
column.

Step 24. Fetermine the size of column drop panel by checking punching shear
de/ 2 distance out and arcund the drop panel.

Si~ep 25. Check ine-way diagcnal shear stress between positive yield lines
de distance out from the column drop panel in each direction. Use
equation 4-23 to find conc-e-e capacity. Increase column drop
panel size if required or use single leg shear stirrups according
to 3ection 4-18.3.

Step 26. Check one-way diagonal shear stress between positive yield lines
"for an average de distance out from the column capital similar to
step 25. Average de is based on the width of the drop panel to
the total width. Increase column drop panel width or thickness if
required.

Step 27. Assume preliminary reinforcement for the flat slab using unit
moment ratios frow step 6 and 7, Mo and Mou from step 17 andoL
equation 4-19 with the slab thicknesses established throughout
this procedure. Calculate all actual unit mome. capacities.

Note:

Check the actual flat slab resistance using unit muments from step
27 and tne established sizes and thicknesses of drop panels.
Repeat steps 8 to 27 for the actual values in each direction.
Also provide diagonal bars at wall and column according tr sec-
tions 4-19 ana 4-31.2.
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7xample 4A-2. Preliminary Flat Slab Design for U~rge Deflection fo

Solution:

Step 1. Given:

a. P - 96 psi, T - 15 ms and triangular loading.

D. Maximum support rotation of 8 degrees.

C. L - H - 240 in., continuous walls all around 20? in. high

and 21 in. thick.

d, Type III cross section.

Step 2. Assume:

a. I'c 15 in. thickness of flat asl.sb

b. D 45 in. diameter oi column capital.

c. Concrete cover: outside 2 in.

inside 3/4 in.

d. d - 3/4 in. largest bar diameter.

e. f - 4,000 psi compressive strength of concret4..

f. f y- 66,000 psi yield stress of reii-.Eorcing bars.

3. fu- 90,000 psi. ultimate stress of reinforcing bars.

Step 3. Determine dynamic stresses.

a. Dynamic increase factors. D~IF (table 4-1.l

Concrete:
Diagonal tensi~on -1.00

Reinf'orcement:

Bending, yield str~ess 1.17

Bending, ultimate stress - 1.05

Direct shear yield stress - 1.10

Direct shear ultimate st-ress - 1.00

AMb. Dynamic strength ot materials.

4A -21
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Concrete:

Diagonal tension (f'. - 1.00 (4,000) - 4,000 psi

Reinforcement:

Bending (fdv) - 1.1/ X 66,000 - 77,220 psi

Bending (fdu) - 1.05 X 90,000 - 94,500 psi

Direct shear (fdv) - 1.10 X 66,000 - 72,600 psi

Direct shear (fdu) - 1.00 X 90,000 - 90,000 psi

Step 4. Dynamic design stresses from table 4-2.

Concrete (fc):

Diagonal tension - 4,000 psi

Reinforcement (fds):

fds - (fdy + fdu)/2

Bending - 85,860 psi

Direct shear - 81,300 psi AM -

Note:
Since the structure is symmetrical in both directions, the calcu-
lations will be done only in one direction in steps 5 through 9,
1.2, 17 through 22, 25 and 26.

Step 5. Determine the ratio of the flexural stiffness of the wall to the
roof slab.

Tw 3 H 213 * 240
aecH - - 3.18 (eq. 4-50)Ts3Hw 153 * 201

ecH - " - 0.76 (eq. 4-62)
l+I/aecH 1 + 1/3.18

Step 6. Calculate unit moments using equations 4-52 through 4-60. See
figure 4A-5 for locations.

m-1 - 0.65 a'ecH MoH/L- 0.65 (0.76) MoH/ 2 4 0 - (0.494) M011/240
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m+2 - 0.40 (0.63 - 0.28 W'ecH) MoH/(L 1H/2)

- 0.40(0.63 - 0.28 X 0.76) MoH/(240 - 240/2) - (0.334) MoH/ 2 4 0

i" 3 - 3,25 (0,75 - 0.10 a'ecH) M/(L - 11/2)

- 0.25(0.75 - 0.10 X 0.76) MoH/(240 - 240/2) - (0.337) MoH/240

m" 4 - 0.25 (0.65)MoH/(L - H/2)

- 0.25 X 0.65 MoH/(240 - 240/2) - (0,325)MoH/240

m+5- 0.40 (0.35)MoH/(L - H/2)

0.40 X 0.35 MoH/(240 - 240/2) - (0.283)Moi/24O

m+6 - 0.60 (0.63 -, 0.28 alecH) MoH/(H/2)

- 0.60 (0.63 - 0.28 X 0.76) MoH/(240/2) . (0.501)Moii/240

m"7- 0.75 (0.75 - 0.10 a'ecH) Mol/(H/2)

- 0.75 (0.75 - 0.10 X 0.76) Moli/(240/2) - (1.011)M401240

0 75(0.65)Moli/(H/2) - 0.75(0.65)MoH/(240/2) - (0.975)MoH/240
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M-9 -0.60 (0.35)M011/(I/2) -0.60 (O.35)Moa/24O/2 - (0.420)M011/240

Stop 7. a. Balance the negative unit motuent over the column and

micistrip.

m'3 > m"4 .. m-3 m-4 (0.337) Mol/24O

w 7 > m'8 m. 7  m m 8 -(1.011) MoH/24O

b. Adjust the corresponding positive unit moment in order to

A. keep total panel moments equal.

Adjusted m 5- m 5 - 2(m 3 - mn4 )

A (.80-2(0.337 - 0.325)]MoH/240 -(0.256) 11101j/240

Adjusted m 2(M- 7 - w8

in+9 -(0.420 -2 (1.011 -
0 .9 75 ))MOH/ 240 - (.348)I4OH/24O

Step 8, Calculate total external work for an assumed deflection of A. Use
ona quarter of the roof slab due to symmetry in both directions.
See figure 4A-6 for yield lines and 5actors.

Equivalent square column capital, C X C.

A lT7D2  
- i4) 2  1/2

C 3L- ] [ 9.9 in. say 40 X 40 in.

r 3L A X
WI WIV- ru (X) WX- +(-

2 2 2 3

r 3X240 A X A
rU X) (X) -- 3+
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SVr- rC[ c /2 -+ - -x - --

2H 2 1 2 2 12[H 2

40 A 13*24 40- 2Ai

-40(24 - XH- )- + X(-0)(240 C) (

2 2 2 2 233

r -'

(24 40) - 24

From equation 4-74.

W E ru,

VI r AU
W Z Wi - t-9243200 -320X)

i -I 3

Step q* Calculate total internal work for the assumed deflection of A.

Use one quarter of the roof slab due to symmetry in both direc-

tions. See figure 4A-6 for angles of rotation.

01H1 0 1V--
x

H C/2 X 240 40/2 X 220-X

(H 0/2 (240 -40)/2 100

Assume 0 <X <3H/4 -=180 in.

3L -X 2 X

-IV- mlH ( )+3-m1 1 11 ( -

2 3 2

L X 2 X

+ 6011  (-) + m 2()1 H (L - -- )+ - mO(---)(
2 2 3 2
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- _oH 0.494 [3 (240) X/3l + 0.501 (240)
(2) (240)X

+ 0.334 [2 (240) -X/3)]

L L
-I EV - '6e2H(-) + m+2e 2 H(L -X) + M'7 72H(-) + 1 3e)2H(L -X

2 2

- [O A(0.501 + 1.011) 240
(2) (240) 220 - X

+ 2 (0.334 + 0.337) (240 -X)]

L L
EII- EVI M+ ~9E3H(--) + 1n+ 5E)M(LýX) 4- M'~7E3H(-) + m'Sf (LX

2 2

MOH
- x - [(0.348 4+ 1.011) 240
(2)(240) 100 1

+ 2 (0.256 + 0.337) (240 - X)]

Fromt equation 4-75.

E - Z m0

VI C A (139972.8 + 1331.76X -9.7832X
2 + 0.01186X3

i-I 240X (220 - X)

Step 10. Set the external work equal to the internal work and solve the
equation for the ratios of ru/MoH.

W- E

rUA MoHA[13997 2,8 + 1331.76X - 9.7832X 2 A+0.01186X 3j
- (243200-320X) -- ______

3 240X (220 - X)

4A-27



K OF SYMMETRY

L= 240" L210

~FACEOF WALL
x Q

0

COLUM 
C E 

- f

CAPITALL-

0x

I OF SYMMETRY

LEGEN:
=-NEGATIVE YIELD LINES

-*---~ ~POSITIVE YIELD LINES

PLAN

J0
FIGURý 4 A- 6

4A-28



TM 5-1300/NAVFAC P-397/41FR 88-22

139972.8 + 1331.76 X -9.7832X2 4 0.01186X3

MoH 80X (220 - X)(243200 - 320X)

Step 11. Minimize value of rU/O using the equation from step 10 by assumn*
ing various values for X to locate the yielc± line locations.

4X (in) ru/i4OH (psi/in-ibs)

110 913.212 X 10-9

115 911.686 X 10-9

120 912.445 X 10"9

116 911.654 X 10'9 *mninimum

117 911.713 X 10-9

Step 12. Calculate plastic load mass factor for the flat slab. See Section
4-30.5 and figure 4A-6.

1 2 31, 1 X2  2 (3)(240) 1 1162

cL, cL2  3 2 2 2 3 2 2 28

1 2 C 3 C .
~~i (-)V- -C(H - X) + -(H - -X) ffC x /2
L1 L1  3 2 4 22-X

2 40
-(40)(240 - -- 116)

3 2

3 40 [3X 240
+ - (240- --- 116) -- 40- 116) /2
4 2 2

1 2 3 r31,
(-)Iyxr (-V - C (H- C)/2 - (H- C)[ C C /4
cL1  cL, 3L 2 X]
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-2 (40) [240 -40]/2

3 L

r3 X 240
+ - (240 -40) -40- 1161 /4

VI I
(-) - 86558.67 in 2

iI CL,

X 116
A, Aiv 2 (31, X) -(3 X 240- 116)

2 2

Al, AV (H- X) +L -X1/2
2 2

~(2 40~ 116) +X4 +40 -1161 /4
2 L 2

A 1 1 1 . .2 +v ( C - / 4

j r3 X 2Lý0
(240 40[ 40 1161 /4

VI
Ai- 128,000.0 i~n2

CL1  86558.67

A .7 (eq. 3-59)
~ 1  128,000.0

Step 13. Calculate the unit mass of the slab.

dc 15 -2-.75 -(2 X .75)/2 -11.5 in.

V 11.5 X150X 10002

m - _____________ -2583.5 Psi-Ius2 /in
g 12 X 32.2 X 1728

Determine effective unit mass from equation 3-54.

me K1  X -. 676 X 2583.5 -14. psms/in

Step 14. Find maximum~ deflection Using shortest sector length.
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H-C 240-40
MLs - (--00. in

2 .2

Xm - L. tan Gmax - 100 X tan 8 - 14.05 in.

SLtý.p 15. Determine impulse load and required resistance for blast.

ib - PT/2 - (96.0 X 15.0) / 2 - 720.0 psi-ms

ib2

- r Xm (eq. 3-93)
2mu

720.02
r -- 10.56 psi - ravail

2 X 1746.4 X 14.05

Check for correct procedure.

ib 720
tm . . .. 68.2 ms

r 10.56

tm/T - 68.2 / 15 - 4.55 > 3 O.K. (section 3-20)

Step 16. Calculate uniform dead load of slab and the required ultimate
resistance. Assume 150 psf concrete.

rDL - 15/12 X 150/122 _ 1.30 psi

Sfds

ravail - ru - rDL (eq. 4-90)
Edy

85,860
Required ru - 10.56 + ( ) 1.30 - 12.25 psi

66,000
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Step 17. Calculate required panel moment using the required ru from step 16
and the ru/MoH from step 11.

ru 12.25
Required Mo0 H - (ru)/( - ) - - 13,437,115 in-lbs

MoH 911.654 X 10"9

Step 18. Calculate the minimum required unit moments from step 7.

+ .256 MoH
Minimum unit moment - m+5 -

240

.256 X 13,437,115
m+5 - -14333 in-lbs/in

240

Step 19. Calculate actual moment capacity at m+5 , assume No. 4 reinforcing
bars 1.2 in. o.c.

5
de in H direction - dH - 15 - 2 - .75 - 2 X .75 + 2 X-- - 11.25 in

2

.5

de in L direction - dV - 15 - 2 - .75 - 2 X .75* - 2 X - - 10.25 in

Assumed No. 6 reinforcing in step 2.

As fds dc
- A d(eq. 4-19)

b

.2 X 85,860 X 11.25
M - - 16099 in-lb/in > 14333 O.K.

12

.2 X 85,860 X 10.25
M+ - - 14668 in-lbs/in > 14333 O.K.

12

As
- -- (eq. 4-13)

bde,

.20
P -+14 - - .0015 - .0015 O.K.

12 X 11.25

4A- 32
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- _______ .0016 > .0015 0 .

12 X 10.25

Step 20. Calculate the provided unit resistance of the flat slab.

mn (unit moment provided)
ru (provided) - (required) X

mn (unit moment required)

16099
O'dmwl4 -12.25 X -- -13.76 psi

14333

14668
-r~m 12.25 X -- -12.54 psi

14333

(ru)in14 + (ru)m 13.76 + 12.54
ru - _______-_______-13.15 psi > 12.25 o.k.

2 2

Step 21. Estimate minimum area of continuous steel in columan strip using
unit moment ratios from step 7.

M+ ~.34824
9- 22

(As)m9 - -X(A 5)1n5  X (0.20) -. 27 in2/ft
M+1 Mo

.256 - -I ___ _____ 240

Calculate the average unit tension force in continuous steel.

(Ad5)~ H/2 + (As.)11 9 (L H1/2)
TL X fds_- X 2

.20 X 240/2 + .27 X (240 -240/2)

- _______________-X 85,860 X 2 -3.362 lbs/iA'n

12 X 240

Calculate tension mewbrane resistance from equation 4-85.

7r3 1.5 X T 'L2
rT-

n -1,3,5 n3 r 1
cosh.nrL I

2 1.L1 TLJ-

4A-33
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#3 1.5 X 14.05 X 3,363 1 2002 _•

rT-
1 14 z { (-i)(n'I)/2 [ 1 -

n-l,3,5 n•

cosh 1

2(200) L3,363
J

12"3 X 1.5 X 14.05 X 3,363
rT - - 23.97 psi > 13.15 psi O.K.

4 x (200)2 (.6015-.0364+.0080) Si-

Step 22. Calculate d•agonal tension stresses at de distance from the edge "•
of wall supports according to section 4-31.2 in both directions. =

3L - X 2 X
ru X Area (Sector I) - Vv( ) + - Vv -

2 3 2

3 X 240 - 116 3 X 240 - 116 2 116
13.15 ( ) 11.6 - VV ( ) +- VV

460670.8
... •OV - - 1352.3 lbs/in

340.67
i Total diagonal shear load in L direction.

3L - X 2 X
VuV-Vv (---) + - vv (- - dv)

2 3 2

Diagonal shear stress in L direction.

1i

I
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VuIv 451,443
- - _- 125.9 psi

3L 3 X 240
(- - d) dV (-- - 10.25) 10.25

2 2

Estimate reinforcing ratio at iupport using the ratio of unit
moments.

MOH
.494 -

ml 240
rml - rm5 (--) - .0016 ( - ) - .0031

ms MeO
.256

240

Calculate diagonal shear capacity of concrete.

vc- 39 (fc)I/2 + 2500 p (eq. 4-23)

VcV - 1.9 (4000)1/2 + 2500 (0.0031) - 127.9 psi > 125.9 psi

.'. No stirrups or wall drop panel required.

Note:
Diagonal shear at de distance from the H direction wall will be
less than the one in L direction due to symmetry and larger de in
H direction. Calculation is not required.

Step 23. Check punching shear around column capital.

Use average de.

d + d 10.25 11.25
davg 10.75 in

22

Diameter of punching. D - D + davg- 45 + 10.75 .. 55.75 in.

Find area between positive yield lines minus column capacity,

3L 2 rD 2  3 X240 ]2 7X55.752

Area- 1 -1161 - ___

L 2 4  L 2 J4

- 57095 in 2
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r X Area 13.15 X 57095
v (punching) - - -398.8 psi

T Dp davg X 55.75 X 10.75

vc - 4 (f'c)1/2 4 (4000)1/2 - 253.0 psi < 398.8 psi

Need drop panel, assume 6 in.

davg (revised) - 10.75 + 6 - 16.75 in.

Dp (revised) -45 + 16.75- 61.75 in.

3 X 240 ]2  7T X 61.752
Area (revised) -[ 116 - - - 5641 in2

2 4

13.15 X 56541
V (punching) - - 228.8 psi < 253.0 O.K.

7T X 61.75 X 16.75

Step 24. Assume 63 X 63 in. drop panel. Check punching shear.

Punching Length - 1 - 1 + d - 63 + 10.75 - 73.75 in
p avg

Area- X 324 116 73.7522 - 54097 in 2

L2 2

ru Area 13.15 X 51.097
v (punching) - - 224.3 psi < 253.0 psi

4 1 d 4 X 73.75 X 10.75
p avg

Step 25. Check one-way diagonal shear de distance away from column diop
panel and between positive yield lines.

3L 3 X 240
Width in 1. direction - -- X - --- 116 - 244 in.

2 2
p 1

Area in L direction - Width (Ii X - - - dv)

2

4A-36



TH 5-.1300/NAVFA(. P-397/AI'R 88-22

63
AM- 244 (240 -116 - --- 10.75) - 19947 in2

2

ruArea 13.15 X 199471/
_____ 1.00, psi. < ve / O.K.

dv Width 10.75 X 244

Note:
DiE~gonal shear in 14 direction will. be less~ than the one in L
direction due to symmeetry and larger d. in H direction. Calcula-.
tion is not required.

Step 26. Check one-way diagonal shear at an average d distance away from~
column capital and between positive yield lines.

(Width)L -244 in (step 25)

1
dav - dv (-) X drop panel depth

width

63
dav - 10.25 + -- X 6 - 11.80 in

avg 244

Area in L direction - Width (H X da g
2 ag

40
- 244 (240 - 116 -- - 11.80) -22496.8 in2

2

ru Area 13.15 X 22496.8
v -- ___ - 102.7 psi < vc O.K.

dRV Width 11.80 X 244

Note.
Diagonal shear in H direction will be lost.. than the one in L
direction due to syymetry an~d larger de in Ii direction. Calcula-
tion is not required.

Step 27. Calculate all remaining required moments similar to step 18.
Assumne reinforcing bars for each, and determine~ actual provided
unit moment capacities similar to step 19.
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Problem 4A-3, Elements Designed for Impulse-Large Deflections

Problem: Design an element subjected to an impulse load fo.:c a large deflec-
tion.

F Procedure:

Step 1. Establish design parameters:

a. Impul load and duration (Chapter 2),

b. Deflection criteria.

C. Geometry of element.

d. Support conditions.

e. Type of section avaiiable to resist blast, type 11. or III

depending upon the occurrence of spalling.

f. Materials to be used and corresponding static design

strengths.

g. Dynamic increase factors (table 4-1).

Step 2. Deter-mine dynamic yield strength and dynamic ultimate strength of
reinforcement.

Step 3. Determine dynamic design stress~ for the reinforcement according to
the deflection range (support rotation) required by ,-he desired
protection level (table 4-2).

Step 4. Determine optimuw distribution of the reinforcement according to
the deflection range considered (sert. 4-33.4 4nd figs, 4-37 and
4-38). Step not necessary for one-way elements.

Step 5. Establish design equation for deflection range considercd and type
of section (type 11 or III) available.

Step 6. Determine impulse coifficient C1 and/or Cu for optimum pV/pHt ratio
and L/H ratio,

Note:
If the desired deflection is not equal to Xor Xu, determine
yield line location (fir-. ý-4 through 3-20) for optimum pV/pd

V rA~tio and L/H ratio and ~alculate Xm, X1 , and, if necessary, Xu
(ttble 3-5 or 3-6).
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Step 7. Substitute known parameters into equation of step 5 to obtain

relationship between PH and dc.

Step 8. Assume value of d and calculate PH and from optimum PV/PH
calculate PV' Select bar sizes and spacings necessary to furnish
required reinforcement (see Sect. for limitations).

Step 9. For actual distribution of flexural reinforcement, establish yield
line location (figs. 3-4 through 3-20).

Note:

+ [:2 ::) +- ]/ L £PV1/2 L- KA 1/2
H MHN + MHP PH H sH

since:
As

MN - Mp p dc 2 fds - dc fds
b

Step 10. Detormine the ultiaate shear stress at distance dc from the
support in both the vertical (VuV from eq. 4-119) and horizontal
(vuH from eq. 4-118) directions where the coefficients CV and CH
are determined from figures 4-39 through 4-52 (see sect. 4-35.2for an explanation of the figures and parameters involved).

Step 11. Determine the shear capacity vc of the concrete in both the ver-
tical and horizontal directions (use eq. 4-21).

Step 12. Select lacing method to be used (fig. 4-91). (Note: L"cing
making an angle of 45' with longitudinal reinforcement is most
efficient.)

Step 13. Determine the required lacing bar sizes for both the vertical and
horizontal directions from equation 4-26 where the parameters b1
and sI are determined from the lacing method used (fig. 4-91), and
the angle of inclination of the lacing bars a is obtained from
figure 4-15. The lacing bar size db must be assumed in order to
compute dl and RI.

(Note: See sect. 4-18.3 fcr limitations imposed upon the design
of the lacing).

Step 14. Determine required thickness Tc for assumed, dc, selected flexural
and lacing bar sizes, and required concrete cover. Adjust Tc to
the nearest whole inch and calculate the actual dc*
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Step 15. Check flexural capacity based on either impulse or deflection.
Generally, lacing bar sizes do not have to be checked since they
are not usually affected by a small change in dc.

a. Check of impulse. Compute actual impulse capacity of the
element using the equation determined in step 5 and compare
with anticipated blast load, Repeat design (from step 8 on)
if capacity is less than required.

b. Check of deflection. Compute actual maximum deflection of
the element using equation determined in step 5 and compare
with deflection permitted by design criteria. Repeat dusign
(from step 8 on) if actual deflection is greater than that
permitted.

Step 16. Determine whether correct procedure has been used by first comput-
ing the response time of the element tm (time to reach maximum
deflection) from equation 3-95 or 3-96, depending on the deflec-
tion range considered in the design, and then compare response
time tm with duration of load to. For elements to be designed for
impulse, tm > 3 to.

Step 17. Determine the ultimate support shear in both the vertical (Vsv
from eq. 4-122) and horizontal (VsH from eq. 4-.121) directions.
The coefficients CsV and CsH are determined from table 4-15 and
figures 4-53 through 4-56 (see sek:t. 4-35.3 for an explanation of
the figures and parameters involved).

Step 18. Determine the required diagonal bar sizes for the vercical and
horizontal (intersecting elements may -ontrol) directions from
equation 4-30. Diagcnal bars should have the same spacing as the
flexural reinforcement (fig. 4-95).

Note:
To obtain the most economical design repeat the above steps for
several wall thicknesses and compare costs. Percentages of
reinforcement may be used to reduce the amount of calculations.
In determining the required quantities of reinforcement, lapping
of the bars should be considered.

Example 4A-3, Elements Designed for Impulse-Large Deflections

Required: Design the back wall of the interior cell (fig. 4A-7) of a
multicubicle structure for incipient failure.
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i ii '

PLAN ELEVATION

Figure 4A-7

Solution:

Step 1. Given:

a. ib - 3 ,2 00 psi-ms and to -5 ms

b. Incipient failure

Aft c. L -336 in, H -120 in

d. Fixed on three edges and one edge free

e. Type III cross section$i
f. Reinforcement f - 66,000 psi and fu 90,000 psi

y

concrete Vc - 4,000 psi

8. For reinforcement DIF - 1.23 for dynamic yield stress

DIF - 1.05 for ultimate dynamic stre.s

Step 2. Dynamic Strength of Materials

dy - DIF f - 1.23 x 66,000 - $1,180 psi

fdu - DIF fu - 1.05 x 90,000 - 94,500 psi

Step 3. Dynamic Design Stress, from table 4-2

(fdy fdu) (81,180 + 94,500)
fds 87,840 psi

2 2
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L 336
Step 4. From figure 4-38 for ---- 2.8 and 3 edges fixed,

H 120

Optimum: P`V/PH -1.41

Step ~. Since Xm - Xu (incipient failure):

ib2 H
W.u (eq. 4-103)

PH dc 3 fds

Step 6. L/H -2.8 is not plotted on figure 4-34, therefore must interpo-
late for optimum Pv/PH*

For PV/PH - 1.41

L/H Cu

1.5 613.0
2.0 544.0

&3.0 444.0
4.0 387.0

From figure 4A-8, Cu -461.0.

Step 7.

d 3 1ib 2 H

PH dc3
Cu fds

(,20) (120)
dH d 3 

- 30.3
(461.0) (87,840)

Step 8. Assume dc 21 in:

30.3 30.3
PH - __ - - 0.00327

dc 3 (21)3

p - - (pH) 1.41 (0ý00327) -0.00461
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AsH -0.00327 (12) (21) -0.82 in /ft -Use #8 @ 11
(As 0.86')

AsV -0 0d461 (12) (21) -1.16 in2/ft -Use #9 @ 10
(As - 1.20)

Step 9. Yield line location.

Actual:

Pv Asv 1.20
- --- ______ -0.6198

2H 2AsH 2 x 0.86

L A 1/2
From figure 3-11 for f VI- 2.8 (0.698)1/2 -2.34

H sH

and Mv/MvN2 -1.00

x./L -0.385, x -0.385 (336) -129 in

X 129" xv129"

-1 /A
/.44

L, L336"

Figure 4A-9

Step 10. Ultimate shear stress at distance dc from support.

a. Vertical DI:ection (along L):

For:

dc 21
- -____ -0.175 and x/L -0.385

H 120

'~ 4A -44



TH 5-1300/NAVFAC P-397/AFR 88-22

From figure 4-45:

(- )M" 0.49 and CM -1.07
H

For:

dc /H 0.175
__ ._ - 0.357

( dc /H)M 0.49

From figure 4-46:

VC
v - 0.58
cIM

Therefore:

CV - 1.07 (0.58) - 0.62

Asv 1.20
PV -. . . 0.00476

b dc 12(21)

S~so that:
so t GV Pv fds 

(eq. 4-119)

- 0.62 (0.00476) (87,840)

- 259 psi

b. Horizontal Direction (along H)

For:

dc 21
. . ..- 0.163

x 129

From figure 4-40:

CH - 0.81

ASH 0.86
PH - - - 0.00341

b dc 12(21)

4A -45
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I so that:

- HdH (eq. 4-118)

-0.81 (0.00341) (87,840)

-243 psi

Step 11. SThear Capacity of Concrete (eq. 4-23)

a. Vertical Direction

vc- (1.9 (fc) 1/2 + 2,500 pV

- [1.9 (4,000)1/2 + 2,500 (0.00476)]

-129 psi

b. Horizontal Direction

-c (1.9 (f'c)1/2 + 2,500 PH)

-[1.9 (4,000)1/ + 2,500 (0.00341)]

-132 psi

Step 12. Use lacing method No. 3 (see fig. 4-91).

Step 13. Lacing bar sizes:

a. Vertical Lacing Bars

bi 1 0 in Si 22 in

As~ume No. 6 Bars,

db -0.75 in

di- 21 + 1.13 + 2.00 +0 75

- 24.88 In.

Min R 4db

For:

- 2 0.884 (eq. 4-28)

di 24.88
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2 R+ db 9 db 9 (0.75)
- d_ - 248 - 0.271 (eq. 4-29)

di di 24.88

S• (VENT)

(WORIZ.)

Figure 4A-10

From figure 4-15:

a - 53.0'

4: For shear:

fdy - 1.10 x 66,000 - 72,600 psi

fdu ' 1.00 x 90,000 - 90,000 psi

ds - (72,600 + 90,000)/2 - 81,300 psi

(VuV - Vc) b, sI
_v -- (eq. 4-26)

0 fds (sin a + cos a)

(259 - 132) (10) (22)

0.85 (81,300) (0.799 + 0.602)

- 0.289 in 2

Min A- 0.0015 b, sI

- 0.0015 (10) (22)

- 0.330 in 2
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Use No. 6 bars:

2(A - 0.44 in)

b. Horizontal Lacing:

qm2L4 sa 1i" (tiv~L

Figuý:e 4A-11

Assume No. 6 Bar&:

db -0.75 in

d, 21.0 + 1.13 + 0.75 -22.88 in

Min. R, ~ 4 db

For:

sl 20
- - 0.874 (eq. 4-28)

d 22.88

2 Rl+ db: 9 db 9 (0.75)
-_____- ___ _____ -0.295 (eq. 4-29)
d dl 22.88

From figure 4-15:

a-53.5'

(vUH - v.) b, s,
AH -- (eq. 4-26)

f ds (sin a + cos a)

(243 - 129) (11) (20)

0.85 (81,3n0) (0.804 + 0.595)

-0.259 in2
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Minm. A - 0.0015 bi s1

- 0.0015 (11) (20)

- 0.330 in 2

Use No. 6 bars:

(A - 0.44 in 2 )

Step 14. Actual d. depends upon vertical lacing.

Cover - 2 x 0.75 - 1.50
Lacing - 2 x 0.75 - 1.50
Horizontal - 2 x 1.00 - 2.00
Vertical - 1.13 - 1.13

6.13 in

Tc - dc + 6.13 - 21 + 6.13

-27.13 in ... Use 27 in

Actual dc - 27 .. 6.13 - 20.87 in

Step 15. Check capacity.

a. Actual impulse capacity.

For:

Pv
- 1.40 • 1.41, CG - 461.0 (fig. 4-34)

SPH
i ~~For: 08

dc -20.87 in, PH "-0.00343it 12(20.87)
PH dc fds Cu

ib

0.00343(20.87)3 (87,840) (461.0)

(120)
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'b - 3244 psi-ms > ib - 3,200 psi-ms

b. Actual maximum deflection.

For:

- - 1~.40, C1 - 452.0 (fig. 4-31.)

PH

Note: Interpolation for C, not shown.

Cu - 461,0

From table 3-6 for x > H-:

X1- H tan 12* - 120 (0.2125) - 25.5 in

L x .- tn 1 (tan emax)1

2u - La mx+ x anL I/ eJx a

-(129) tan 12 + (168-129) tanL12-tan-1 _tan 12

- 27.42 + 0.56 - 27.98 in.

From Step 5:

ib2H r m -X 1 1

PHdc3 ds- Cl + (Cu -C1 ) j u X1

(3200)2 (120)

0.00343(20. 87)3(87 ,840)

452.0 + (461.0 - 452.0) F79  2.
From which: Xm - 24.58 in < X

Note:
Since the deflection X. is less than Xl, the above solution
(Xm - 24.58) is incorrect because the equation used is for
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the deflection range X, •5 X.M : X.u. Therefore, an equation for the
deflection range 0 :5 Xm •5 X, must be used to obtain the correct
solution.

From Section 4-33.5 for Type III cross sections and valid for
deflection range:

0•5 X.M :5X 1

ib 2H

3 Cl -)

PHdcfs1

ib 2H Xi

Xm~" 3
PH dc ds C1

(3200)2 (120) (25.5)

(0.00243) (20.87)~ (87,840) 452.0

Xm -25.3 in

Note:
The element is slightly over-designed. To obt~ain a more econoini-
cal design, the amount of flexural reinforcement may be reduced.

Step 16. The response time of the element is obtained frum:

ib
tm - (eq. 3-96)

ru

where:

ru - s(*+ H)(table. 3-2)

but:

ASH1 fd dc
MHN -MHP-

b
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0.86 (87,840) (20.87)

12

-131,380 in-lbs/in

therefore:

5 (2) (131,380)
ru- ______ 78.9 psi

(1-29)2

so that:

ib 3,200
----- 0.6.ms

ru 78.9

tm 40.6
_____ ____ __ - 8.12

to 5

The correct procedure has been used since:

* tM
> 31

Step 2.7. Ultim~ate support shear.

a. Vertical Direction (along I-):

From figure 4-54, for,ý

x/L -0.385

sV-sV  V ~d 2 ~ 5 -(eq. 4-122)

4.40 (1.20) (20,87)2 (87,840)

1.2 (20.87) (120)

-6720 lbs/in

b. Horizontal Direction (along H):

From table 4- 15:

6 6
CSH-__ ,___. 15.6

(x/L) 0.385
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0sH PHI d 2 f ds
-S - - (eq. 4-12.1)

15.6 (0.00343) (20.87)2 (87,840)

336

-6,090 lbs/in

Step 18'. Diagonal bar sizes.

Note:
Place bars on a 4 5' angle.

sin a - 0.707

a. Vertical Direction (at floor slab):

VV b 6,720 (10)
Ad - - ____ _--1.17 in2  (eq. 4-30)

f sin a 81,300 (0.707)

Required area of bar:

Ad 0.583 in2

2

Use No. 8 @ 10~.

b. Horizontal Direction (at wall intersections):

VsH b 6,090 (11)
Ad - ___ ____-1.16 in' (eq. 4-30)

fd sin a 81,300 (0.707)

Required area of bar:

Ad
- 0.58 in2

2

Use No. 8 @11.

,V4
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Problem 4A-4, Elements Designed for Impulse-Limited Deflections

Problem: Design an element which responds to the impulse loading of a
close-in detonation.

Procedure:

Step 1. Establish design parameters:

a. Blast loads including pressure-time relationship (Chapter 2).

b. Deflection criteria.

c. Structural configuration including geometry and support condi-
tions.

d. Type of cross section available depending upon the occurrence of
spalling and/or crushing of the concrete cover.

Step 2. Select cross section of element including thickness and concrete
cover over the reinforcement. Also determine the static design
stresses of concrete and reinforcing steel (Section 4-12).

Step 3. Determine dynamic increase factors for both concrete and rein-
forcement from tabl. 4-1. Using the above DIF's and the static
design stresses of step 2, calculate the dynamic strength of
materials.

Step 4. Determine the dynamic design stresses using ta'ile 4-2 and the
results from step 3.

Step 5. Assume vertical and hotizontal reinforcement bars to yield the
optimum steel ratio. The steel ratio is optimum when the result-
ing yield lines make an angle of 45 degrees with the supports.

Step 6. Calculate de (d or dc depending upon the type of cross section
available to resist the blast load) for both the pusitive and
negative moments in both the vertical and horizontal directions.
Determine the reinforcing ratios. Also check for the minimum
steel ratios from table 4-3.

Step 7. Using the area of reinforcernen, and the -alue of de from step 6,
and the dynamic design stress of step 4, calculate the moment
capacity (Sect. 4-17) of both the positive and negative reinforce-
ment. Also calculate the Pv/PH latio and compare to the optimum
steel ratio from stej, 5.

Step 8. Establish values of KE, XE and r' similar '-o the procedures of
problem 4A-1, steps 8 to 1.8.

Step 9. Determine the load-mass factor KLM, for elastic, elasto-plastic
and plastic ranges from table 3-13 and figure 3-44. The average
load mass factor is obtained by taking the average KL for the
elastic "4
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and elosto-plastic ranges and averaging this value with the KI1 of
the plastic range. In addition, calculate the unit mass of the
element (account for reduced concrete thickness if spalling is
anticipated) and multiply this unit mass by Kim for the element to
obtain the effective unit mass of the element.

Step 10. Using the effective mass *ot step 9 and the equivalent stiffness of
step 8, calculate the natural period of vibration TN from equation
3-60.

Step 11. Determine the response chart parameters:

a. Peak pressure P (step 1).

b. Peak resistance ru (step 8).

c. Duration of load T (step 1).

d. Natural period of vibration TN (step 10).

Also calculate the ratios of peak pressure P to peak resistance r,
and duration T to period of vibration TN. Using these ratios and
the response charts of Chapter 3, determine the value of Xm/XE.
Compute the value of Xm.

Step 12. Determine the support rotation corresponding to the value of Xm
from step 11 using the equations of table 3-6. Compare this value
to maximum permissible support rotation of step 1, and if found to
be satisfactory, proceed to step 13. If comparison is unsatisfac-
tory, repeat steps 2 to 12.

Step 13. Using the ultimate resistance of step 8, the values of de of step
6 and the equations of table 4-6 or 4-7 (table 3-10 or 3-11 if
shear at support is required), calculate the ultimate diagonal
tension shear stress at a distance de from each iupport (or at
each support). Also, calculate the shear capacity of the concrete
from equation 4-23. If the capacity of the concrete is greater
than that produced by the load, minimum shear reinforcement must
be used. However, if the shear produced by the load is greater
than the capacity of the concrete, then shear reinforcement in
excess of the minimum required must be provided. Also check for
maximum spacing of shear reinforcement.

Step 14. Using the equations of table 3-9. 3-10 or 3-11 and the ultimate
resistance of step 8, calculate the shear at the supports.
Determine the required area of diagonal bars using equation 4-30.
However, if section type I is used, then the minimum diagonal bars
must be provided.
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Example 4A-4, Elements Designed for Impulse-Limited Deflections

Required: Design the side wall of cubicle with no roof or front wall and
subject to the effects of a detonation of an explosive within the
cubicle.

Solution:

Step 1: Given:

a. Pressure-time loading (fig. 4A-12).

b. Maximum support rotation equal to 2 degrees.

c. L - 180 in., H - 144 in. and fixed on two sides (fig. 4A-
12).

d. Type III cross section.

"1485CLL
fill

TIME,ms •hz•

BLAST LOAD PLAN SECTION

Figure 4A-12

Step 2. Select element thickness and static stress of reinforcement and
concrete (fig 4A-13).

NEGATIVE IE--- .POSITIVE KEINI.

INTERIOR SURFACE
fic 4,000 psi

f 66,000 psi

'TC"xi•o $URF'CE. •..ssume Tc 22 in. and concrete
cover is as shown in figure 4A-13.

Figure 4A-13

4A- 56
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A Step 3. Determine dynamic stresses.

a. Dynamic increase factors, DIP (from table 4-1).

Concrete:

Diagonal Tension - 1.00

Reinforcement:

Bendin& - 1.23

Diagonal Tension 1.10

Direct Shear - 1.10

b. Dynamic strength of materials.

Concrrte (f'd,):

Diagonal Tension 1.00 (4,000) 4,000 psi

Reinforcement (fdy):

Bending 1.23 (66,000) - 81,180 psi

Diagonal Tension 1.10 (66,000) - 72,600 psi

Direct Shear 1.10 (66,000) - 72,600 psi

Step 4. Dynamic design stress from table 4-2.

Concrete (f'dc):

Diagonal Tension - 4,000 psi

Reinforcement (fds - fdy foi 0 < 2)

Bending - 81,180 psi

Diagonal Tension - 72,600 psi

Direct Shear - 72,600 psi

Step 5. Determine the optimum steel ratio pv/pu. Set x - H to obtain 45
degree yield lines.

x H 144
-.... - f0.80

L IL 180

From figure 3-4,
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L Iv
- ( ) -1.08
H MHN + MHP

Therefore,

Mvp 1 .08 X 144 2

MHN + MHp 180

or

MVp/MHN - 1.50

Try No. 7 bars at 8 in. o.c. in the vertical direction and No. 6

bars at 8 in. o.c. in the horizontal direction.

Step 6. Calculate dl, and the steel ratios for each direction.

Assume No. 3 stirrups.

dcV - 22 - (2 X 0.375) - 0.75 1.5 - (2 X 0.875/2) - 18.125 in.

dcH - 18.125 - (2 X 0.875/2) (2 X 0.75/2) - 16.50 in.

AsV 0.60
PV- V -. 0.0041 > 0.0015 minimum

bdcv 8 X 18.125

AsH 0.44
PHb.8 1 . 0.0033 > 0.0015 minimum

bdcH 8 X 16.50

Step 7. Calculate the moment capacity of both the positive and negative

reinforcement in both directions (eq. 4-19).

Asfdsdc

b

0.60 (81,180) (ij.125)

MVN - MVp - - 110,354 in-lbs/in
8

0.44 (81,180)(16.50)
MHN -MHp- - 73,671 in-lbs/in

8

MVN/MHN - 110,354/73,671 • 1.5 - 1.5 from step 5 o.k.

4 -
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Step 8. U.Ang the procedure in example 4A-1, steps 8 through 18 and theii• O moment capacities from step 7.ru establish the values of KEP XE and

KE - 36.7 psi/in.

XE - 0.968 in,

ru - 35.53 psi

Step 9. Calculate the effective mass of the element.

a. Load mass factors (table 3-13 and fig. 3-44)

x/L - 0.80

elastic range KLM - 0.65

elasto-plastic range:

one simple edge KLM - 0.66

two simple edges KLM - 0.66

plastic range K - 0.54

KLM (average elastic and elasto-plastic values)

0.65 + 0.66 + 0.66

- _ - 0.66
3

KLM (average elastic and plastic values)

0.66 + 0.54
- _- 0.60

2

b. Unit mass of element:

Using the larger dc as the thickness of the element.

Due to spalling (Type III cross section) available thickness
equals

Tc - dc - 18.125 in.

Wcdc 150 (18.125) 106
m - 4,072 psi-ms2/in

g 32.2 X 12 X 1728
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c. Effective unit mass of element:

me - KLm - 0.60 (4,072) - 2,443 psi-ms 2 /in

Step 10. Calculate the natural period of vibration.

TN - 2 7 (me/KE) 1 / 2  (eq. 3-60)

TN - 2 (3.14) (2443/36.7)1/2 - 51.2 ms

Step 11. Determine maximum response of element.

a. Response chart parameters:

Peak pressure, P - 1485 psi (step 1)

Peak resistance, ru - 35.53 psi (step 8)

Duration of blast load, T - 1.2 ms (step 1)

Period of vibration TN - 51.2 ms (step 6)

P/ru - 1485/35.53 - 41.8

T/TN - 1.2/51.2 - 0.023

b. From figure 3-64a:

Xm/XE - 5.0

X2 - 5.0 X 0.968 - 4.84 in

Step 12. Check support rotation (table 3-6).

Since x - H - 144 in. and 0 < Xm < X1

XM - x tan eH

tan 91 - 4.84/144

-H - 1.93" < 2" assumed section is O.K.

1
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Step 13. Check diagonal tension at supports (internal loading).

a. Calculate ultimate shear stresses at support by dividing the
values of the support shear from table 3-10 by their respec-
tive dc.

VsH 3 ruX/ - 3 X 35 53 X 144/5 - 3,070 lb/in

x
3 ru H ( 2 --- )

L 3 (35.53) 144 (2 0.80)
VsV -- - 3,542 lb/in

x (6 0,80)
(6 - - )

L

AVuH- VsH/dcH - 3,070/16.50 - 136.1 psi

vuV -VsV/dcV - 3,542/18.125 - 195.4 psi

b. Allowable shear stresses (eq. 4-23)K;2 )1/2vc - 1.9 (f'c)I/ 2 + 2500 p _ 3.5 ('c) - 221.4 psi

where p is the steel ratio at the support.

vcH - 1.9 (4000)1/2 + 2500 (0.0033) - 128.4 psi < 221.4 psi

VcV - 1.9 (4000)1/2 + 2500 (0.0041) - 130.4 psi < 221.4 psi

c. Required area of single leg stirrups.

(V- Vc)bs
AV - (eq. 4-26)

0.85 (f'ds)

v H-vcH - J.86.1 128.4 - 5.7 < 0.85v 108.8 psiHcH 0. s

Use 0.85 1cH as minimum.

c
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VuV- - 195.4 - 130.4 - 65.0 < 0. 8 5 VcV - 110.8 psi

Use 0.85 VcV as minimum.

Tie every reinforcing bar intersection, therefore,

b - s - 8 in. < dc/2 (maximum spacing) O.K.

108.8 X 8 X 8Av- - 0.11 in2

0.85 X 72,600 0

minimum AV - 0.0015 bs - 0.10 in 2 < 0.11 O.K.

110.8 X 8 X 8- - 0.1i1 in2

A 0.85 X 72,600

minimum Av - 0.0015 bs - 0.10 in2 < 0.11 O.K.

The area of No. 3 bar is 0.11 in 2 , so bar assuned in step 6 is
O.K.

Step 14. Determine required area of diagonal bars using the values of the
shear at: the support from step 13.

Vsb

Ad - (eq. 4-30)
fds sin a

Assume diagonal bars are inclined at 45 degrees.

3.070 X 8
A - -0.48 in 2 at 8 in. o.c.

72,600 X 0.707

3,542 X 8
AdV - - 0.55 in2 at 8 in. o.c.

72,600 X 0.707

Use No. 7 bars (Ab - 0.60 in 2 ) at 8 in. o.c. at both supports
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Problem 4A-5. Elements Designed for Impulse-Composite Construction

Problem: Design a composite (concrete-sand-concrete) wall to resist a given
blast output for incipient failure.

Procedure:
Step 1. Establish design parameters.

a. Structure configuration.

b. Char-ge weight.

c. Blast impulse load (Chapter 2).

"d. Thicknesses of concrete and sand portions of wall.

e. Blast impulse resisted by concrete panels.

f. Density of concrete and sand.

Step 2. Determine scaled thicknesses of concrete and sand using:

Tc - Tc/WI/ 3 and Ts - Ts/Wl/ 3

Step 3. Determine scaled blast impulse resisted by each concrete panel
using:

bd "/3 (donor panel)

'ba " ba/Wl/ (acceptor panel)

Step 4. Correct scaled blast impulse resisted by concrete (Step. 3.) to
account for the increased mass produced by the sand and the
reduction of the concrete mass produced by spalling and scabbing
of the concrete panelE using:

Tc + dc w Ts ]

2 we 2

(Corr.) Ybd - bd wc

Tc + dc ws Ts ½
+ (-) (-)

_ _2 wc 2

(Corr.) iba - ba dl
d

4C
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Step 5. Determine scaled blast impulse attenuated by acceptor panel and

the sand ia from figure 4-57 or 4-58, for ws equal to 85 and 100
pcf., respectively.

Step 6. Calculate total Impulse resisted by the wall using:

ibt - 'a + ibd

Step 7. Compare blast impulse which is resisted by wall to that of the
applied blast loads.

Example 4A-5, Elements Designed for Impulse-Composite Construction

Required: Design the composite wall shown below for incipient failure
conditions.

F
1
igur. 4*A1

b1 r

d ., 1ftT 2ta....,d d.. 08

ELEVATKON SECTION

Figure 4A- 14

Step 1. Given:

a. Structural configuration as shown in figure 4A-14.

b. W - 1,000 lbs.

c. ib - 4,800 psi-ms (Chapter 2).

d. ~. lf, Tq- 2 ft, and dc -0.833 ft.

e. ibd - iba - 1,500 psi-ms (sect. 4-33).

f. wc - 150 pcf and ws - 100 pcf.

Step 2. Scaled thicknesses of concrete and sand:
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Tc - Tc/W1 / 3 - 1/(1000)1/3 _ 0.1 ft/lb'/ 3  (eq. 4-125)

Ts - Ts/Wv1 / 3 - 2/(1000)1/3 - 0.2 ft/lbI/ 3  (eq. 4-126)

Step 3. Scaled blast impulse resisted by individual concrete panels.

1500

'bd - iba " - 150 psi-ms/lb (eq. 4-127)
(1000)1/3

Step 4. Correction of scaled impulse resisted by concrete panel used in
composite walls.

Tc 4- dc ws TS 1½
2 wc 2

(Corr.) -bd - ibd dc 2

1.0 + 0.833 100 2 ½+ . . . (-)
S2 150 2

S150 
0.833

- 207 psi-ms/lbi/ 3 - iba (corr.)

Step 3. Scaled blast impulse attenuated by acceptor panel and sand.

ia - 280 psi-ms/lb (fig. 4-58)

Step 6. Total scaled blast impulse resisted by wall.

-bt " •a + 1bd " 280 + 207 - 4G7 psi-ms/lb1 /3

Step 7. Comparison of wall capacity and applied blast load.

ibt - 487 .b - 480 psi-ms/lb1 / 3  O.K.

4Ak-65



TM 5-1300/NAVFAC P-397/AFP. 88-22

Problem 4A-6, Design of a Beam in Flexure

Problem: Design an interior beam of a roof subjected to an overhead blast.
load.

Solution:

Step 1. Establish design parameters:

a. Structural configuration.

b. Pressure-time loading.

c. Maximum allowable support rotation.

d. Material properties

Step 2. From table 4-1, determine the dynamic increase factors, DIF. For
the deflection criteria given in Step 1c, find the equation for
the dynamic design stress from table 4-2. Using the DIF and the
material properties from Step ld, calculate the dynamic design
stresses.

Step 3. Assuning reinforcing steel and concrete cover, calculate the
distance from the extreme compress! i fiber to tha ceutroid of the
tension reinforcement, d.

Step 4. Calculate the reinforcement ratio of the steJl assumed in Step 3.
Check that this ratio is greater than the minimum reinforcement
required by equation 4-137 but less than the maximum reinforc~ment
permitted by equation 4-132.

Step 5. Using equations 4-129 and 4-130, the dynamic design stresses from
Step 2, and the value of d from Step 3. calculate thie ultimate
moment capacity of the beam.

Step 6. Compute the ultimate unit resistance of the beam using the moment
capacity of Step 4 and an equation from table 3-1.

Step 7. Calculate the modulus of elasticity of concrete Ec and steel Es
(equations 4-4 and 4-5, respectively) and the modular ratio n
(equation 4-5). Determine the average moment of inertia I of theam
beam according to Section 4-15.

Step 8. From table 3-8, find the correct equation for the equivalent
elastic stiffness KE. Evaluate this equation using the values of
Ec and I fror Step 7.

Step 9. With the ultimate resistance from Step 6 and the stiffness KE frum
Step 8, use equation 3-36 to calculate the equivalent elastic
deflection XE.
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Step 10. Find the values for the load-mass factor K in the elastic,
elasto-plastic and plastic ranges from table 3-12. Average these
values according to Section 3-17.4 to determine the value of KLM
to be used in design.

Step 11. Determine the natural period of vibration TN using equation 3-60,
KLM from Step 10, KE from Step 8 and the mass of the beam. The
mass includes 20 percent of the adjacent slabs.

Step 12. Calculace the non-dimensional paraweters T/TN and ru/P. Using the
appropriate response chart by Chapter I determine the ductility
ratio, J.

Step 13. Compute the maximum deflection XYm using the ductility ratio from
Step 12 and XE from Step 9. Calculate the support rotation
corresponding to Xm using an equation from table 3-5. Compare
this rotation with the maximum allowable rotation of Step Ic.

Step 14. Verify that the ultimate support shear V. given in table 3-9 does
not exceed the maximum shear permitted by equation 4-142. If it
does, the size of the beam must be increased and Steps 2 through
13 repeated.

Step 15. Calculate the diagonal tension stress v from equation 4-139 and
check that it does not exceed 10(fdc')

Step 16. Using the dynamic concrete strength fdc' from Step 2 and equation
4-140, calculate the shear capacity of the unreinforced web, vc.

Step 17. Design the shear reinforcement using equation 4-140, and the
excess shear stress (vu - Vc) or the shear capacity of concrete
vc' whichever is greater.

Step 18. Check that the shear reinforcement meets the minimum area and
maximum spacing requirements of Section 4-39.4.

Step 19. With T/TN and Xm/XE from Step 12, enter figure 3-268 and read the
required resistance of the beam in robound.

Step 20. Repeat Steps 3 through 6 to satisfy the required rebound resis.o
tance.

Example 4A-6, Design of a Beam in Flexure

Reouired: Design of an interior of a roof beam subjected to an overhead
blast load.

A-
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Solution:

Step 1. Given:

a. Stru-tural configuration is shown in figure 4A-15a.

b. Pressure-tinie leading is shown figure 4A-15c.

c. Maximum support rotation of one degree.

d. Yield stress uf reinforcing steel, f - 66,000 psi
y

Concrete compressive strength, f' - 4,000 psi

Weight of concrete, w - 150 lbs/ft 3

Step 2. a. Dynamic increase factors from table 4.1 foz .LLermediate and
low pressure range.

Reinforcing steel - bending, DIP - 1.17
- direct shear, DIF - i.1O

Concrete - compression, DIF - j-19
- direct shear, DIF - 1.10
- diagonal tension, DIF - 1. 00

b. From table 4-2, for 20

fds " fdy

C. Dynamic desian stresses from equation, 4-3.

Reinforcing steel - bending fdy- 1.17 x 66,000
- 77,220 psi

- diagonal tension fdy - 1.00 x 66,000
- 66,000 psi

Concrete - compression f'dc " 1.19 x 4,000
- 4,760 psi

- direct shear d'dc - 1,10 x 4,000
- 4,400 psi

di~gonal tension fdy - 1.00 x 4,000

- 4,000 psi

Step 3. Assume 5 No. 6 bars for bending:

As- 5 .44 - 2.20 in 2

For concrete cover and beam sttions see figure 4A-15b.
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Step 4. Check reinforcement requirements:

a. CIalculate d negative (support) and positive (mid-span) for
checking bending reinforcement ratios.

d - h - d' (cover) - ' (tie)-- (Bending B3ar)

2

dN - 30 - 2 - 0.5 - 0.75/2 - 27.125 in

d - 30 - 1.5 - 0.5 - 0.75/2 - 27.625 in

b. Calculate reinforcement ratio:

From equation 4-131,

p - As/bd

PN- 2.2/(18 x 27.125) - 0.0045

pp - 2.2/(18 x 27.615) - 0.0044

C. Maxim=m reinforcement:UU
Maximum reinforcing ratio Pmax - 0.75 x Pb

From equation 4-132;

0.85K 1 f'dc 37,000
Pb -+

fdy 87,000 + fdy

where:

0.05 (fdc -4,000)

K1 - 0.85 - 0.812
1,000

0.85 x 0.812 r 47110 87,000

Pb ) -0.0225
77,220 87,000 + 77,220

Pmax - 0.75 x 0.0225 - 0.Ul9C > P 0.0045 and

pp- 0.0044 O.K.

d. Check for minimum reinforcing ratio using equation 4-138
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Pmin " 200 / y

200

Pmin - - 0.0033 < PN " 0.0045 O.K.
60,000

< pP - 0.0044 O.K.

Step 5. Moment capacity of the beam using equations 4-129 and 4-130 is:

Mu As fdy (d-a/2)

where:
As fdy

a-
0.85b V

2.20 x 77,220
__-_ - 2.333 in
0.85 x 18 x 4,760

at support:

MN - 2.20 x 77,220 x (27.125 - 2.333/2)

- 4,409,934 in-lbs

aL mid-span:

Mp- 2.20 x 77,220 x (27.625 - 2.333/2)

- 4,494,876 in-lbs

Step 6. From table 3-1, ultimate resistance of a uniformly loaded beam
with fixed ends is:

8 (MN + MP4 )
ru - 2

8 (4,409,934 + 4,494,934)
ru -2402 - 1,236.79 lbs/in

Step 7. From Section 4-15, calculate average moment of inertia of the beam
section.

a. Concrete modulus of elasticity (eq. 4-4):
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Ec 1.5w. x 33 x(fic) 1/2 3. 10ps

L, 150 x 33 x (,0)/ . 0 s

b. Steel modulus of elasticity (eq. 4-5):

6
Es 29 x 10 psi

c. Modular ratio (eq. 4-6):

29 x 106
n -7.6
3.8 x 106

d. From figure 4-11 and having n, PN an ,th offcet

for moment of inertia of cracked sections are:

FN -0.0235 at support

F -0.0230 at mid-span
p

Cracked moment of inertia from equation 4-8b is:

'c - Fbd3

'cN -0.0235 x 18 x 27.125~ 8,442 in4

I - 0.0230 x 18 x 27.625~ ,2 n

Average:

1  (1 cN. + lcp) /2

8,442 +. 8,728

- - 8,585 in4

e. Gross moment of inertia (eq. 4"-8):
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bh
3

12

18 x 303

18 - - 40,500 in 4

12

f. Average moment of inertia of the beams from equation 4-7:

2. +1
la 

c

2

40,500 + 8,585
Ia - - 24,542.5 in 4

2

Step 8. From table 3-8, KE of a uniformly loaded beam with fixed ends is:

307 Ec I1
KE-

307 x 3.8 x 106 x 24,542.5

E -2404

- 8,629.70 lbs/in/in

Step 9. Equivalent elastic deflection from equation 3-36 is:

ru 1,236.79
XE .... 0.1433 in

KE 8,629.70

Step 10. Load-mass factor from table 3-12 for a plastic range of a uniform-
ly loaded beam with fixed ends is:

- elastic - 0.77

- elasto-plastic - 0.78
- plastic - 0.66

Ki• for plastic mode deflections; from Section 3-17.4 from Chapter
3:

0.77 + 0.78 1
K 1 + 0.66 / 2 - 0.72

2
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Step 11. Natural period of the beam from equation 3-60 is:

TN - 271f (KI1 mIKE)'!

Where m is the mass of the beam plus 20% of the slabs span perpen-
dicular to the beam:

in -W/g

A m -(30 x 18 + 2 x 8 x 102 x 0.20)

150 1,0002

1.23 32.2 xc 12

-194,638.50 lbs-ms /in/in

r0.72 x 194,638.50½

T-27r [ 8,629.70 ] -253'

Step 1-2. Find p.,ductility ratx-o from figure 3-54.

From Step 1:

T/TN -60.7/25.3 -2.40

P -(18 +84 +120) x 7.2

-1,598.40 lbs/in

1,236.79
-u/ - - - 0.77

1,598,40

-9.0

Step 13. From table 3-5 support rotation is:

L tan e
x-m

2

OFI- x XE

Xm 9.0 x 0.1433 -1.29 in
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2 x 1.29
tan 0 - - - 0.01075

240

e - 0.620 g 1 O.K.

Step 14. Direct Shear from table 3-9 is:

r U
Step Vs -ru2I

2

1236.79 x 240
Vs - - 148,415 lbs

2

Section eapacity in direct shear from equation 4-142:

Vd - 0.18 f'dc bd

Vd - 0.18 x 4,400 x 18 x 27.125

- 386,694 lbs > V, - 148,415 O.K.

Step 15. Diagonal tensicn stress from equation 4-139:

vu - - 10 ( )
bd

Total shear d distance from the face of support:

Vu - (L/2 - d) ru

240
- ( - 27.125) 1236.79 - 114,867 lb

2

114867
Vu- - 235.2 psi

18 x 27.125

10 (f'dc) 1 / 2 - 10 x (4,00G)1/ 2

- 632.5 psi > 235.2 psi O.K.

Step 16. Unreinforced web shear capacity using equation 4-140 is:

ve - [1.9 (f'dc)1 / 2 + 2,500 p]

< 3.5 (f'de)1/2
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vc - [1.9 (4,000)1/2 + 2,500 x 0.0045]

- 131.4 psi

3.5 (f'dc) 1 / 2 - 3.5 x (4,000)1/2

- 221.4 psi > 131.4 psi O.K.

Step 17. Area of web reinforcing from equation 4-141:

Av -[(vu - vc) x b x Ss] / x fdy; Vu VcVc

vu vc- 235.2 131.4 - 104 < vc use vc

Assume:

ss - 9 in

Av- 131.4 x 18 x 9/(0.85 x 66,000)

- 0.38 in /9 in 2

Use No. 4 tie:

Av- 0.40 in 2

SteD 18. Minimum tie reinforcing area:

Av (min) - 0.0015 bss

Av (min) - 0.0015 x 18 x 9

- 0.24 in 2 < 0.40 in 2 O.K.

Maximum tie spacing:

( /2 - 4 x (4,000)1/2

- 253 psi > vc - 131 psi

>vu - vc -104 psi

Smax - d/2

Smax - 27.125 / 2 - 13.56 in > 9 in O.K.

max

4A-76



TM 5-1300/NAVFAC P-397/AFR 88-22

Step 19. Determine required resistance for rebound r- from figure 3-268:

r'/ru - 0.50 for T/TN - 2.40 and Xm/ XE - 9.0

Required:

r- 0.50 x 1236.79 - 618.4 lbs/in

Step 20. Repeat Steps 3 to 6:

Assume:

's - 1.64 in 2
, 2 No. 7 + 1 No. 6

PN at support 0.0033 - 200/fy

pp at mid-span - 0.0034 > 200/fy

NN at support - 3,388,275 in-lbs

M at mid-span - 3,324,954 in-lbs

r- - 932.4 lbs/in

> 618.4 lbs/in O.K.

Problem 4A-7, Design of a Beam Subject to Torsion

Problem: Design a beam for a uniformly distributed torsional load.

Procedure:

Step 1, Design the beam and adjacent slabs in flexure for the applied
blast load.

Step 2. Calculate the unbalanced slab support shears, VT using the ulti-
mate resistance of the slabs from Step 1.

rul L, ru2 L2

VT - ____-

2 2

Using the unbalanced slab support shears, compute the torsional
load at d distance from the face of the support fror:

L b
Tu - - d) '- (VT)

2 2
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Step 3. Using the torsional load from Step 2, compute the nominal. torsion-
al stress in the vertical direction from equation 4-143 and in the
horizontal direction from equation 4-144. Verify that the tor-
sional stresses do not exceed the maximum stress permitted in Sec.
4-41.5.

Note:
If the height of the beam is greater than width, the horizontal
torsional stresses will not be critical and may be ignored.

Step 4. Determine the shear and torsional capacity of an unreinforced web,
vc and Vtc, from equatioi~s 4-145 and 4-146 or 4-147, the torsional
stress from Step 3 and the shear stress from step 1.

Step 5. Find the excess shear stress (vu - vc) where the nominal shear
stress vu is from Step 1, and the shear capacity of the unrein-
forced web v is from Step 4. Using the excess shear stress and
equation 4-141, determine the area of web reinforcing for shear.

Step 6. With torsional capacity of the concrete from Step 4, the torsional
stresses from Step 3, and equations 4-148 and 4-149, calculate the
area of web reinforcement for torsion in the vertical and, if
required, in the horizontal directions.

Step 7. Add the area of shear reinforcement from Step 5 and the area of
torsion reinforcement in the vercical direction, and compare with
the area of torsion reinforcement required in the horizontal
direction. The larger of the two values will control for the
design of the closed ties. (If height of beam is greater than
width, see note at Step 3.)

Step 8. Check minimum area and maximum spacing requirements of ties
according to section 4-41.5.

Step 9. Calculate the required area of longitudinal torsion reinforcement
from equations 4-151a and 4-151b, the torsional stress from Step 3
and the torsion capacity of concrete from qtep 4.

Step 10. Determine the distribution of flexural and longitudinal steel at
the supports and at the midsection.

Example 4A-7, Design of Beam in Torsion

Required: Design of beam in example 4A-6, for torsional load due to unequal
spans of adjacent slab.

Solution:
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Step i. Given:
a. Beam designed for flexure in example 4A-b 7,There:

, - 240 in

d - 27.125 in; b - 18 in

vu- 235.2 psi

b. Slabs designed for flexure where:

r.1 - 1.5.0 psi LI - 14 ft - 168 in

ru2 - 7.85 psi L2 - 20 ft - 240 in

Step 2. Calculate torsional load.

a. Unbalanced slab support shears:

ruI L, ru2 L2
VT-

2 2

15(168) 7.85(240)
- - 320 lb/in
2 2

b. Torsional load at d from the support:

L b
Tu -(-- - d) -- (VT)

2 2 T

240 18
- (- - 2/.125) x - x 320 - 267,480 in-lb

2 2

Step 3. Maximum torsional stress:

Since h > b, the torsional stress in the vertical direction is not
critical and will be ignored.

a. Torsional stress:

3TU
V(tu)V-b~h (eq. 4-143)

3 x 267,480
-- 82.5 psi

182 x 30
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b. Shear stress: vu 235.2 psi

c. Check maximum allowable torsioual stress.

max v~

ttu

2

[1+[1.223. 3u
III

2 (~'d~ )/2

V1 x12(4000)

21.1>8.5OK
b.i Tosoa c2aiy

+ 82.I5
Stp .in ser ndtosinlVcpctU furenoedwb

a.Shawdyacty

2 fdV)/
vc (eq. 4A145
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2.4 x (4,000)1/
V-t~c

[1 1 .2 x 235.212
82.5 i

-42.6 psi (Vertical Face)

Step 5. Area of web reinforcing for shear using equation 4-141:

7 Assume s -12 in.

Av- (235.2 -121.4) x 18 x 12/(0.85 x 66,000)

-0.438 in2/ft

Step 6. Web reinforcing for torsi~onal stress using equation 4-148:

Att - -tc b Vertical
3 at bt ht fd

where:

hit
a 0.66 +0.33 - •- 1.50

bt

hit -30.0 - 2.0 - 1.5 - (2 x 0.5/2) -26 in

See figure 4A-15.

b 18.0 - 1.5 - 1.5 - (2 x0.5/2) -14.5 in

4ý See figure 4A-15.
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26
- 0.66 + 0.33 x - - 1.25 < 1.50 O.K.

14.5

(82.5 - 42.6) 182 x 30 x 12
At - tI

3 x 0.85 x 1.25 x 14.5 x 26 x 66,000

- 0.059 in 2 /ft

Step 7 Total web reinforcement:

A + Av/2 - 0.059 + 0.438/2 - 0.278 in 2 /ft/Leg

Use No. 4 ties @ 8 in - 0.300 in 2 /ft/Leg.

Step 8. Minimum torsion reinforcement (sect. 4-41.5):

a. Minimum tie reinforcing area:

&v (min) -Av shear alone from example 4A-6

Use No. 4 t:ies Q 9 in.

0,38 12
Av (min) - x

2 9

- 0.253 in 2/f't./Leg < 0.300 in 2 /ft/Leg O.K.

b. Maximum spacing:

ht + bt
Smax -

4

26 + 14.5

4

- 10.125 in > 7 in O.K.

Step 9. Required area of longitudinal steel is the greater of the two
values from equations 4-151a or 4-151b.

VW
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bt + ht
Al 2At

?4.5 + 26.0

A, 2 x 0.06 x - .4.0 in2

12

or:
r

400 xb xs -t -1

2A -

Y., 66,000u

40s 0 x 18 x 12 (25

- 352l 0.121

14.5 +i 26.0
X- 0. 74 in 2

12

St-ep 10. Distribute A,, A., and As as follows (see fig. 4A-16):

Distribute A1 equally between four corners of the beami and one on
each face of depth, a total of six locations to satisfy maximum

spacing of 12 inches.

A1/6 - 0.74/6 -0.12 in2

Vertical Face:

One (1.) No. 4 bar

-0.20 in2 > 0.12 O.K.

H~orizontal Face at Top:
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Support -2.20 (bending) + 2 x 0,12 (torsion)

-2.44 in2

Two (2) No. 7 at corners +three (3) No. 6

-2.52 in2 O.K.

Midspan - 1.64 (rebound)

Two (2) No. 7 at corners +one (1) No. 6

-1.64, in2 O.K.

Horizontal. Face at Bottom:

Support -Greater of rebound (1.64 in2)

or torsion (21 x 0.1.2)

Two (2) No. 7 at corners + one (1) No. 6

-1.64 in2 O.K.

IMidspan -2.20 (bending)

Two (2) No. 7 at corners + one (1) No. 6 4~two (2) No. 5

-2.26 in2 > 2.20 O.K.

~ $ CL. 4COL.

2 -ý* + -

-V-8
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Problem 4A-8, Column Design

Problem: Design an interior column of a one-story structure with shear
walls.

Procedure:

Step 1. Establish design parameters:

a. End conditions of column.

b. Clear height of column.

c. Dynamic loads from roof.

d. Static material properties.

Step 2. Find equivalent static loads on the columo by increasing the
dynamic loads 20 percent (sect. 4-47).

Step 3. From table 4-1, determine the dynamic increase factors, DIF,
Using the DIF, the material properties from Step ld and equation
4-3, calculate the dynamic design strength of the concrete and the
reinforcement.

Step 4. Assume a column section and reinforcing steel.

Step 5. Calculate the slenderness ratio of the column section assumed in
Step 4, using either equation 4-167 or 4-168. If the slenderness
ratio is less than 22, slenderness effects may be twgjertd. If
it is greater than 22 and less than 50, the moment magnifier must
be calculated from equation 4-170 and the moments increased
according to equation 4-169. The column section must be increased
if the slenderness ratio is greater than 50.

Step 6. Divide the mument by the axial load to obtain .'he design eccen-
tricity in both directions. Verify that the design eccentricities
are greater than the minimum eccentricity of 0.lh for a tied
column and 0.0707D for a spiral column.

Step 7. Compute the balanced eccentricity eb of the column using equation

4-156 or 4-158 (for a rectangular and circular coluwin, respective-

ly), the dynamic material properties from Step 3, and the section
properties from Step 4. Compare the balanced eccentricity with
the design eccentricity ifrow~ Step 6. Determine if the column
failure is controlled by compressive strength of the concrete (eb
> e) or tensile strength of reinforcement (eb < e).

Step 8. Calculate the ultimate axial load capacity, at the actual eccen-
tricity, in both directions. If compression controls use equation
4-160 or 4-161. If tension controls use equation 4-162 or 4-166.Amok
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Step 9. Using equation 4-154, compute the pure axial load capacity of the
section.•

Step 10. Compute the ultimate capacity of the column section, using the
load capacities at the actual eccentricities from Step 8, the pure
axial load capacity from Step 9, and equation 4-176. Verify that
the ultimate load capacity is greater than the equivalent static
load from Step 2.

Step 11. Provide ties according to section 4-48.4 for a tied column, or
section 4-49.4 for a spiral reinforced column.

Example 4A-8, Column Design

Required: Design of a rectangular, tied interior column.

Solution:

Step 1. Given:

a. Both ends of column fixed

b. Clear height of column, 1 - 120 in

c. Axial load 491,000 lbs

Moment about x-axis, 2,946,000 in-lbs
No calculated moment about y-axis

d. Reinforcing steel, f - 66,000 psi

Concrete, fVc - 4,000 psi

Step 2. Equivalent static loads.

a. Axial load

P - 491,OQO x 1.2 589,200 lbs

b. Moment about x-axis

Mx - 2,946,000 x 1.2 3,535,200 in-lbs

c. Moment about y-axis

-M - 0 in-lbs

Step 3. Dynamic material strengths:

a. Reinforcing Steel.

-d f y x DIE'
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AM fdy - 66,000 x 1.10 - 72,600 psi

b. Concrete.

f?'dc - fc x DIF

f'dc - 4,000 x 1.12 - 4,480 psi

Step 4. Use an 18" x 18" column section with 12 No. 7 reinforcing bars

(see fig. 4A-17).

CL.b

m x x "
h4

Figure 4A-17

Step 5. Radius of gyration for rectangular section is equal to 0.3 of
depth.

r - 0.3 x 18 - 5.4 in

From section 4-46:

k - LA

kl 0.9 x 120
S- - 20 < 22 (eq. 4-168)

r 5.4
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Thcrefore slend~erness effects may be neglected.

Step 6. Minimum eccentricity in both directions,

einin - 0.1 x 18 - 1.8 in

-MX/P - 3,535,200/589,200 -6 in > 1.8 in O.K.

1 e~ M M/P - 0/589.200 - 0 < 1.8, use 1.8 in

Step 1. Balanced eccentricity:

a. From figure 4A-1.7,

-1 dy - 18 -1.5 - 0.5 -0.875/2 -15.56 in

A -4 x0.6-2.40 in 2

As -2xO0.6-l1,20 in2

b. Find value of in,

4 fjy(O 85 f - 72,600/(0.85 x 4,480) -19.06

C. Using equation 4-156,

eb - 0.20Oh+l1.54s A m/b

ebx - 0.20 x 18 + (1.54 x 2.40 x 19.06)/18

- 7.51 in > 6 in, compression controls

eb - 0.20 x 18 + (1.54 x 1.2 x 19.06)/18

-5.56 in > 1.8 in, compression controls

IStep 8. Axial load from equation 4-160:

Asfd bhf,'dc

e/(2d dyh + 0.5 +3he/d 2 + 1.18

a. When only eccentricity e~ is present:

2.4 x 72,600 18 x 18 4,480

Px+
6/(2 x 15.56 -18) + 0.5 3 x 18 6/(15.56)2 + 1.18

758,417 lbs
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-;b. When only eccentricity e~ is present:

1.2 x 72,600

1.8,/(2 x 15.56 - 18) + 0.5

18 % 18 'x 4,480
+ -- _____________ -1,054,557 lbs

3 x 18 x1.8/(15.56)2 + 1.,18

Step 9. Compute pure axial load capacity froin equation 4-154.

P-0.8 fdc (A- Ast) + Ast foy

A - 18 x 18 - 324 in2

g

ASt -12 x 0.6 - 7.2 in2

P0  0.85 x 4480 (324 - 7.2) + 7.2 x 72,600

-1,729,094 lbs

Step 10. Ultimate capacity of the column from equation 4-176:

p U p P Y P0

Pu 758,417 1,054,557 1,729,094 592,254

P . 592,254 lbs > 589,200 O.K.

Step 11. Provide ties, according to section 4-48.4.

For JJ7 lougitudinal bars, use #3 ties.

4A -89



-CRIMP

TM 5-1300/NAVFAC P-397/AFR 88-22

s s 14 (longftuiainal bars) - 16 x 0.875 - 14 in

arid:
s < 480 (ties) - 48 x 0.375 - 18 in

and:
s < h/2 - 9 in

Use two (2) #3 ties at 9 inches arranged as shown in figure 4A-17.

Problem 4A-9, Brittle Mode, Post-Failure Fragments

Problem: Design an element, which .,..ponds to blast impulse, for controlled

post-failure fragments.

Procedure:

Step 1. Establish design parameters:

a. Impulse load and duration (Chapter 2).

b. Maximum average velocity of post-failure fragments vf as

required by receiver sensitivity.

c. Geometry of element.

d. Support conditions.

e. Materials to be used and corresponding static den.gn 0
strengths.

f. Dynamic increase factors (table 4-1).

Step 2. Determine dynamic yield strength and ultimate strength of rein-

forcement from equation 4-3.

Step 3. Determine the dynamic design stress for the flexural L.A•nforement

according to the deflection range (wioport ýotation) from !thble

4-2.

Stet 4. Substitute known quantities of ib (step la), fds (step 3), H (step

lc), and vf (step lb) into equation 4-1.94.

Step 5. Obtain optimum ratio of vertical to horizontal reinforcement Pv/PH
for a given wall thickness Tc:

a. Assume a value of dc and substitute it into the equation
obtained in step 4.

b. Read optimum: Pv/PH ratio from figure 4-38.
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Note:
A For one-way elements, the ratio of the main to secondary rein-

forcement is always 4 to 1 unless minimum conditions govern (table
43). Obtain Cu from table 4-11 for the given support condition.
CE is always eq, al to 22,500 (Sect. 4-58)

Step 6. For the optimum pV/pH ratio, determine Cu (from figure 4-33, 4-34
or 4-35) and Cf (from figure 4-73, 4-74 or 4-75). Calculate Pv
and pH. Select bar sizes and spacings necessary to furnish the
required reinforcement ratios.

Step 7. Determine the required lacing and diagonal bars. (Procedure is
exactly the same as that for elements designed for the ductile
mode for incipient failure or less. See problem 4A-3.)

Step 8. Determine the required Tc for the assumed dc selected flexural and
lacing bar sizes and required concrete cover. Adjust Tc to the
nearest whole inch and calculate the actual dc.

Step 9. Check flexural capacity, of the element based on either blast
impulse of post-failure fragment velocity. Geuerally. lacing bar
sizes do not have to be checked since they are not usually affect-
ed by a small change in dc.

a. Compute the actual impulse capacity of the element using
equation 4-194 and compare with the anticipated blast load.
Repeat design (from step 5 on) if the capacity •s less than
'.hat required.

b. Compute the actual post-failure fragment velocity using
equation 4-194 and compare with the value permitted by the
acceptor sensitivity. Repeat design (from step 5 on) if the
actual velocity is greater than that permitted.

Step 10. Determine whether the correct design procedure has been utilized
by first computing the response time of the element t,, (time to
reach ultimate deflection) from equation 4-192 or 4-193. Then
compare the response time tu with the duration of the blast load
to. For elements that respond to impulse loading tu/to > 3.

Note:
To obtain the most economical design, repeat steps 5 through 10
for several wall thicknesses and compare their costs. Percentages
of reinforcement can be used to reduce the amount of calculations.
In determining the required quantities of reinforcement, the
length of the lap splice should be considered.
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4 Example 4A-9, Brittle Mode, Post-Failure Fragments

Required: Design the back wall of an interior cell (fig. 4A-18) of a

multicubicle structure fog. controlled post-failure fragments.

Solution:
Step 1. Given.

a. 'b 4800 psi-ins, and to 1.0 ins.

b. Vf - 100 fps - 1. 2 in/mis.

2C. L - 360 in., H - 120 in.

7"d. Fixed on three edges and one edge free.

e. Reinforcing bars; f - 66,000 psi and fu 90,000 psi

Concrete, f'c - 4,000 psi

f. For reinforcement, DIF - 1.23 for yield stress

DIi" 1.05 for ultimate stress

30'-0

_ _ _ _ 0
-I0

PLAN ELEVATION

Figure 4A-18

Step 2. Dynamic strength of materials.

f I 1.23 X 66,000 - 81.1.80 psi.

fd DIF fu - 1.05 X 90,000 -94,500 psi

Step 3. Dynamic design stress from table 4~-2,

fd d 81,180 + 94,500

fd --- 2- 87,840 psi
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Step 4. Substitute known quantities into equation 4-194.

3

Cu PH1 dc
3 (87,840)

48002 -+ Cf dc2(1.2)2

120

23.04 x 106 732 C~ pd d 3 + 1.44 C, dc2

Step 5. Optimum reinforcement ratio.

a. Assume dc - 21 in. and substitute into equation 4-194.

23.04 X 106 732 Cu P11 (21)3 + 1.44 Cf (21)2

aierefore:

23.04 X 106 - 635 Cf

PH- 6,8Xi 6 C

b. Read optimum pV/pHj value from figure 4-38 for L/11 3.

PVP 1.58

KStep 6. For optimnun pV/pHj - 1.58

From figure 4-34, Cu 47

K From figure 4-74, Cf -1.583 X 10~

[23.04 X 106 - 635 (1.583 X 104~)

PH - (6.78 X 106) (477)-0.42

PV- 1.58 p11 - 1.58 (0.00402) - 0.00635

A.1 0.00402 (12) (21) *-1.013 in /ft.,
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4E ue #8 @9 in. (As 1.05 in)

A -0.00635 (12) (2L.) -1.60 in/f.

use #10 @ 9 in. (A. 1.69 in2)

Actual - *- -- 1.610

p11  AS 1.05

Step 7. Using lacing mnetbod No. 3, No. 7 vertical lacing bars are re-
quired. (Calculations are not shown since they are similar to
those presented iii example 4A-3 for incipient failure de-sign.
Also, the remainder of the, design for shear will not be shown.)

Step 8. The actual dc depenid8 upon the details of the base of the wall
(region of vertical ).acing).

cover - 2 X 0.75 -' 1.50

*10 IVERT.REINF lacing - 2 X 0.875 -1.75
74 0L. *8 H R Z E N

(TYR),8HRZIEN horizontal - 2 X 1.00 - 2.00
bars

7T LACING BAR&I4
vertical bars -1.27 1.L27

6.52 in.

Figure 4A-19

TC -d+ 6,52 -27.52 in., use 28 in.

actual dc -28 -6.52 -21.48 in.
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A~L Step 9, Actual capacity of element.

a. Actual impulse capacity.

For pV,/pH -1.610, Cu - 481

and Cf 1.588 X 10~

-e 21.48 in. Pq _____ 0.00407
& 12 (21.48)

2 rPH dc3 fds +C

S(0,00407) (21-.48)~ (87,840)

Sc [8
1201

+ (1,588 X 104 (21.48)2 (1.2)2

1c2 _ 24,75 X 106

ic - 4,p975 n > 'b 4,800 p.ui-nis O.K.

b. Actual. post:-failuro fraginent: velocity.

~p" de[- c ds1 2 22 C j .C r d ,. V f

4,802 -481 0.00407 (21.48)3 (87,840)

120

+(1.588 X 10) (21.48)2 Vf2

Vf -1.10 in/ws3 92 fps < 100 fps O.K.
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Step 10, Respons~e time of element tu:

MVN2 MVp and M1j~1  '- HNI - MHN3 -H

(1.05) (87,840) (21.48)
MI ASHi f ds dc/) - ___ ______

12

-165,095 in-1bs/in

(1.69) (87,840) (21.48)
MVp -AsV 

1-ds (1 A 1

-265,725 in-lbs/in

-2x 1.0 (syanietrical yield lines)

L MVP * 360 r 26,725 ½

1- L MHNI + MII 120U 2 X 165,095J - .6

'IV P 265,725
- ___- -1.0

MVN2 265,725

Froui figure 3-11.,

xl/L - 0.358

xl x2- 0.358 (360) -128 88

+II( M1up)
r,, ____ for x,< L/2 (table 3-2)

x2

P r~~ 5 (2 X 165,095) -9. s

1202
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2
im - 225dc - 225 (21.48) - 4833 psi-ms /in

(KM)u- 0,557 (fig. 3-44)

mu - 0.557 (4833) - 2692 psi-ms 2 /in

x, - 128.88 > H - 1,20

.. Vertical supports fail first and the post-ultimate range resis-
tance is:

8 (MHN1 + M11p) 8 (2 X 165,095)
- - 3-2 20.4 psiru "L2 3602

"'up - 0.66 X 4833 - 3,190 psi-Ms 2/in

X- H tanemax - 12 X tan 12 - 25.51 in. (table 3-6)

Use equation 4-192 for tu.

ib [ _ 1 2 MU
tu + 1 [ b 2muruXl| Vf

i- mup rup ru j Lrupl

4,800 31'90 1
t 6 + - - - 48002 2 X 2692 X 99.4 X 2 5.51j2,692 26 92 X 2 0.4. 99.4

2692
-(1) 1.1 - 3,78 ins

20.J

-- 3.78 / 1.0- 3.78 > 3 .' correct procedure has been used
to
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Problem 4A-10, Maximum Fragment Penetration

Problem: Determine the maximum penetration of a primary metal fragment into
a concrete wall and determine if perforation occurs.

Procedure:

Step i. Establish design parameters:

a. Type of fragment

b. Weight Wf and diameter d of fragment

c. Fragment striking velocity v.

d. Thickness Tc and the ultimate compressive strength f' of
concrete wall

Step 2. Determine the maximum penetration Xf from figure 4-78 (or equation
4-200 or 4-201) for the values of Wf and v. in step 1. Xf is the
maximum penetration of an armor-piercing steel fragment into 4,000
psi concrete.

Step 3. To determine the depth of penetration into concrete with ultimate
strength other than 4,000 psi, use Xf from step 2, the concrete
strength from step Id and equation 4-202:

X'f - Xf (4000/f'c)'/ 2

Step 4. To obtain the maximum penetration into concrete by metal fragments
other than those of armor-piercing fragments use the penetration
from stg_ , the penetrability coefficient k from table 4-16 and
eq..... tion 4-203.

X'f - k Xf

Step 5. Calculate the limiting thickness of concrete at which perforation
will occur from equation 4-204,

40.1
Tpf - 1.13 X d0.1 + 1.311. d

Where applicable, replace Xf with X'f from step 3 or 4. If T is
less than Tc embednent will occur; if Tf is greater than Tc •he
fragment will perforate the wall,
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Example 4A-10, Maximum Fragment Penetration

Required: Maximum penetration of a primary fragment into a concrete wall;
determine if perforation occurs.

Solution:

Step 1. Given:

a. Type of fragment: mild steel

b. Primary fragment weight: Wf - 30 ounces

Primary fragment diameter: d - 2.15 inches

c. Striking velocity: v. - 3,500 fps

d. Thickness of wall: Tc - 18 inches

Ultimate concrete compressive strength: f'c " 4,000 psi

Step 2. Maximuw- penetration:

For:
Wf - 30 oz and v, - 3,500 fps

XXf - 14.5 inches from figure 4-78

or from equation 4-199

Xf -- 2.04 x 10-6 d1" 2 vs 1 '8 + d > 2 d

- 2.04 x 10 6  (2.15)1.2 (3500)1.8 + 2.15

- 14.4 inches

Xf Ž 2 d - 2 x 2.15 - 4.30 O.K.
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Step 3. Concrete strength adjustment (eq. 4.-202)

X'f Xf (4000/f'1)'/
2

- 14.5 x 1- 14.5 in.

Step 4. Fragment material adjustment:

a k- 0.70 (table 4-16)

b. X'f - kXf (eq. 4-203)

- 0.7 x 14.5 - 10.15 in

Step 5. Calculate minimum thickness to prevent perforation.

Tpf- 1.13 X'f d0o' + 1.311 d (eq. 4-204)

- 1.13 (10.15) (2.15)0-1 + 1.311 (2.15)

Tpf - 15.20 inches • 18 in

Since Tpf is less than Tc the fragment does not perforate the
slab.

Problem 4A-11, Determination of the Occurrence and Effects of Perforation

Problem: Determine the residual velocity of a primary fragment if it

perforates a concrete wall.

Procedure:

Step 1. Determine the type, weight Wf, and striking velocity v. of the
primary fragment. Also, the thickness of the concrete wall T and
the ultimate compressive stress Vc of the concrete must be known.

Step 2. Proceed through steps 2, 3, 4, and 5 of Problem 4A-10.If Tpf is
greater than Tc, perforation will. occur.

Step 3. If perforation is not indicated by the calculations in step 2 then
discontinue the analysis. If perforation does result, then
compute the value of Tc/Tpf.
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Step 4. Utilizing the value of Tc/Tpf, obtain Vr/vs from figure 4-79 or 4-
4 80.

Step 5. With the values of vs and Vr/vs of Steps 1 and 4, calculate the
residual velocity vr.

Example 4A-11, Determination of the Occurrence and Effects of Perforation

Required: Residual velocity of a primary fragment if it perforates a con-
crete wall.

Solution:

Step 1. Given:

a. Type of metal: mild steel

b. Primary fragment weight: Wf - 20 ounces

c. Prima'-y fragment diameter: d - 1.89 inches

d. Striking velocity: vs - 4,700 fps

e. Thickness of wall: Tc *, 12 inches

f. Ultimate concrete compressive stress: f - 4,500 psiC

Step 2. For given conditions:

Xf - 19.75 inches (fig. 4-78)

Actual maximium penetration:

X'f - 19.75 (4000/4500)1/2 (eq. 4-202)

- 18.6 inches

k a 0.70 (table 4-16)

X'f - 0.7 (18.6) - 13.0 inches (eq. 4-203)

Since Tpf is greater than X'f, and X'f (13.0 inch:.s) already
exceeds the wall thickness (12 inches), perforation will occur. It
is necessary to determine T f (eq. 4-204) in order to calculate

the residual fragment veloc ty. Hence:
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Tpf - 1.13 (A3.0) (1.89)0"1 + 1.3i1 (1.89)

- 15.6 + 2.5 - 18.1 inches

Step 3. Tc/Tpf - 12.0/18.1 - 0.663

Step 4. Since the given conditions correspond to a case

where:

Xf > 2d

determine:
Vr/Vs

for: Tc/Tpf - 0.663 from figure 4-80.

Obtain:
V - 0.55

Step 5. vr - 0.55 v.

- 0.55 (4,7C - 2,585 fps

Problem 4A-12, Determination of the Occurrence of Spalling

Problem: To determine if spalling of a concrete wall occurs if there is no
perforation by the primary fragment.

Procedure:
Step 1. Determine the type, weight Wf and striking velocity v. of the

primary fragment. Also, the thickness of the concrete wall and'
the ultimate compressive stress of the concrete f' must be known.c

Step 2. Proceed through Steps 2, 3, 4, and 5 of Problem 4#.-i0.

Step 3. If embedment of the fragment occurs, compute the limiting concrete
thickness at which spalling will occur according to:
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Tp - 1.215 Xf do'l + 2.12 d (eq. 4-207)

If T, is greater than T. spailing will occur.

Example 4A-12, Determination of the Occurrence of Spolling

Required: Determine if spalling of a concrete wail occurs due t~o penetration

by a primary fragment.

Solution:

Step 1. Given:

a. Type of metal: armor-piercing steel

b. Primary fragment weight: Wf - 40 ounces

C. Primary fragment diameter: 2.38 inches

d. Striking velocity: v. - 3,000 fps

e. Thickness of wall: Tc - 19 Inches

f, Ultimate concrete compressi,ý-_ -tress: f c -5,000 psi

Step 2. For given conditions:

Xf - 12.8 inches (fig. 4-78)

X'f - 12,8 (4000/5000)2 (eq. 4-202)

- 11. 5 in.

k -- 1.00 (table 4-16)

Xpf - Xf

Then:

Tpf - 1.13 (11.5) (2.38)0.1 (eq. 4-204)

+ 1.311 (2.38)

-14.2 + 3.1 - 1.7.3 inches

Since T. is greater than 17,3 inches, embedment occurs.

4A -103

4oa



TM 5-1300/NAVFAC P-397/AFR 88-22

Step 3. Determine minimum concrete thickness to prevent spalling from
equation 4-207:

Tsp - 1.215 (11.5) (2.38)0.1 + 2.12 (2.38)

- 20.3 inches

Since Tsp is greater than 19 inches, spalling will occur.

Problem 4A-13. Determination of the Effects
of a Primary Fragment on a Composite Wall

Problem: Determine the maximum penetration by a primary fragment into a
composite wall and the resulting effects on the donor panel, sand
layer and acceptor panel.

Frocedure:
Step 1. Determine the typý), weight Wf, and striking velocity v. of the

primary fragment. Also, the thicknesses of the concrete donor
panel Tc (donor), the sand layer T., and the concrete receiver
panel Tc (acceptor) and the ultimate compressive stress f'c of the
concrete must be known.

Step 2. Proceed through Steps 2, 3, 4, and 5 of Problem 4A-10.

If embedment of the fragment in the donor panel occurs, perform
Step 3 of Problem 4A-12 to determine if spalling takes place.

If perforation of the donor panel occurs, compute:

Tc (donor) /Tpf

and perform Steps 4 and 5 of' Problem 4A-11 to find the residual
velocity vr.

Step 3. Utilizing vr (donor) as the vs of the sand layer and Wf, obtain Xs
from figure 4-81.

If Xs is less than Ts, the fragment is embedded in the sand layer
and the analysis is discontinued.

If X is greater than Ts, perforation of the sand occurs.
s|

Step 4. Compute T,/Xs if perforation results. Use this value and figure

H1
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4-80 to obtain Vr/Vs of the sand layer.

Calculate vr(sand).

Step 5. Utilizing vr(sand) as the v. of the acceptor wall and Wf. obtain
Xf (acceptor) from figure 4-78.

Proceed through Steps 3 and 4 of Problem 4A-10, if necessary.

If embedment of the fragment in the acceptor panel occurs, perform
Step 3 of Problem 4A-12 to determine if spalling takes place.

If perforation of the acceptor wall occurs, compute T. (acceptor)
and perform Steps 4 and 5 of Problem 4A-11 to find vr.

Example 4A-13. Determination of the Effects of a Primary Fragment
on a Composite Wall

Required: Maximum penetration by a primary fragment into a composite wall
and the resulting effects on the donor panel, sand layer and 'he
acceptor panel.

Solution:

Step 1. Given:

a. Type of metal: armor-piercing steel

b. Primary fragment weight: Wf - 20 ounces

c. Primary fragment diameter: d - 1.89 inches

d. Striking velocity: v. - 4,200 fps

e. Thicknesses:

Tc (donor) - 12 inches

T- 24 inches

Tc (acceptor) - 12 inches

f. Ultimate concrete compressive stress:

f' c 5,000 psi

Step 2. For given conditions:
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Xf - 16.5 inches (fig. 4-78)

Xf - 16.5 (4000/5000)2 (eq. 4-202)

- 14.7 inches

k - 1.00 (table 4-16)

X'f - Xf

Since X'f is greater than 12 inches, perforation of the donor
panel will certainly occur. Tpf must be calculated in order to
determine the residual velocity of the fragment.

Tpf - 1.13 (14.7) (1.89)0.1 + 1.311 (1.89)

- 17.7 + 2.5 - 20.2 inches

Tc/Tpf - 12/20.2 - 0.594

Since Xpf is greater than 2d, Vr/Vs -0.61 from figure 4-80.

vr (donor) - 0.61 (4,200) - 2,562 fps

Step 3. For:
v. (sand) - 2,562 fps, (fig. 4-81)

Xs - 64.0 inches

Since Ts is less than 64.0 inches, perforation of the sand layer
will occur.

Step 4. Ts/Xs - 24/64.0 - 0.375

from figure 4-80

Vr/Vs - 0.77

Step 5. vr (sand) - 0.77 v.

Vr -0.77 (2,562) - 1,970 fps

Wz
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Step 6. For:
v. (acceptor) - 1,970 fps

Xf (acceptor) - 5.6 inches (fig. 4-78)

X'f - 5.6 (4000/5000)1/2 (eq. 4-202)

- 5.0 inches

k - 1.00 (table 4-16)

,-• X'f - Xf

Tpf - 1.13 (5.0) (1.39)0"1 eq. 4-204)

+ 1.311 (1.89)

- 6.0 + 2.5 - 8.5 inches

Since Tpf is less than Tc (acceptor), the fragment is embedded in
- the receiver panel. Calculate T to determine if spalling oc-

curs:
- 1.215 (5.0) (1.89)0.1 (eq. 4-207)

+ 2.12 (1.89)

-6.5 + 4.0 - 10.5 inches

Since T is less than Tc (acceptor), spalling will not occur.
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APPENDIX 4B

LIST OF SYMBOLS
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a (1) acceleration (in./ms 2 )
(2) depth of equivalent rectangular stress block (in.)
(3) long span of a panel (in.)

ao velocity of sold in air (ft./sec.)

ax acceleration in x direction (in./ms 2 )

ay acceleration in y direction (in./ins2)

2A (1) area (in.l)
(2) explosive composition factor (oz, 1 / 2 in.-3/2)

Aa area of diagonal bars at the support: within a width b (in. 2 )

Ab area of reinforcing bar (in. 2 )

Ad (i) door area (in. 2)
(2) area of diagonal bars at the support within a width b (in. 2 )

AD drag area (in. 2 )

Af net area of wall excluding openings (ft. 2 )

Ag area of gross section (in.2)

AH mDximum horizontal acceleration of the ground surface (g's)

A1  area of longitudinal torsion reinforcement (in. 2 )

AL lift area (in.2)

An (1) net area of section (in. 2)
(2) area of individual wall subdivision (ft. 2 )

Ao area of openings (ft. 2 )

Ap area of prestressed reinforcement (inl.2)
an

As area of tension reinforcement within a width b (in.2

2 area of compression reinforcement within a width b (in,2

A area of rebound reinforcement (in.2)

ASH area of flexural reinforcement within a width b in the horizontal.
direction on each face (in.2)*

Asp area of spiral reinforcement (in.2)

See note at end of symbols 4B-1
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Ast total area of reinforcing steel (in.2)

AsV area of flexural reinf rcement within a width b in the vertical direc-
tion on each face (in.2)*

At area of one leg of a closed tie resisting torsion within a distance s(1 n. 2

AV total area of stirrups or lacing reinforcement in tension within a
distance, ss or sI and a width bs or b, (in.)

AV maximum vertical acceleration of the ground surface (g's)

Aw area of wall (ft. 2 )

AT, All area of sector I and II, respectively (in.at

b (i) width of compression face of flexural tember (in.)
(2) width of concrete strip in which the direct shear stresses at: t1he

supports are resisted by diagonal bars (in,)
(3) short spun of a patiol (in.)

bf width of fragment (in.)

bs width of concrete strip in which the diagonal tension stresses are.
resisted by stirrups of area AV (in.)

b width of concrete strip in which the diagonal tension stresses are

resisted by lacing of area Av (in.)

bo failure perimeter for punching shear (in,)

bt center-to-center dimension of a closed rectangular tie alonug b (in.)

B explosive constant defined in table 2-7 (oz, 1 / 2 in.7/ 6 )

c (1) distance from the resultant applied load to the axis of rotation
(in.)

(2) damping coefficient
(3) width of column capital (in.)

cl, ell distance from the resultant applied load to the axis of rotation
for sectors I and II, respectively (in.)

es dilatational vwlocity of concrete (ft./see.)

C (1) shear coefficient
(2) deflection coefficienit for flat slabs

C deflection coefficient for the center of interior panel of flat slab

See note at end of symbols 4B-2
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cr critical damping

Gd shear coefficient for ultimate shear stress of one-way elements

CD drag coefficient

CDq drag pressure (psi)

CDqo peak drag pressure (psi)

CE equivalent load factor

Cf post-failure fragment coefficient (lb.2 Is4/in. 8 )

CH shear coefficient for ultimate shear stress in horizontal direction fortwo-way elements'*

CL (1) leakage pressure coefficient from figure 2-235
(2) deflection coefficient for midpoint of long side of interior flat

slab panel
(3) lift coefficient

CM maximum shear coefficient

Cm equivalent moment correction factor

lý C p compression wave seismic velocity in the soil from Table 2-10 (in./sec,)

Cr sound velocity in reflected region from figure 2-192 (ft,/ms)

CR force coefficient for shear at the corners of a window frame

Cr Peak reflected pressure coefficient at angle of incidence a

Cs shear coefficient for ultimate support shear for one-way elements

T Cs shear coefficient for ultimate support: shear in horizontal direction for
two-way elements*

C shear coefficient for ultimate support shear in vertical direction fortwo-way elements*

CS deflection coefficient for midpoint of short side of interior flat slab
panel

Cu impulse coefficient at deflection Xu (psi-ms 2 /in. 2 )
C'u impulse coefficient at deflection Xm (psi-ms 2/in. 2)

C shear coefficient for ultimate shear stress in vertical direction for
two-way elements*

See note at end of symbols 4B-3
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Cx shear coefficient for the ultimate shear along the long side of window
frame

C shear coefficient for the ultimate shear along the short side of window
frame

CL confidence level

Cl (1) impulse coefficient at deflection X, (psi-ms2/in.2)
(2) ratio of gas load to shock load

C'l impulse coefficient at deflection Xm (psi /in.)

C2 ratio of gas load duration to shock load duration

d (1) distance from extreme compression fiber to centroid of tension
reinforcement (in.)

(2) diameter (in.)
(3) fragment diameter (in.)

d# distance from extreme compression fiber to centroid of compression
reinforcement (in.)

db diameter of reinforcing bar (in.)

dc distance between the centroids of the compression and tension reinforce-
ment (i~n.)

del distance between the centroids of the horizontal compression and tension

reinforcement (in.)

do diameter of steel core (in.)

dcv distance between the centroids of the vertical compression and tension
reinforcement (in.)

de distance from support and equal to distance d or dc (in.)

di average inside diameter of explosive casing (in.)

d'i adjusted inside diameter of casing (in.)

di distance between center lines of adjacent lacing bends measured normal
to flexural reinforcement (in.)

dp distance from extreme compression fiber to centroid of prestressed
reinforcement (in.)

d depth of spelled concrete (in.)
sp

di diameter of cylindrical portion of primary fragment (in.)

4B-4



TM 5-1300/NAVFAC P-397/AFR 88-22

D (1) unit flexural rigidity (lb-in.)
(2) location of shock front for maximum stress (ft.)
(3) minimum magazine separation distance (ft.)
(4) caliber density (lb/in. 3 )
(5) overall diameter of circular section (in.)
(6) damping force (lb.)
(7) displacement of mass from shock load (in.)

DE equivalent loaded width of structure for non-planar wave front (ft.)

DH maximum horizontal displacement of the ground surface (in.)

DIF dynamic increase factor

Da diameter of the circle through centers of reinforcement arranged in a
circular pattern (in.)

Dp diameter of the spiral measured through the centerline of the spiral bar
(in.)

DLF dynamic load factor

DV maximum vertical displacement of the ground surface (in.)

a (1) base of natural logarithms and equal to 2.71828...
(2) distance from centroid of section to ccntroid of pre-stressed

reinforcement (in.)
(3) actual eccentricity of load (in.)

eb balanced eccentricity (in.)

(2EI)I/2 Gurney Energy Constant (ft./sec.)

(1) modulus of elasticity
(2) internal work (in.-lbs.)

Ec modulus of elasticity of concrete (psi)

Em modulus of elasticity of masonry units (psi)

Es modulus of elasticity of reinforcement (psi)

f (1) unit external force (psi)
(2) frequency of vibration (cps)

f'c static ultimate compressive strength of concrete at 28 days (psi)
dtic

"f'dc dynamic ultimate compressive strength of concrete (psi)

f'&u dynamic ultimate compressive strength of masonry units (psi)

fds dynamic design stress for reinforcement (a function of fyi fu' and 0)
(psi)
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f dynamic ultimate stress of reinforcement (psi)

fdy dynamic yield stress of reinforcement (psi)

fm static ultinate compressive strength of masonry units (psi)

fn natural frequency of vibration 'cps)

fps average stress in the prestressed reinforcement at ultimate load (psi)

fpu specified tensile strength of prestressing tendon (psi)

f yield stress of prestressing tendon corresponding to a 1 percent
elongation (psi)

fr reflection factor

fs static design stress for reinforcement (psi)

fse effective stress in prestreased reinforcement after allowances for all
prestress losses (psi)

fu static ultimate stress of reinforcement (psi)

f static yield stress of reinforcement (psi)
y

F (1) total external force (lbs.)
(2) coefficient for moment of inertia of cracked section
(3) function of C2 and C1 for bilinear triangular load

Fo 0 force in the reinforcing bars (lbs.)

FE equivalent external force (lbs.)

FD Drag force (lbs.)

FF frictional force (lbs.)iF
FL lift force (lbs.)

FN vertical load supported by foundation (lbs.)
tN 4 2

g acceleration due to gravity (32.2 ft./sec.)

G shear modulus (psi)

h (1) charge location parameter (ft.)
(2) height of masonry wall

.h average clearing distance for individual areas of openings from Section
2-15.4.2

lit center-to-center dimension of a closed rectangular tie along h (in.)
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' h' clear height between floor slab and roof slab

H (1) span height (in.)*
(2) distance between reflecting surface(s) and/or free edge(s) in

vertical direction (ft.)
(3) minimum transverse dimension of mean presented area of object

(ft.)

H0  height of charge above ground (ft.)

H1 height of structure (ft.)

HT height of triple point (ft.)

Hw height of wall (ft.)

lHc heat of combustion (ft.-lb./lb.)

R heat of detonation (ft.-lb./lb.)

i unit positive impulse (psi-nis)

ia sum of blast impulse capacity of the receiver panel and the least
impulse absorbed by the sand (psi-ns)

iba blast impulse capacity of receiver panel (psi-ms)

! 4" unit negative impulse (psi-mis)

ia sum of scaled unit blast impulse capacity of receiver panel and scaled
unit blast impulse attenuated through concrete and sand in a composite
element (psi -ms/lb. 1 / 3 )

ih unit blast impulse (psi-ms)

scaled unit blast impulse (psi-ms/lb. 1 / 3 )

iba scaled unit blast imnopulse capacity of receiver panel of composite

element (psi-ms/lb.'/ 3 )

ibd scaled unit blast impulse capacity of donor panel of composite element
(psi-nms/lb. 1/ 3 )

ibt total scaled unit blast impulse capacity of comporite element (psi-

ms/lb. 
1/ 3)

ic impulse capacity of an element (psi-ms)

id total drag and diffraction impulse (psi-ms)

ie unit excess blast impulse (psi-ms)

ifs required impulse capacity of fragment shield (psi-ins)

* See note at end of symbols 4B-7
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i gas impulse (psi-ms)
g

ir unit positive normal reflected impulse (psi-ms)

ir - unit negative normal reflected impulse (psi-ins)

i peak reflected impulse at angle of incidence a (psi-ms)
is unit positive incident impulse (psi-as)

is" unit negative incident impulse (psi-ms)

ist impulse consumed by fragment support connection (psi-ms)

I (1) moment of inertia (in. 4 /in. for slabs) (in. 4 for beams)
(2) total impulse applied to fragment

'a average of gross and cracked moments of inertia (in. 4 /in. for slabs)
(in. for beams)

Ic moment of inertia of cracked concrete section (in, 4 /in. for slabs) (in. 4

for beams)

Ich moment of inertia of cracked concrete section in horizontal direction
(in.4/in.)*

IcV moment. of inertia of cracked concrete section in vertical direction
ill. 4/ in.)

Ig moment of inertia of gross concrete section (in. 4 /in. for slabs) (in. 4

for beams)

Im mass moment of inertia (lb.-ms 2 -in)

in moment of inertia of net section of masonry unit (in.4)

is gross moment of inertia of slab (in. 4 /in.)

Ist impulse consumed by the fragment support connection (psi-ms)

1w gross moment of inertia of wall (in. /in.)

ratio of distance between centroids of compression and ision forces to
the depth d

k (1) constant depending on the casing metal
(2) effective length factor

kv velocity decay coefficient

K (1) unit stiffnecq (psi/in. for slabs) (lb./in./in. for beams)
(lb./in. for springs)

(2) constant defined in paragraph 2-18.2

See note at end of symbols 4B-8
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Ke. elastic unit stiffness (psi/in, for slabs) (Ib./in./irt. for beams)

Ke elasto-plastie unit stiffness (psi/in. foir slabs) (lb./in./in. for
beams)

hE (1) equivalent elastic unit stý.ffness (psi/in. for slabs) (lb./Iin./
in. for beaa.s)

(2) equivalent sprin~g constant (lb./in.)

K1I load factor

KM load-mass factor

(KIII.) u load-mass factor in the ultimate 3.ange

(X,~up load-mascs factor in the post-a.ltimate range

KM mass factor

KR resistance factor

KE kinetic energy

I charge location parameter (ft.)
(I.) length of the yield line (in.)
(2) width of k of the iolumn strip (in.)

d basic deveomen length of reinforc-ing bar (ik

1dh devel.opment longth of hooked bar (in.)

1 c length of cylindrical explosive (in.)

1I spacing of isame type of lacing bar (in.)
pV

IS span of flat slab panel. (in.)

L (1.) span lengti- (in,)
(2) distance between reflecting surface(s) and/or free edgelks) 41ni

horizontal direction (ft.)

L length of cylinder (in.)

Lf length of fragment (in.)

1, clear span in short direction (in.)

Ill. lenigt~h of lacing bar required in distance s 1 (in.)

LL clear span in long direction (in.)

LO embedment length of reinforcing bars (in.)

*See notii at end of symibols 4B-..9
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Ls length of shaft (in.)

Lu unsupported length of column (in.)

Lw wave length of positive pressure phase (ft.)

Lw" wave length of negativ'o pressure phase (ft.)

L~x clear span in long direction (in.)

SL, clear span in short direction (in.)

SLwb' 1'd wave length of positive pressure phase at points b and d, respec-
tively (ft.)

LI total length of sector of element normal to axis of rotation (in.)

m (1) unit mass (psi-ms2/in. for slabs ) [beams, (]b./in-ms2)/in.]
(2) ultimate unit moment (in._-lbs./in.)
(3) mass of fragment (Ibs.-ms 2 /in.)

Ma average of the effective elastic and plastic unit masses (jQsi-Ws2/in.
for ilabs) [beams, (lb./in-ms2)/in]

me effective unit mass (psi-ms2/in. for slabs) [beams, (lb/in-ms2)/in]

rsp mass Af spalled fragments (psi.ms/in.)

mu effective unit mass in the ultimatn range (psi-ms2 /in. for slabs,

[beams, (lb/in-ms 2]/in.]

WUP effective unit mass in the post-ultimate range (psi-ms2/An.)

M (1) unit bending moment (in.-lbs./in. for slabs) (in.-lbs. for beams)

(2) total mass (ib.-2/in.)
(3) design moment (in.-lbs.)

MG effective total mass (lb.-ms2 /in.)

Mu ultimate unit resisting moment (in.-lbs./in.2 for slabs) (in. lbs. for
beams)

Mu° ultimate unit rebound moment (in,-lbs./in. for slabs) (in.-ibs. for
beams)

Mc moment of concentrated loads about line of rotation of sector (in.-lbs.)

MA fRagment distribution factor

ME cquivalent total mass (Qb.-ms2 /in.)
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MHN ultimate unit negative moment capacity in horizontal direction (in.-
lbs./in. )*

MHp ultimate unit positive moment capacity in horizontal direction (in.-

lbs./in. )*

MOH, MOL total panel moment for direction H and L respectively (in.-lbs.)

MN ultimate unit negative moment capacity at supports (in.-lbs/in. for
slabs) (in.-lbs. for beams)

MP ultimate unit positive moment capacity at midspan (in.-lbs./in. for
slabs) (in.-lbs. for beams)

MVN ultimate unit negative moment capacity in vertical direction (in.-
lbs-/in.)

MVp ultimate unit positive moment capacity in vertical direction (in.-

lbs./in. )*

M1 value of smaller end moment on column

M? value of larger end moment on column

n (1) modular ratio
(2) number of time intervals
(3) nu-nber of glass pane tests
(4) caliber radius of the tangent ogive of fragment nose

N (1) number of adjacent reflecting surfaces

(2) nose shape factor

Nf number of primary fragments larger than Wf

Nu axial load norti-l to the cross section

NT total numnber of fragments

p reinforcement ratio equal to As/bd or As/bdc

p' reinforceaent ratio equal to A's/ bd or A's/ bdc

Pb reinforcement ratio producing balanced conditions at ultimate strength

Po ambient atmospheric pressure (psi)

pp prestressed reinforcement ratio equal to AVs/bdp

Pm mean pressure in a partially vented chamber (psi)

Pmo peak mean pressure in a partially vented chamber (psi)

* See note at end of symbols 4B-11
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Pr average peak reflected pressure (psi)

PH reinforcement ratio in horizontal direction on each face*

PT total reinforcement ratio equal to PH + PV

PV reinforcement ratio in vertical direction on each face*

p(x) distributed load per unit length

P (1) pressure (psi)
(2) concentrated load (lbs.)

P negative pressure (psi)

Pc critical axial load causing buckling (lbs.)

P maximum gas pressure (psi)

Pi interior pressure within structure (psi)

APi interior pressure increment (psi)

Pf fictitious peak pressure (psi)

Pmax maximun average pressure acting on interior face of wall (psi)

P0  (1) peak pressure (psi)
(2) maximum axial load (lbs.)
(3) atmospheric pressure (psi)

Pr peak positive normal reflected pressure (psi)

"Pr peak negative normal reflected pressure (psi)

Pra peak reflected pressure at angle of incidence a (psi)

PRIB maxiiimum average pressure on backwall (psi)

?3 positive incident pressure (psi)s

Psb Pse positive incident pressure at points b and e, respectively (psi)

Pso peak positive incident pressure (psi)

PSo" peak negative incident pressure (psi)

PsobPsodPsoe peak positive incident pressure at points b, d, and e,

respectively (psi)

Pu ultimate axial load at actual eccentricity e (lbs.)

Px ultimate l!oad when eccentricity ex

See note at end of symbols 4B-&.2
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P ultimate load when eccentricity ey is present (lbs.)
y

q dynamic pressure (psi)

qb, qe dynamic pressure at points b and e, respectively (psi)

qo peak dynamic pressure (psi)

qob, qoe peak dynamic pressure at points b and e, respectively (psi)

r (1) unit resistance (psi)
(2) radius of spherical TNT [density equals 95 lb./ft. 3] charge (ft.)
(3) radius of gyration of cross section of column (in.)

r- unit rebound resistance (psi, for slabs) (lb./in. for beams)

ravail dynamic resistance available (psi)

Ar change in unit resistance (psi, for slabs) (lb./in. for beams)

rd radius from center of impulse load to center of door rotation (in.)

rOL uniform dead load (psi)
re elastic unit resistance (psi, for slabs) (lb./in. for beams)
rep elasto-plastic unit resistance (psi, for slabs) (lb./in. for beams)

rfs ultimate unit resistance of fragment shield (psi)

rs radius of shaft (in.)

rT tension membrane resistance (psi)

ru ultimate unit resistance (psi, for slabs) (lb./in. for beams)

rup post-ultimate unit resistance (psi)

rI radius of hemispherical portion of primary fragment (in,)

R (1) total internal resistance (lbs.)
(2) slant distance (ft.)
(3) ratio of S/G
(4) standoff distance (ft.)

Reff effective radius (ft.)

Rf (1) distance traveled by primary fragment (ft.)
(2) distance from center of detonation (ft.)

Rg uplift force at corners of window frame (lbs.)
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RI radius of lacing bend (in.)

Rt target radius (ft.)

RA normal distance (ft.)

RE equivalent total internal resistance (lbs.)

RG ground distance (ft.)

Ru total ultimate resistahce (lb.)

RI, RII total internal resistance of sectors I and II, respectively (lbs.)

s (1) sample standard deviation
(2) spacing of torsion reinforcement in a direction parallel to the

longitudinal reinforcement (in.)
(3) pitch of spiral (in.)

ss spacing of stirrups in the direction parallel to the longitudinal
reinforcement (in.)

si spacing of lacing in the direction parallel to the longitudinal rein-

forcement (in.)

S height of front wall or one-half its width, whichever is smaller (ft.)

weighted average clearing distance with openings (ft.)

SE strain energy

t time (ms)

At time increment (ms)

t any time (ins)

tb,teptf time of arrival of blast wave at points b, e, and f, respectively
(ms)

tc (1) clearing time for reflected pressures (ms)
(2) average casing thickness of explosive charges (in.)

tc (i) adjusted casing thickness (in.)c
(2) Clearing time for reflected pressures adjusted for wall openings

((ms)

td rise time (nis)

tE time to reach maximum elastic deflection (ins)

tg fictitious gas duration (ms)
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4 tm time at which maximum deflection occurs (ms)
to duration of positive phase of blast pressure (ns)

to duration of negative phase of blast pressure (ins)

to fictitious positive phase pressure duration (mis)

tof- fictitious negative phase pressure duration (ms)

tr fictitious reflected pressure duration (ins)

tu time at which ultimate deflection occurs (ms)

ty time to reach yield (ins)

tA time of arrival of blast wave (ins)

tAG time of arrival of ground shock (ms)

" ti time at which partial failure occurs (ins)

T (1) duration of equivalent triangular loading function (mis)
(2) thickness of masonry wall (in.)
(3) toughness of material (psi-in./in.)

Tc thickness of concrete section (in.)

T scaled thickness of concrete section (ft./lb.I/3 )

T thickness of glass (in.)
g

TH force in the continuous reinforcement in the short span direction (lbs.)

Ti angular impulse load (lb.-ms-in.)

TL force in the continuous reinforcement in the long span direction (ibs.)

TN effective natural period of vibration (mis)

Tpf minimum thickness of concrete to prevent perforation by a given fragment
(in.)

Tr rise time (ins)

Ts (1) thickness of sand fill (in.)
(2) thickness of slab (in.)

T minimnum concrete thickness to prevent spalling (in.)sp

TS scaled thickness of sand fill (ft./lb. 1 / 3)

Eu total torsional mioment at critical section (in.-lbs.)
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Tw thickness of wall (in.)

T force of the continuous reirforcemnnt in the short direction (lbs.)
y

u particle velocity (ft./ms)

uu ultimate flexural or anchorage bond stress (psi)

U shock front velocity (ft./ms)

Us strain energy

v velocity (in./ms)

jra instantaneous velocity at any time (in./ins)

vb boundary velocity for primary fragments (ft./sec.)

vc ultimate shear stress permitted on an unreinforced web (psi)

vf maximumi post..failure fragment velocity (in./ms)

vf(avg.) average post-failure fragaent velocity (in./ins)

Vi velocity at incipient failure deflection (in./ms)

vo initial velocity of primary fragaent (ft./see.)

vr residual velocity of primary fragment after perforation (ft./sec,)

vs striking velocity of primary fragment (ft./sec.)

vtc maximun torsion capacity of an unreinforced web (psi)

vtu nominal torsion stress in the direction of vu (psi)

vu ultimate shear stress (psi)

Vull ultimate shear stress at distance d. from the horizontal support (psi)*

vuV ultimate shear stress at distance de from the vertical support (psi)*

vx velocity in x direction (in./ms.)

velocity in y direction (in./ms.)

V (1) volumae of partially vented chamber (ft.3 )
(2) velocity of compression wave through concrete (in./sec.)
(3) velocity of mass under shock load (in./sec.)

* See note at end of symbols 4B-16
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mo Vd ultimate direct shear capacity of the concrete of width b (ibs.)

Vd b shear at distance de from the vertical. support on a unit width(ibs./in.) *

Vdv shear at distance d from the horizontal support on a unit width

(lbs./in.)*

Vf free volume (ft. 3 )

VII maximum horizontal velocity of the ground surface (in./sec,)

Vo volume of structure (ft.3)

Vs shear at the support (lb./In., for panels) (lbs. for beam)

VsH shear at the vertical support on a unit width (lbs./in,)*

Vsv shear at the horizontal support on a unit width (lbs./in.)

VU total shear on a width b (lbs.)

VV inaxinmiu vertical velocity of the ground surface (in./sec.)

Vx unit shear along the long side of window frame (lb./in.)

Vy unit shear along the short side of window frame, (lbs./in.)

w applied uniform load (lbs.-in. 2)

we (1) unit weight (psi, for panels) (lb./in. for beam)

(2) weight density of concrete (lbs./ft. 3 )

ws weight density of sand (lbs./ft. 3)

W (1) design charge weight (lbs.)
(2) external work (in.-lbs.)
(3) width of wall (ft.)

WA weight of fluid (lbs.)

WACT actual quantity of explosives (lbs.)

Wc total weight of explosive containers (lbs.)

WE effective charge weight (lbs.)

WEg effective charge weight for gas pressure (lb.)

WEXP weight of explosive in question (Ibs.)

Wf weight of primary fragment (oz.)

* See note at end of symbols 4B-17
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Wf average fragment weight (oz.)

WF weight of frangible element (lb./ft.2

WC o weight of inner casing (lbs.)

Woo total weight of steel core (lbs.)

WGO weight of outer casing (lbs.)

Wcl, We2 total weight of plates i and 2, respectively (lbs.)

Ws width of structure (ft.)

WD work done

x yield line location in horizontal direction (in.)*

X (1) deflection (in.)
(2) distance from front of object to location of largest cross section

to plane of shook front (ft.)

Xa any deflection (in.)

Xc lateral deflection to which a masonry wall develops no resistance (in.)

X deflection due to dead load (in.)XDL q

Xe elastic deflection (in.)

XE equivalent elastic deflection (in.)

X elasto-plastic deflection (in.)ep

Xf maximu=n penetration into concrete of armor-piercing fragments (in.)

Xf' maximiD penetration into concrete of fragments other than armor-piercing
(in.)

Xm maximumu transient deflection (in.)

XV plastic deflection (in.)

X (1) maximum penetration into sand of armor-piercing fragments (in.)
(2) static duflection (in.)

Xu ultimate deflection (in.)

See note at end of symbols 4B-18
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XI (1) partial failure deflection (in.)

(2) deflection at maximum ultimate resistance of masonry wall (in.)

y yield line location in vertical direction (in.)*

Yt distance from the top of section to centroid (in.)

Z scaled slant distance (ft./lb. 1 / 3 )

ZA scaled normal distance (ft./lb. 1 / 3 )

Z scaled ground distance (ft./lb. 1 / 3 )

S(1) angle formed by the plane of stirrups, lacing, or diagonal rein-
forcement and the plane of the longitudinal reinforcement (deg)

(2) angle of incidence of the pressure front (deg)
(3) acceptance coefficient
(4) trajectory angle (deg.)

tec, ratio of flexural stiffness of exterior wall to flat slab

aecHaecL ratio of flexural stiffness of exterior wall to slab in direction
IH and L respectively

B (1) coefficient for determining elastic and elasto-plastic resistances
(2) particular support rotation angle (deg)

S(3) rejection coefficient
(4) target shape factor from figure 2-212

B1  factor equal to 0.85 for concrete strengths up to 4,000 psi and is
reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

y coefficient for determining elastic and elasto-plastic deflections

y1 factor for type of prestressing tendon

6 moment magnifier

nn clearing factor

A deflection at sector's displacement (in.)

E' average strain rate for concrete (in./in./ms)C

EMn unit strain in mortar (in./in.)

ý'E average strain rate for reinforcement (in./in./ms)s

EU rupture strain (in./in./ms)

Asy
*See note at end of symbols 4B-19
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e (1) support rotation angle (deg)_
(2) angular acceleration (rad/ms2)

emax maximum support rotation angle (deg)

e horizontal rotation angle (deg)*

GV vertical, rotation angle (deg)

I increase in support rotation angle after partial failure (deg)

L (1) ductility factor
(2) coefficient of friction

v Poisson's ratio

p (1) mass density (lbs.-ms. 2/in. 4 )
(2) density of air behind shock front (lbs/ft. 3 )

Pa density of air (oz./in. 3 )

PC density of casing (oz./in. 3 )

3
Pf mass density of fragment (oz./in.3)

Po mass density of medium (ib.-ms.2/in.4

au fracture strength of concrete (psi)

Zo effective perimeter of reinforcing bars (in.)

E4 summation of moments (in.-lbs.)

EL4N sum of the ultimate unit resisting moments acting along the negative
yield lines (in.-lbs.)

DL sum of the ultimate unit resisting moments acting along the positive
yield lines (in.-lbs.)

maximum shear stress in the shaft (psi)

(1) capacity reduction factor
(2) bar diameter (in.)
(3) TNT conversion factor

Or assumed shape function for concentrated loads

0(x) assumed shape function for distributed loads free edge

angular velocity (rad./ms)

* See note at end of symbols 4B-20
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simple support

/////// fixed support

xXXXXXX either fixed, restrained, or simplE support

*Note. This symbol was developed for two-way elements which are used as
walls. When roof slabs or other horizontal elements are under consideration,
this sy-bol will also be applicable if the element is treated as being rotated
into a vertical position.
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CHAPTER 5

STRUCTURAL STEEL DESIGN

INTRODUCTION

5-1. Purpose

The purpose of this manual is to present methods of design for protective

construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

5-2. Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of explosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment.

The secondary objectives are to:

(1) EstaLlish the blast load parameters required for design of protec-
tive structures.

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, tnd structural steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-
or portions of structures because of structural motion, shock, and
fragment perforation.

5-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual.

Modern methods for the manufacture and storage of explosive materials, which
ii-nclude many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of exploslve- increase', thc possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, c-an be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explosive environments as well as other
explosive materials as mentioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and swaall-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

5-4. Scope

It is not the intent of this manual to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations. AM
However, sufficient general information on protective design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facilities in the Department of Defense manual, "Anujiun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates oni design
procedures and techniques for thes,. materials. However, this does not imply
that conciete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to de'sign protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US NF /, the US Air Force and the Department of Defense
Explosives Safety Br 'd (DDESB). These programs are available through the
following repositor-es:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

5-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter 1 Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special Considerations in Explosive Fv.cility Design

'hen applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS

5-6. General

This chapter contains procedures and guidelines for the design of blast-
resistant steel structures and steel elements. Light construction and steel
framed acceptor structures provide an adequate form of protection in a
pressure range of 10 psi or less. However, if fragments are present, light-
gage construction may only be partially appropriate. The use of structural
steel frames in combination with precast concrete roof and wall panels
(Chapter VI) will provide a measure of fragment protection at lower pressure
ranges. Containment structures or steel elements of containment structures,
such as blast doors, ventilation closures, fragments shields, etc. can be
designed for almost any pressure range. This chapter covers detailed

9 procedures and design techniques for the blast-resistant design of steel
elements and structures subjected to short-duration, high-intensity blast
loading. Provisions for inelastic, blast-resistant design will be consistent
with conventional static plastic design procedures. Steel elements such as
beams, beam columns, open-web joists, plates and cold-formed steel panels are
considered. In addition, the design of steel structures such as rigid frames,

and braced frames are presented as they relate to blast-resistant design.
Special. considerations for blast doors, penetration of fragments Into steel,
and unsymmetrical bending are also presented.
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STEEL STRUCTURES IN PROTECTIVE DESIGN

5-7. Differences Between Steel and Concrete Structures in Protective Design

Qualitative differences between steel and concrete protective structures are
summarized below:

(1) In close-in high-impulse design situations where a containment
structure is utilized, a massive reinforced concrete structure,
rather than a steel structure, is generally employed in order to
limit deflections and to offer protection against the effects of
primary and secondary fragments. However, elements of containment
structures such as blast doors, ventilation closures, etc., are
generally designed using structural steel. Fragment protection is
usually accomplished by increasing the element thickness to resist
fragment penetration or by providing supplementary fragment
protection. In some cases, structural steel can be used in the
design of containment cells. However, explosive charge weights
are generally low; thereby preventing brittle modes of failure
(Section 5-18.3) due to high pressure intensity.

(2) Structural steel shapes are considerably more slender, both in
terms of the overall structure and the components of a typical
member cross section. As a result, the effect of overall and
local instability upon the ultimate capacity is an important
consideration in steel design. Moreover, in most cases, plate
elements and structures will sustain large deformations in
comparison to those of more rigid concrete elements.

(3) The amount of rebound in concrete structures is considerably
reduced by internal damping (cracking) and is essentially elimi-
nated in cases where large deformations or incipient failure are
permitted to occur. In structural steel, however, a larger
response in rebound, up to 100 percent, can be obtained for a
combination of short dui,,ation load and a relatively flexible
element. As a result, steel structures require that special
provisions be made to account for extreme responses of comparable
magnitude in both directions.

(4) The treatment of stress interaction is more of a c~nsideration in
steel shapes since each element of' the cross section must be
considered subject to a state of combined stresses. In reinforced
concrete, the provision of separate steel reinforcement for
flexure, shear and torsiott enables the designer to consider these
stresses as being carried by more or less independent systems.

(5) Special care mnust be taken in steel design to provide for connec-
tion integrity up to the point of maximum response. For example,
in order to avoid premature brittle fracture in wilded connec-
tions, the w~elding characteristics of the particular grade of
steel must be considered and the introduction of any stress
concentrations at joints and notches in main elements must be
avoided.
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(6) If fragments are involved, special care must be given to brittle
modes of failure as they affect construction methods. For
example, fragment penetration depth may govern the thickness of a
steel plate.

5-8. Economy of Design of Protective Structure3 in the Inelastic Range

The economy of facility design generally requires that blast-resistant struc-
tures be designed to perform in the inelastic response range during an acci-
dent. In order to ensure the structure's integrity throughout such severe
conditions, the facility designer must be cognizant of the various possible
failure modes and their inter-relationships. The limiting design values are
dictated by the attainment of inelastic deflections and rotations without
complete collapse. The amount of inelastic deformation is dependent not only
upon the ductility characteristics of the material, but also upon the intended
use of the structure following an accident as well as the protection required.
In order for the structure to maintain such large deformations, steps must be
taken to prevent premature failure by either brittle fracture or instability
(local or overall). Guidelines and criteria for dealing with these effects
are presented in the body of this chapter.

5-9. Applications of Steel Elements and Structures In Protective Design

The design procedures and applications of this chapter are directed toward
steel acceptor- and donor-type structures.

Acceptor-type structures are removed from the immediate vicinity of the
detonation. These include typical frame structures with beams, columns and
beam-columns composed of standard structural shapes, and built-up sections.
In many cases, the relatively low blast pressures suggest the use of standard
building components such as open-web joists, prefabricated wall panels and
roof decking detailed as required to carry the full magnitude of the dynamic
loads. Another economical application can be the use of entire pre-engineered
buildings, strengthened locally, to adapt their designs to low blast pressures
(up to 2 psi) with short duration, For guidelines on the blast evaluation of
pre-engineered buildings, see "Special. Provisions for Pre-engineered Build-
ings", Chapter VI.

Donor-type structures, which are located in the immediate vicinity of the
detonation may include steel containment cells or steel components of rein-
forced concrete containment structures such as blast doors or ventilation and
electrical closure plates. In some cases, the use of suppressive shielding to
control or confine the hazardous blast, fragment, and flame effects of
detonations may be an economically feasible alternative. A brief review of
"suppressive shield design and criteria is outlined in Section 6-23 to 6-26 of
Chapter VI. The high blast pressures encountered in these structures suggest
•he use of large plates or built-up sections with relatively high resistances.
In some instances, fragment impact or pressure leakage is permitted.

5-10. Application of Dynamic Analysis

The first step in a dynamic design entails the development of a trial design
considering facility requirements, available miaterials, and economy with
members sized by a simple preliminary procedure. The next step involves the
performance of a dynamic analysis to determine the response of the crial
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design to the blast and the comparison of the maximum response with the
deformation limits specified in this chapter. The final design is then
determined by achieving an economical balance between stiffness and resistance
such that the calculated response under the blast loading lies within the
limiting values dictated by the operational requirements of the facility.

The dynamic response calculation involves either a single-degree-of-freedom
analysis using the response charts in Chapter 3, or, in more complex Fs:ruc.
tures, a multi-degree-of-freedom analysis using available dynamic elasto-
plastic frame programs.

A single-degree-of-freedom analysis may be performed for the design analysis
of either a given structural element or of an element for which a preliminary
design has been performed according to prucedures given in this chapter.
Since this type of dynamic analysis is described fully with accompanying
charts and tables in Chapter 3, it will not be duplicated heroin. In
principle, the structure or structural element is characterized by an
idealized, bilinear, elasto-plastic resistance function and the loading is
treated as an idealized triangular (or bilinear) pulse with zero rise time
(Chapter 3). Response charts are presented in Chapter 3 foi d.etermining the
ratio of the maximum response to the elastic response and t e time to reach
maximum response for the initial response. The equations presented for the
dynamic reactions are also applicable to this chapter.

Multi-degree-of-freedom, nonlinear dynamic aualyses of braced, and unbraced
rigid frames can be performed using programs available through th& reposito-
ries listed in Section 5-4 and through the reports listed in the bibliography
at the end of this chapter.
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PROPERTIES OF STRUCTURAL STEEL

5-11. General

Structural steel is known to be a strong ar.d ductile building maLerial. The
significant engineering properties oi steel are strength expressed i.1 terms of
yield stress and ultimate tensile strength, ductility expressed in terms of
percent elongation at rupture, and rigidity expressed in terms of molulus of
elasticity. This section covers the mechanical properties of struct-tral steel
subjected to static loading and dynamic loading. Recommended dynami-, design
stresses for bending and shear are then derived. Structural steels that are
admissible in plastic design are listed.

5-12. Mechanical Properties

5-12.1. Mechanical Properties Under Static Loading, Static Design Stresses

Structural steel generally can be considered as exhibiting a linear -tress-
strain relationship up to the proportional limit, which is either close to or
identical to the yield point. Beyond the yield point, it c.ai stretc.i substan-
tially without appreciable increase in stress, the amount o[ elongat .on
reaching 10 to 15 tiwles that needed to reach yield, a range that is ermed
"the yield plateau". iieyond that range, strain hardening occurs, i.
additional elongation is aEsociated with an increase in streýs. Aft r
reaching a maximum nominal stress called "the tensile strengtih", a d "op in the
nominal stress accompanies further elongation and precedes fracture t an
elongation (at rupture) amounting to 20 to 30 percent of the specime-,L's
original length (see Figure 5-1). It is this ability of stn:rctural .teel to
undergo sizable permanent (plastic) deformations before fracturing, t..e. , its
ductility, that makes steel a construction material with the requirea proper-
ties for blast resistant design.

Some high strength structural steels do not exhibit a sharp, well defined
yield plateau, but rather show continuous yielding with a curved stress-strain
relation. For those steels, it is generally accepted to define a quantity
analogous to the yield point, called "the yield stress", as that stress which
would produce a permanent strain of 0.2 percent or a total ur-it elon-ation of
0.4 to 0.5 percent. Although such steels usually have a higher yield stress
than the ý steels which exhibit definite yield and tensile stresses, their
elongati-on at rupture is generally smaller. Therefore, they "hould be used
with caution when large ductilities are a prerequisite of design.

Blast-resistant design is conunonly associated with plastic design since
protective structures are generally designed with the assumption that economy
can be achieved when plastic deformations are permitted. The steels to be
used should at least meet the requirements of the American Institute of Steel
Construction (AISC) Specification in regard to the adequacy for plastic
design.

Since the average yield stress for structural steels having a specified
minimum yield stress of 50 ksi or less is generally higher than the specified
minimum, it is recommended that the minimum design yield stress, as specified
by the AISC specification, be increased by 10 percent. That is, the average

.Le~d ti ss to be sed in a blast resistant design shall he 1.1 times the
10-liMuL111 yield stress for these steels. This increase, which is referred to as
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the increase factor (a), should not be applied to high strength steels since
the average increase may be less than 5 percent.

The minimum yield stress, f., and the tensile stress, (mifui,) for struc-• y
tural steel shapes and plates which conform to the American Society for
Testing and Materials (ASTM) Specification are listed in Table 5-1. All are
admissible in plastic design except for ASTM A514 which exhibits the smallest
reserve in ductility sitnce the minimum tensile stress is only 10 percent
higher than the minimum yield stress. However, elastic dynamic design may
require the use of this steel or its boilir plate equivalent, as in ASTM A517.

5-12.2. Mechanical Properties Under Dynamic Loading, Dynamic Increase Factors

The effe:ts of rapid loading on the mechanical behavior of structural steel
have been observed and measured in uniaxial tensile stress tests. Under
rapidly applied loads, the rate of strain increases and this has a marked
influence on the mechanical properties of structural steel.

Considering the mechanical properties under static loading as a basis, the
effects of increasing strain rates are illustrated in Figure 5-1 and can be
summarized as follows:

(1) The yield point increases substantially to the dynamic yield
stress value. This effect is termed the dynamic increase factor
for yield stress.

(2) The modulus of elasticity in general will remain insensitive to
the rate of loading.

(3) The ultimate tensile strength increases slightly. However, the
percentage increase is less than that for the yield stress. This
effect is termed the dynamic increase factor for ultimate stress.

(4) The elongation at rupture either remains unchanged or is slightly
reduced due to increased strain rate.

In actual members subjected to blast loading, the dynamic effects resulting
from the rapid strain rates may be expressed as a function of the time to
reach yielding, In this case, the mechanical behavior depends on both the
loading regime and the response of the system which determines the dynamic
effect felt by the particular material.

For members made of ASTM A36 and A514 steels, studies have been made to deter-
mine the percentage increase in the yield stress as a function of strain rate.
Design curves for the dynamic increase factors (DIF) for yield stresses of A36
and A514 structural steel are illustrated in Figure 5-2. Even though ASTM
A514 is not recommended for plastic design, the curve in Figure 5-2 may be
used for dynamic elastic design.

The strain rate, assumed to be a constant from zero strain to yielding, may be
determined according to Equation 5.1:

Sfds/EstE5-

where
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S- average strain rate in the elastic range of the steel
(in/in/sec)

tE - time to yield (sec)

Dynamic increase factors for yield stresses in various pressure levels in the

bending, tension, and compression modes are listed in Table 5-2. The values
for bending assume a strain rate of 0.10 in/in/sec in the low design pressure
range and 0.30 in/in/sec in the high pressure design range. For tension and
compression members, the DIF values assume the strain rates are 0.02 in/in/sec
in the low design pressure range and 0.05 in/in/sec in the high design
pressure range. Lower strain rates are selected for the tension and compres-
sion members since they are likely to carry the reaction of a beam or girder
which may exhibit a significant rise time, thereby increasing the time to
reach yield in the tension or compression mode.

On the basis of the above, the dynamic increase factors for yield stresses
summarized in Table 5-2 are recommendied for use in dynamic design. However, a
more accurate repiesentation may be derived using Figure 5-2 once the strain
rate has been determined,

Steel protective structures and members are generally not designed for
excessive deflections, that is, deflections associated with elongations well
into the strain-hardening region (see Figure 5-i). However, situations arise
where excessive deflections may be tolerated and will not lead to structural
failure or collapse. In this case, the ultimate stresses and associated
dynamic increase factors for ultimate stresses must be considered. Table 5-3
lists the dynamic increase factors for ultimate stresses of steels. Unlike
the dynamic increase ifactors for yield stress, these values are independent of
the pressure ranges.

5-13. Recommended Dynamic Design Stresses

5-13.1. General

The yield point of steel under uniaxial tensile stress is generally used as a
base to determine yield stresses under other loading states namely, bending,
shear and compression, or tension. The design stresses are also functions of
the average strength increase factor, a, and the dynamic increase factor, c.

5-13.2. Dynamic Design Stress for Ductility Ratio A : 10

To determine the plastic strength of , section under dynamic loading, the
appropriate dynamic yield stress, fdy, must be used. For a ductility ratio
(see Section 5-16.3) A • 10, the dynamic design stress, fds, is equal to the
dynamic yield stress, f In general terms, the dynamic yield stress. f
shall be equal to the product of the dynamic increase factor, c, the average
yield strength increase factor, a, (see Section 5 12.1) and the specified
minimum yield stress of the steel. The dynamic design stress, fds for
bending, tension, and compression shall be:

fds fdy c x a x fy 5-2
S~~5-10 '
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fdy - dynamic yield stress

c - dynamic increase factor on the yield stress (Figure 5-2 or
Table 5-2)

a - average strength increase factor (- 1.1 for steels with a
specified mintmum yield stress of 50 ksi or less; - 1.0
otherwise)

fy - static yield stress from Table 5-1

5-13 3. Dynamic Design Stress for Ductility Ratio, g > 10

Where excessive deflections or ductility ratios may be tolerated, the dynamic
design stress can be increased to account for deformations in the strain-
hardening region. In this case, for 4 > 10, the dynamic design stress, fds,
becomes

fds fdy + (fdu " fdy)/ 4  5-3

where:

fdy - dynamic yield stress from Equation 5-2

fdu - dynamic ultimate stress equal to the product of fu from
Table 5-1 and the value of c from Table 5-3 or Figure 5-2

It should be noted that the average strength increaise factor, a, does not

apply to fdu,

5-13.4. Dynamic Design Stress for Shear

The dynamic design stress for shear shall be:

fdv - 0.55 fds 5-4

where fds is from Equation 5-2 or 5-3.
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Table 5-1. Static Jesign Stresses for Materials

Material ymin fu mn

(AST11) (ksi) (ksi)

A36 36 58

A529 42 60

A441 40 60
42 63
46 67
50 70

A572 42 60
50 65
60 75
65 80

A242 42 63
46 67
50 70

A588 42 63
46 67
50 70

A514 90 100
100 110
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4

Table 5-2 Dynamic Increase Factor, c, for Yield Stress of Structural Steels

Bending Tension or Compression
Material

Low High Low High
Pressure Pressure Pressure Pressure

- 0.10 in/in/sec) (E - 0.30) - 0.02) - 0.05)

A36 1.29 1.36 1.19 1.24
A588 1.19* 1.24* 1.12* 1.15*
A514 1.09 1.12 1.05 1.07

*Estimated

Table 5-3 Dynamic Increase Factor, c, for Ultimate Stress of Structural
Steels

Material c

A36 1.10

A588 1.05*

A514 1.00

*Estimated
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DYNAMIC RESPONSE OF STEEL STRUCTURES IN THE PLASTIC RANGE

5-14. Plastic Behavior of Steel Structures

Although plastic behavior is noc generally permissible under service loading
conditions, it is quite appropriate for design when the structure is subjected
to a severe blast loading only once or at most a few times during its exis-
tence. Jnder blast pressures, it will usually be uneconomical to design a
structure to remain elastic and, as a result, plastic behavior is normally
anticipated in order to utilize more fully the energy-absorbing capacity of
blast-resistant structures. Plastic design for flexure is based on the
assumntion that the structure or member resistance is fully developed with the
formation of near totally plastified sections at the most highly stressed
locations. For economical design, the structure should be proportioned to
assure its ductile behavior up to the limit of its load-carrying capacity.
The structure or structural element can attain its full plastic capacity
provided that premature impairment of strength due to secondary effects, such
as brittle fracture or instability, does not occur.

Structural resistance is determined on the basis of plastic design concepts,
taking into account dynamic yield strength values. The design proceeds with
the basic objective that the computed deformations of either the individual
members or the structure as a whole, due to the anticipated blast loading,
should be limited to prescribed maximum values consistent with safety and the
desired post accident condition.

5-15. Relationship Between Structure Function and Deformations

5-15.1. General

Deformation criteria are specified in detail for two categories of structures,
namely, acceptor-type structures in the low pressure range and structures in
the high pressure range which may either be acceptor- or donor-type. A
description of the two categories of structures follow.

5-15.2. Acceptor-type Structures in the Low Pressure Ranges

The maximum deformations tp be specified in this category are consistent with
maintaining structural integrity into the plastic range while providing safety
for personnel and equipment. The type of structure generally associated with
this design category may be constructed of one or two stories with braced or
rigid frames. Main members consisting of columr.ns and main beams should be
fabricated from hot rolled steel while secondary members, consisting of
purlins or girts which span the frame members, can be hot-rolled I-shapes and
chLnnels or cold-formed Z-shapes and channels. The structure skin shall
consist of cold-formed siding and decking spanning between the wall girts or
roof purlins.

5-15.3. Acceptor- or Donor-type Structures in the High Pressure Range

The deformation criteria specified in this category cover the severe condi-
tions associated with structures located close-in to a blast. ln cases where
the design objective is the containment of an explosion the deformations
should be limited. In otner cases where prevention of explosion propagation
or of missile generation is required, the structure may be allowed to approach
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incipient failure, and deformations well into the strain hardening region may
be permitted for energy absorption. In general, plate elements and curved
plate-type structures fall under these categories.

5-16. Deformation Criteria

5-16.1. General

The deformation criteria presented in this chapter will be consistent with
designing the structure for one accident. However, if it is desirable for a
structure to sustain two or three "incidents" in its lifetime, the designer
may limit design deformations so that, in its post accident condition, the
structure is suitable for repair and reuse.

The deformation criteria for beams (including purlins, spandrels and girts)
are presented in Section 5-16.5. The criteria for frames, including sidesway,
are presented in Section 5-16.6 and that for plates are given in Section 5-
16.7. Special consideration is given to the deformation criteria for open-web
joists (Section 5-33) and cold-formed metal decking (Section 5-34). Deforma-
tion criteria are summarized in Section 5-35.

5-16.2. Structural Response Quantities

In order to restrict damage to a structure or element which is subjected to
the effects of accidental explosion, limiting values must be assigned to
appropriate response quantities. Generally speaking, two different types of
values are specified, namely, limits on the level of inelastic dynamic
response and limits on the maxcimum deflections and rotations.

For elements which can be represented as single-degree-of-freedom systems such
as beams, floor and wall panels, open-web joists, and plates, the appropriate
quantities are taken as the maximum ductility ratio and the maximum rotation
at an end support.

For systems such as frame structures which can be represented by multi-degree-
of-freedom systems, the appropriate quantities are taken as the sidesway
deflection and individual frame member rotations.

5-16.3. Ductility Ratio, g

Following the development in Chapter 3 of this manual, the ductility ratio, 4,
is defined as the ratio of the maximum deflection (Xm) to the equivalent
elastic deflection (XE) corresponding to the development of the limiting
resistance on the bilinear resistance diagram for the element. Thus, a
ductility ratio of 3 corresponds to a maximum dynamic response three times the
equivalent elastic response.

In the case of individual beam elements, ductility ratios as high as 20 can be
achieved provided that sufficient bracing exists. Subsequent sections of this
chapter cover bracing requirements for beam elements. In the case of plate
elements, ductility ratios are important insomuch as the higher ductility

All ratios permit the use of higher design stresses.

Support rotations, as discussed in the next paragraph, provide the basis for

½r and plate design For a beam element, the ductility ratio must be
S~5-17'
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checked to determine whether the specified rotation can be reached without
premature buckling of the member. A similar provision shall apply to plates
even though they may undergo larger ductility ratios in the absence of
premature buckling.

5-16.4. Support Rotation, G

The end rotation, 8, and the associated maxi,,um deflection, Xm, for a beam are
illustrated in Figure 5-3. As shown, e is tke angle between the chord joining
the supports and the point on the element where the deflection is a maximum.

5-16.5. Limiting Deformations for Beams

A steel beam element may be designed to attain large deflections corresponding
to 12 degrees support rotation. To assure the integrity of the beam element,
it must be adequately braced to permit this high level of ductile behavior.
In no case, however, shall the ductility ratio exceed 20.

A limiting support rotation of 2 degrees, and a limiting ductility ratio of 10
(whichever governs) are specified as reasonable estimates of the absolute
magnitude of the beam deformation where safety for personnel and equipment is
required. These deformations are consistent with maintaining structural
integrity into the plastic range. Adequate bracing shall be present to assure
the corresponding level of ductile behavior.

The interrelationship between the various parameters involved in the design of
beams is readily described in the idealized resistance-deflection curve shown_-
in Figure 5-4. In the figure, the values shown for the ductility ratio, /,
and the support rotation 9, are arbitrary. For example, the deflection
corresponding to a 2-degree support rotation can be greater than that cor-
responding to a ductility ratio of 10.

5-1.6.6. Application of Deformation Criteria to a Frame Structure

In the detailed analysis of a frame structure, representation of the response
by a single quantity is not possible. This fact combined with the wide range
and time-varying nature of the end conditions of the individual frame members
makes the concept of ductility ratio intractable. Hence, for this case, the
response quantities referred to in the criteria are the sidesway deflection of
each story and the end rotation, 8, of the individual members with reference
to a chord joining the member ends, as illustrated in Figure 5-3. In addi-
tion, in lieu of a ductility ratio criterion, the amount of inelastic deforma-
tion is restricted by means of a limitation on the individual member rotation.
For members which are not loaded between their ends, such as an interior
column, 0 is zero and only the sidesway criteria must be considered. The
maximum member end rotation, as shown in Figure 5-3, shall be 2 degrees. The
maximum sidesway deflection is limited to 1/25 of the story height.

These response quantities, sidesway deflection, and end rotation are part of
the required output of various computer programs which perform an inelastic,
multi-degree-of-freedom analysis of frame structures. These programs are
available through the repositories listed in Section 5-4 and several reports
listed in the bibliography at the end of this chapter. The designer can use
the output of these programs to check the sidesway deflection of each story
and the maximum rotation of each member.
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ANN&, 5-16.7. Limiting Deformations for Plates

Plates and plate-type structures can undergo large deformations with regard to
support rotations and ductility ratios. The effect of overall and local
instability upon the ulbimate capacity is considerably more important to
structural steel shapes than to plates. Depending upon the functional
requirements for a plate, the following deformation criteria should be
considered in the design of a plate:

(1) Large deflections at or close to incipient failure.

(2) Moderate deflections where the structure is designed to sustain

two or three "incidents" before being nonreusable.

(3) Limited deflections where performance of the structure is critical
during the blast as in the case of a blast door designed to
contain pressure and/or fire leakage.

(4) Elastic deflections where the structure must not sustain permanent
deflections, as in the case of an explosives test chamber.

This is a partial list of design considerations for plates. It can be seen
that the designer must establish deformation criteria based on the function of
the plate or plate system.

A plate or plate-type structure may undergo a support rotation, as illustrated
in Figure 3-22 of Ghaptar 3, of 12 degrees. The corresponding allowable
ductility ratio shall not exceed 20. It should be noted that higher design
stresses can be utilized when the ductility ratio exceeds 10 (See Section 5-
13.3).

A limiting support rotation of 2 degrees is specified as a reasonable estimate
of the absolute magnitude of the plate support rotation where safety for
personnel and equipment in an acceptor-type structure is required. As in the
deformation criteria for beams, the duct".ity ratio shall not exceed 10.

Two edge conditions may govern the deformation of plates in the plastic
region. The first occurs when opposite edges are not built-in. In this case,
elastic plate deflection theory and yield-line theory apply. The second
involves tension-membrane action which occurs when at least two opposite edges
are clamped. In this case, tensile-membrane action can occur before the plate
element reaches a support rotation of 12 degrees. Tensile-membrane action of
built-in plates is not covered in this chapLer. However, the designer can
utilize yield-line theory for limited plate deflection problems.

The interrelationship between the various parameters involved in the design of
* plates is readily described in the idealized resistance-deflection curve shown

in Figure 5-5. The figure shows the values for the ductility ratio, 4i, and
the support rotation, e, are arbitrary. For example, the deflection cor-
responding to a 2-degree support rotation can be greater than that correspond-
ing to a ductility ratio of 10.
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5-17. Rebound

Another aspect of dynamic design of steel structures subjected to blast
loadings is the .ccurrence of rebound. Unlike the conditions prevailing in
reinforced concrete structures wher.e rebound considerations may not be of
primary concern, steel structures will be subjected to relatively large stress
reversals caused by rebound and will require lateral bracing of unsta>ed
compression flanges which were formerly in tension. Rebound is more critical
for elements supporting light dead loads and subjected to blast pressures of
short duration. It is also a prima-y concern in the design of reversal bolts
for blast doors.

5-18. Secondary Modes of Failure

5-18.1. General

In the process of designing for the pla3tis or ductile mode of failure, it is
important to follow certain provisions in order to avoid premature failure of
the str:ucture, i.e., to ensure tihat the structure can develop its full plastic
resistance.

These secondary modes of failure can be grouped in two main categories:

(1) Instability modes of failure

(2) Brittle modes of failure

5-18.2. Instability Modes of Failure

In this category, the problem of structural instability at two leve.s is of
concern, namely, overall buckling of the strictural system as a whole, and
buckling of the component elements.

Overall buckling of framed structures can occur in two essentially different
manners. In the first case, the load and the structure are symnetric;
deformations remain also symmetric up to a critical value of the load for
which a sudden change in configuration will produce instant anti-symmetry,
large sidesway and displacement, and eventually a failure by col'.apse if not
by excessive deformations. This type of instability can also occur in the
elastic domain before substantial deformation or any plastification has taken
place. It is called "instability by bifurcation".

In the second case, the loading or the structure or both are nonsymmetric.
With the application of the load, sidesway develops progros.ively. In such
cases, the vertical loads acting through the sidesway displacements, commonly
called "the P-A effect", create second o.:der bending moments that magnify the
deformation. Because of rapidly in'reasing displacements, plastic hinges
form, thereby decreasing the rigidity of the structure and causing more
sidesway. This type of instability is related to a continuous deterioration
of the stiffness leading to an early failure by either a collapse mechanism or

excessive sidesway.

Frame instability necd not be explicitly considered in the plastic design of ME

one- and two-story unbraced frames provided that the individual columns and
girders are designed according Lo the beam-column criteria of Section 5-37.
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For frames greater than two stories, bracing is normally required according to
the AISC provisions for plastic design in order to ensure the overall stAbili-
ty of the structure. Howover, if an inelastic dynamic frame analysis is
performed to determine the complete time-history of the structural response to
the blast loading, including the P-A effects, it may be established, in par-
ticular cases, that lateral bracing is not necessary in a frame greater than
two stories. As mentioned previously, computer programs which perform an in-
elastic, multi-degree-of-freedom analysis of frame structures may be employed
for such an analysis.

Buckling of an element in the structure (e.g., a beam, girder, or column) can
occur lnder certain loading and end conditions. Instability is of two types,
namely, buckling of the member as a whole (e.g., lateral torsional buckling)
and local buckling at certain sections, including flange buckling and web
crippling.

Provisions for plastic design of beams and columns are presented in a separate
section of this chapter.

5-18.3. Brittle Modes of Failure

Under dynamic 'loading, there is an enhanced possibility that brittle fracture
can develop under certain conditions. Since this type of failure is sudden in
nature and difficult to predict, it is very important to diminish the risk of
such premature failure.

The complexity of the brittle fracture phenomena precludes a complete quan-
titative definition. As a result, it is impossible to establish simple rules
for design. Brittle fracture will be associated with a loss in flexural
resistance.

Brittle fractures are caused by a combination of adverse circumstances that:
may include o few, some, or al.l of the following:

(I" Local. stress concentrations and residual stresses

(2) Poor welding

(3) The use of a notch sensitive steel

(4) Shock loading or rapid strain rate

(5) Low temperatures

(6) Decreased ductility due to strain aging

(7) The existence cf a plane strain condition causing a state of tri-
axial ten•i.on stresses, especially in thick gusset plates, thick
webs and in the vicinity of welds

(8) Inappropriate use of some forms of connections

"The problem of brittle fracture is closely related to the detailing of connec-
tions, a topic that will. be treated in a separate section of this chapter.
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However, there are certain general guidelines to follow in order to minimize
the danger of brittle fracture:

(1) Steel material must be selected to conform with the condition
-aticipated in service.

(2) Fabrication and workmanship should meet high standards, e.g.,
sheared edges and notches should be avoided, and material that has
been severely cold-worked should be removed.

(3) Proportioning and detailing of connections should be such that
free movement of the base material is permitted, stress concen-
trations and triaxial stress conditions are avoided, and adequate
ductility is provided.
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DESIGN OF SINGLE SPAN AND CONTINUOUS BEAMS

5-19. General
The emphasis in this section is on the dynamic plastic design of structural
steel beams. Design data have been derived from the static provisions of the
AISC Specification with necessary modifications and additions for blast
design. It should be noted that all provisions on plastic design in the AISC
Specification apply, except as modified in this chapter.

The calculation of the dynamic flexural capacity of beams is described in
detail. The necessary information is presented for determining the equivalent
bilinear resistance-deflection functions used in evaluating the basic flexural
response of beams. Also presented are the supplementary considerations of
adequate shear capacity and local and overall stability which are necessary
for the process of hinge formation, moment redistribution and inelastic hinge
rotation to proceed to the development of a full collapse mechanism.

5-20. Dynamic Flexural Capacity

5-20.1. General

"The ultimate dynamic moment resisting capacity of a steel beam is given by

1pu - fdsZ 5-5

where fds is the dynamic design stress (as described in Section 5-13) of the
material and Z is the plastic section modulus. The plastic section modulus
can be cal.culated as the sum of the static moments of the fully yielded
elements of the equal cross section areas above and below the neutral axis,
i~e.:

Z - A.lauI, + Atm2  5-6

Norte: Acre - Atm2 for a doubly-symmetric section

where Ac - area of cross section in compression

At - area of cross section in tension

mi - distance from neutral axis to the centroid of the area incompress ion

m2 - distance from neutral axis to the centroid of the area in
tension

For standard I-shaped sc.ction- (S, W, and M shapes), the plastic section
modulus is approximately 1.15 times the elastic modulus for strong axis
bending and may bL- obtained from standard manuals on structural steel design.

Sis generally asstmied that a fully plastic section offers no additional
resistance to load. However, additional resistance due to strain hardening of
the mauerial is present as the deformation coutinu:s beyond the vield level ot
the beam. In the analysis of structural steel beams, it- is assumed that the
plastic hinge formation is concentrated at a section. Actually, the plastic
region extends over a certain length that depends on the type of loading
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(concentrated or distributed) on the magnitude of the deformation, and on the
shape factor of the cross section. The extent of the plastic hinge has no
substantial influence on the ultimate capacity; it has, however, an influence
on the final magnitude of the deflection. ior all practical purposes, the
assumption of a concentrated plastic hinge is adequate.

In blast design, although strains well into the strain-hardening range may be
toler'ted, the corresponding additional resistance is generally not sufficient
to warrant analytical consideration since excessive support rotation and/or
ductility ratios of beams, which are susceptible to local flange or lateral
torsional buckling, are not recommended.

5-20.2. Moment-curvature Relationship for Beams

Figure 5-6 shows the stress distribution at various Ecages of deformation for
a plastic hinge section. Theoretically, the beam bends elastically until the
outer fiber stress reaches fds and the yield momnýrnt designated by Mv is
attained (Figure 5-6a). As the moment increase:, above My, the yield stress
progresses inward fron the outer fibers of the 3ection tbwards the neutral
axis as shown in Figure 5-6b. As the moment ap)roaches the fully plastic
moment, a rectangular stress distribution as shown in Figure 5-6c is ap-
proached. The ratio between the fully plastic iw%'.mvnt to the yield moment is
the shape factor, f, for the section, i.e. , the ratio between the plastic and
elastic section modulii.

A representative moment-curvature relationship for a simply-supported steel
beam is shown in Figure 5-7. The behavior is elastic until the yield moment
S My is reached. With furtLar increase in Icad, the curvature increases at a
greater rate as the fully plastic moment vilue, M., iL, approachcd Following
the attainment of M2, the curvature increa.es significantly, with only a small
increase in moment capacity.

For design purposes, a bilinear represeýntation Df d:he moment-curvature
relationship is employed as shown by the dashed :'ines in Figure 5-7. For
bea:is with a moderate design ditctility ratio (A < 3), the design moment M -
M For beams with a larger design ductility ratio (j11 > 3), the design moment
MV-M2.

5-20.3. Design Plastic Moment, H
p

The equivalent plastic design moment shall be computed as follows:

For beams with ductility ratios less than or equal to 3:

Mp- fds (S + Z)/2 5-7

where S and. Z are the elastic anm p]._tic section modulii, respectively.

For beams with ductility ratios greater than 3 and beam col.umns:

Mp - fdsZ 5-8

Equation 5-7 is consistent with test results for beams with moderate ductili-
ties. For beams which are allowed to undergo large ductilities, Equation 5-8,
based upon full plastification of ý-he section, is considered reasonable for
design purposes.
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It is important to note that the above pertains to beams which are supported
against buckling. Design provisions for guarding against local. and overall
buckling of beams during plastic deformacion are dis'-ussed in Sections 5-24,
5-25, and 5-26.

5-21. Resistance and Stiffness Functions

5-21 1. Genetal

The single-degree-of-freedom analysis which serves as the basis for the
flexural response calculation requires that the equivalent stiffness and
ultimate resistance be defined for both single-span beams and continuous
beams. The ultimate resistance values correspond to developing a full
collapse mechanism in each case. The equivalent stiffnesses correspond to
load-deflection relationships that have been idealized as bilinear functions
with initial slopes so defined that the areas under the idealized load
deflection diagrams are equal to the areas; under the actual diagrams at the
point of inception of fully plastic behavior of the beam. This concept is
covered in Section 3-13 of Chapter 3.

5-21.2. Single-span Beams

Formulas for determining the stiffness and resistance for one-way steel be'am
elements are presented in Tables 3-1 and 3-8 of Chapter 3. The values of M in
Table 3-1 represents the plastic design moment, M•. For example, the value of
rU for the fixed-simple, uniformly loaded beam becomes ru - 12 M1 /L 2 .

5-21.3. Multi-span Beams

The beam relationships for defining the bilinear resistance function for
multi-span continuous beams under uniform loading are summarized below. These
expressions are predicated upon the formation of a three-hinge mechanism in
each span. Maximum economy normally dictates that the span lengths and/or
member sizes be adjusted such that a mechanism forms simultaneously in all
spans.

It must be noted that the development of a mechanism in a particalar span of a
continuous beam assuimes compatible stiffness properties at the end supports.
If the ratio of the length of the adjacent spans to the span being considered
is excessive (say, greater than three). it may not be possible to reach the
limit load without the beam failing by excessive deflection.

For uniformly distributed loading on equal spans or spans which do not differ
in length by more than 20 percent, the following relationships can be used to
define the b'-inear resistance function:

'Iwo-span continuous beam:

R, - rubL - 12 Mp/L 5-9

KE - 163 EI/T3 5-10

Exterior span of continuous beams with three or more spans:

RU- rubL - II.7Mp/L 5-11
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KE - 143EI/L 3  5-12

Interior span of continuous beam with three or more spans:

- rubL U, 16.0Mp/L 5-13

KE 300EI/L 3  5-14

For design situations which do not meet the :.'equired conditions, the bilinear
resistance function may be developed by the application of the basic proce-
dures of plastic analysis.

5-22. Design for Flexure

5-22.1. General

The design of a structure to resist the blast of an accidental explosion
consists essentially of the determination of the structural resistance
required to limit calculated deflections to within the prescribed maximum
values as outlined in Section 5-35. In general, the resistance and deflection
may be computed on the basis of flexure provided that the shear capacity of
the web is not exceeded. Elastic shearing deformations of steel members are
negligible as long as the depth to span ratio is less than about 0.2 and
hence, a flexural analysis is normally sufficient for establishing maximum
deflections.

5-22.2. Response Charts

Dynamic response charts for one-degree-of-freedom systems in the elastic or
elasto-plastic range under various dynamic loads are given in Chapter 3. To
use the charts, the effective natural period of vibration of a structural
steel beam. must be determined. The procedures for determining the natural
period of vibration for one-'Tay elements are outlined in Section 3-17.4 of
Chapter 3. Equation 5-15 can be used to determine the natural period of
vibration for any system for which the total effective mas-s, Me, and equiva-
lent elastic stiffness, KE are known:

TN - 27r (Me /RE) 1 / 2  5-1.5

5-22.3. Preliminary Dynamic Load Fa(.cocs

For preliminary flexural design of bea,.is situated in low pressure range, it is
suggested that an equivalent static ui. :-3ate resistance equal to the peak
blast pressure be used for those beams dsignad for 2 degrees support rota-
tion. For large support rotations, a prelimi.,a,';* dynamic load factor of 0.5
is recommended. Since the duration of the loa,2 ,LY for low pressure range will
generally be the same or longer than the period o,- vibration of the structure,
revisions to this preliminary design from a dynamic -,nalysis will usually not
be substantial, However, for structures where the. loading environment
pressure is such that the load duration is short as ,.:ompared with the period
of vibration of the structure, this procedure may rosult in a substantial
overestimate of the required resistance.
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5-22.4. Additional Considerations in Flexural Design

Once a dynamic analysis is performed on the single span or continuous beam,
the deformations must be checked with the limitations set in the criteria.
The provisions for local buckling, web crippling and lateral bracing must be
met. The deformation criteria for beam elements including purlins, spandrels
and girts are summarized in Section 5-35.

The rebound behavior of the structure must not be overlooked. The information
required for calculating the elastic rebound of structures is contained in
Figure 3-268 of Chapter 3. The provisions for local buckling and lateral
bracing, as outlined in subsequent sections of this chapter, shall apply in
the design for rebound.

5-23. Design for Shear

Shearing forces are of signiiicance in plastic design primarily because of
their possible influence on the plastic moment capacity of a steel member. At
points where large bending moments and shear forces exist, the assumption of
an ideal elasto-plastic stress-strain relationship indicates that during the
progressive formation of a plastic hinge, there is a reduction of the web area
available for shear. This reduc:Žd area could result in an initiation of shear
yielding and possibly reduce the moment capacity.

However, it has been found experimentally that I-shaped sections achieve their
fully plastic moment capacity provided that the average shear stress over the
full web area is less than the yield stress in shear. This result can
"basic.illy be attributed to the fact that I-shaped sections carry moment
predominantly through the flanges and shear predominantly through the web.
Other contributing factors include the beneficial effects of strain hardening
and the fact that combinations of high shear and high moment generally occur
at locations where the moment gradient is steep.

The yield capacity of steel beams in shear is given by:

Vp V fdvAw 5-16

where V is the shear capacity, fdv is the dynamic yield stress in shear of
the steel (Equation 5-4), and Aw is the area of the web. For I-shaped beams
and similar flexural members with thin webs, only the web area between flange
plates should be used in calculating Aw.

For several particular load and support conditions, equations for the support
shears, V, for one-way elements are given in Table 3-9 of Chapter 3. As
discussed above, as long as the acting shear V does not exceed V, I.-shaped
sections can be considered capable of achieving their full plastdc moment. If
V is greater than V , the web area of the chosen section is inadequate and
either the web must be strengthened or a different section should be selected.

However, for cases where the web is being relied upon to carry a significant
portion of the moment capacity of the section, such as rectangular cross
section beams or built-up sections, the influence of shear on the available
moment capacity must be considered as treated in Section 5-31.
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5-24. Local Buckling

In order to ensure that a steel beam will attain fully plastic behavJor and
attain the desired ductility at plastic hinge locations, it is necessary that
the elements of the beam section meet minimum thickness requirements suffi-
cient to prevent a local buckling failure. Adopting the plastic design
requirements of the AISC Specification, the width-thickness ratio for flanges
of rolled I- and W-shapes and similar built-up single web shapes that would be
subjected to compression involving plastic hinge rotation shall not exceed the
following values:

1" (ksi) bf / 2 tf

36 8.5
42
45 7.4
50 7.0
55 6.6
60 6.3
65 6.0

where f. is the specified minimum static yield stress for the steel (Table 5-
1), bf is the flange width, and tf is the flange thickness.

The width-Jhickness ratio of similarly compressed flange plates in box sec-
tions and cover plates shall not exceed 190/(f )1/2. For this purpose, the
width of a cover plate shall be taken as the distance between longitudinal
lines of connecting rivets, high-strength bolts, or welds.

The depth-thickness ratio of webs of members subjected to plastic bending
shall not exceed the value given by Equation 5-17 or 5-18 as applicable.

d 412 P P
1.. .. - 1.4 - when - < 0.27 5-17

tw fy Py Py

d 257 P
S....- when - > 0.27 5-18
tw fy Py

where
P - the applied compressive load

Py - the plastic axial load equal to the cross sectional area
times the specified minimum static yield stress, fy

These equations which are applicable to local buckling under dynamic loading
have been adopt-ed from the AISC provisions for static loading. However, since
the actual process of buckling takes a finite period of time, the member must

Ah accelerate laterally and the mass of the member provides an inertial force
retarding this acceleration. For this reason, loads that might otherwise
cause failure may be applied to the members for very short durations if they
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are removed before the buckling has occurred. Hence, it is appropriate and
conservative to apply the criteria developed for static loads to the case of
dynamic loading of relatively short duration.

These requirements on cross section geometry should be adhered to in the
design of all members for blast loading. However, in the event that it is
necessary to evaluate the load-carrying capacity of an existing structural
member which does not meet these provisions, the ultimate capacity should be
reduced in accordance with the recommendations made in the Commentary and
Appendix C of the AISC Specification.

5-25. Web Crippling

Since concentrated loads and reactions along a short length of flange are
carried by compressive stresses in the web of toe supporting member, local
yielding may occur followed by crippling or crumpling of Lhe web. Stiffeners
bearing against the flanges at load points and fastened to the web are usually
employed in such situations to provide a gradual transfer of these forces to
the web.

Provisions for web stiffeners, as given in Section 1.15.5 of the AISC Specifi-
cation, should be used in dynamic design. In applying these provisions, f
should be taken equal to the specified static yield strength of the steel.y

5-26. Lateral Bracing

5-26.1. General

Lateral bracing support is often provided by floor beams, joists or purlins
which frame into the member to be braced. The unbraced lengths ( 1 cr, as
defined in Sections 5-26.2 and 5-26.3) are either fixed by the spacing of the
purlins and girts or by the spacing of supplementary bracing.

When the compression flange is securely connected to steel decking or siding,
this will constitute adequate lateral bracing in most: cases. In addition,
inflection points (points of contraflexure) can be considered as braced
points.

Members built into a masonry wall and having their web perpendicular to this
wall can be assumed to be laterally supported with respect to their weak axis
of bending. In addition, points of contraflexure can be considered as braced
points, if necessary.

Members subjected to bending about their strong axis may be susceptible to
lateral-torsional buckling in the direction of the weak axis if their compres-
sion flange is not laterally braced. Therefore, in order for a plastically
designed member to reach its collapse mechanism, lateral supports must be
provided at the plastic hinge locations and at a certain distance from the
hinge location. Rebound, which constitutes stress reversals, is an important
consideration for lateral bracing support.
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5-26.2. Requirements for Members with • • 3

Since members with the design ductility ratios less than or equal to three
Lndergo moderate amounts of plastic deformation, the bracing requirements are

somewhat less stringent.

For this case, the following relationship may be used:

1/2

l/rT- [(102 x 103Cb)/fdsJ 5-19

where
1 - distance between cross sections braced against twist or

lateral displacement of the compression flange

rT - radius of gyration of a section comprising the compression
flange plus one-third of the compression web area taken
about an axis in the plane of the web

Cb ee bending coefficient defined in Section 1.5.1.4.5 of the AISC
Specification

5-26.3. Requirements for Members with A > 3

In order to develop the full plastic moment, 1M for members with designp
ductility ratios greater than three, the distance from the brace at the hinge
location to the adjacent braced points should not be greater than Icr as
determined from either Equation 5-20 or 5-21, as applicable:

icr 1375 M
B - + 25 when 1.0 Ž --- > -0.5 5-20

ry fds MP

Icr 1375 M
....--- when -0.5 > -1.0 5-21

ry fds 4Mp

where ry - the radius Pf gyration of the member about its weak axis

M - the lesser of the moments at the ends of the unbraced
segment

M/ p - the end moment ratio. The moment ratio is positive when the
segment is bent in reverse curvature and negative when bent
in single curvature.

B - critical length correction factor (See Figure 5-8)

The critical length correction factor, B, accounts for the fact that the
required spacing of bracing, 1cr' iecreases with increased ductilit ratio.
For example, for a particular member with r. - 2 in. and fds 51 ksi and
using the equation ]or M/K - 0, we get I cr- 71.7 in. for 6 and lcr -

39.7 in. for j~-20.
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5-26.4. Requirements for Elements Subjected to Rebound

The bracing requirements for nonyielded segments of members and the bracing Aft

requirements for members in rebound can be determined from the following
relationship:

S~ fas (l/rT)2 7
f - 1.67 2/3 - fd 5-221530 X 103 Cb d

where

f - the maximum bending stress in the member, and in no case
greater than fds

When f equals fds, this equation reduces to the i/rT requirement of Equation
5-19.

5-26.5. Requirements for Bracing Members

ln order to function adequately, the bracing member must meet certain minimum
recuirements on axial strength and axial stiffness These requirements are
quite minimal in relation to the properties of typical framing members.

Lateral braces should be welded or securely bolted to the compression flange
and, in additiun, a vertical stiffener should generally be provided at bracing
points where concentrated vertical loads are also being transferred. Plastic
hinge locations within uniformly loaded spans do not generally require a
stiffener. Examples of lateral bracing details are presented in Figure 5-9.

UE
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Figure 5-6 Theoretical itress distribution for, pure bending at
various stages of dynamic loading
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DESIGN OF PLATES

5-27. General

The emphasis in this section is on the dynamic plastic design of plates. As
in the case for simply supported and continuous beams, design data have been
derived from the static provisions of the AISC Specification with necessary
modifications and additions for blast design.

This section covers the dynamic flexural capacity of plates, as well as the
necessary information for determining the equivalent bilinear resistance-
deflection functions used in evaluating the flexural response of plates. Also
presented is the supplementary consideration of adequate shear capacity at
negative yield lines.

5-28. Dynamic Flexural Capacity

As is t-he case for standard I-shaped sections, the ultimate dynamic moment-
resisting capacity of a steel plate is a function of the elastic and plastic
modulii and the dynamic design stress. For plates or rectangular cross
section beams, the plastic section modulus is 1.5 times the elastic section
modulus.

A representative moment-curvature relationship for a simply-supported steel
plate is shown in Figure 5-10. The behavior is elastic until a curvature
corresponding to the yield moment H is reached. With further increase in
load, the curvature increases at a greater rate as the fully plastic moment
value, M2 , is approached. Following the attainment of M2 , the curvature
increases while the moment remains constant.

For plates and rectangular cross section beams, A2 is 50 percent greater than
dMf and the nature of the transition from yiel-4 to the fully plastic condition
depends upon the plate geometry and end conditions. It is recommended that a
capacity midway between M and M2 be used to define the plastic design moment,
L4•(MI in Figure 5-11), for plates and rectangular cross section beams.
Therefore, for plates with any ductility ratio, Equation 5-7 applies.

5-29. Resistance and ;Stiffness Functions

Procedures for determining stiffness and resistance factors for one- and two-
aay plate elements are outlined in Chapter 3. These factors are based upon
elastic deflection theury and the yield-line method, and are appropriate for
defining the stiffness and ultimate load-carrying capacity of ductile struc-
tural steel plates. In applyings o 29,600to steel plates, the modulus of
etasticity should be taken equal to 29,600,000 psi. For two-way isotroplc
steel plates, -ie ultimate unit positive and negative moments are equal in all
directions; i.e.

vM"n - Mvp - Mhn - Mhp - Mp

where Mp is defined by Equation 5-7 and the remaining values are ultimate unit
imoment capacities as defined irk Section 3-9.3 of Chapter 3. Since the stiff-
ness factors were derived for plates with equal stiffness properties in each
direction, they are not applicable to the case of orthotropic steel plates,
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such as stiffened plates, which have different stiffness properties in each
direction.

5-30. Design for Flexure

The procedure for the flexural design of a steei plate is essentially the same
as the design of a beam. As for beams, it is suggested that preliminary
dynamic load factors listed in Table 5-4 be used for plate structures. With
the stiffness and resistance factors from Section 5-29 and taking into account
the influence of shear on the available plate moment capacity as defined in
Section 5-31, the dynamic response and rebound for a given blast loading way
bs determined from the response charts in Chapter 3. It should be noted that
for A > 10, the dynamic design stress, incorporating the dynamic ultimate
stress, fdu' may be used (see Equation 5-2).

5-31. Design for Shear

In the design of rectangular plates, the effect of simultaneous high moment
and high shear at negative yield lines upon the plastic strength of the plate
may be significant. In such cases, the following interaction formula de-
scribes the effect of the support shear, V, upon the available, moment capaci-
ty, M:

-1- (V/Vp)4 5-23M/M.,p

where MP is the fully plastic moment capacity in the absence of shear calcu-
lated from Equation 5-7, and V is the ultimate shear capacity in the absence

pof bending determined from Equation 5-16 where the web area, Aw, is taken
equal to the total cross sectional area at the support.

For two-way elements, values for the ultimate support shears which art
applicable to steel plates are presented in Table 3-10 of Chapter 3.

It should be noted that, due to the inter-relationship between the support
shear, V, the unit ultimate flexural resistance, ru, of the two-way element,
and the fully plastic moment resistance, M.n, the determination of the resis-
tance of steel plates considering Equatiorv5-23, is not a simple calculation.
Fortunately, the nuiiiber of instances when negative yield lines with support
shears are encountered for steel plates will be limited. Moreover, in most
applications, the V/V ratio is such that the available moment capacity is at
least equal to the plastic design moment for plates (Equation 5-7).

It is recommended that for a V/V. ratio on negative yield lines less than
0.67, the plastic design mwoment I-or plates, as determined from Equation 5-7,
should be used in desiga. However, if V/Vp is greater than 0.67, the in-
fluence of shear on the available moment capacity must be accounted for by
means of Equation 5-23.

V4
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Table 5-4 Preliminary Dynamic Load Factors for. Plates

Deflection Deformnation*
DLF

Magnitude m ~ax w~ ax

Sinall 2 5 1.0
Moderate 4 10 0.8
Large 12 20 0.6

tt

*Whichever governs
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SPECIAL CONSIDERATIONS, BEAMS

5-32. Unsymmetrical Bending

5-32.1. General

In blast design, the number of situations where unsymmetrical bending occurs
is limited and where encountered, it can be treated without serious economic
penalty. Due to the fact that blast overpressure loads act normal to the
surfaces ot a structure, the use of doubly-symmetric cross sections for
purlins and girts (e.g., hot-rolled S- and W-sections or cold-formed channels
used back-to-back) is generally recommended. In such cases, the deformation
criteria for flexural members in Section 5-22 apply.

Unsyianietrical bandinJ occurs when flexural. members are subjected to transverse
loads acting in a plane other than a principal plane. With this type of
loading, the following are applicable:

(1) The member's neutral axis is not perpendicular to the plane of
loading.

(2) Stresses cannot in general be calculated by means of the simple
bending formula (M0/I).

(3) The bending deflection does not coincide with the plane of loading
but is perpendicular to the inclined neutral axis.

(4) If the plane of loads does not pass through the ohear center of
the cross section, bending is also accompanied by twisting.

Doubly-symunetric S, W, and box sections acting as individual beam elements and
subjected to biaxial bending, i.e., unsymmetrical bending without torsion, can
be treated using the procedures outlined in the following sections.

5-32.2. Elastic and Plastic Section Modulus

The inclination of the elastic and plastic neutral axis through the centroid
of the section can be calculated directly from the following relationship (see
Figure 5-11):

tan a - (I /Iy) tan • 5-24

where a - angle between the horizontal principal plane and the neutral
axis

(- angle between the plane of the load and the vertical
principal plane

and x and y refer to the horizontal and vertical principal axes of the cross-
section.

The equivalent elastic section modulus may be evaluated from the following

equation:

S - (SxSyW)/(SyCos + Sxsin 0) 5-25
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where Sx - elastic section modulus about the x-axis

S - elastic section modulus about the y-axis
y

The plastic section modulus can be calculated using Equation 5-6. With these
values of the elastic and plastic section modulii, the design plastic moment
capacity can be determined from Equation 5-7.

5-32.3. Equivalent Elastic Stiffness

in order to define the stiffness and bilinear rlsistance function, it is
necessary to determine the elastic deflection of the beam. This deflection
may be calculated by resolving the load into components acting in the prin-
cipal planes of the cross section. The elastic deflection, 8, is calculated
as the resultant of the deflections determined by simple bending calculations
in each direction (see Figure 5-11). The equivalent elastic deflection on the
bilinear resistance function XE,, may then be determined by assuming that the
elastic stiffness is valid up to the development of the design plastic moment
capacity, Mp.

5-32.4. Lateral Bracing and Recommended Design Criteria

The bracing requirements of Section 5-26 may not be totally adequate to permit
a biaxially loaded section to deflect into the inelastic range without
premature failure. However, for lack of data, the provisions of Section 5-26
on lateral bracing may be used if the total mamber end rotation corresponding
to the total deflection due to the inclined load is limited to 2 degrees. In
addition, the actual details of support conditions and/or bracing provided to
such members by the other primary and secondary members of the frame must be
carefully checked to ensure that the proper conditions exist to permit
deflections in the inelastic range.

5-32,5. Torsion and Unsymmetrical Bending

The inelastic behavior of sections subjected to unsymmetrical bending, with
twisting, is not totally known at present. Consequently, the use of sections
with the resultant load not passing through the shear center is not recom-
mended in plastic design of blast-resistant structures, unless torsional
constraints are provided for the elemencs. In actual inst-llations, however,
the torsional constraint offered to a puil.in or girt by the flexural rigidity
of the floor, roof, or wall panels to which it f% attached may force the
secondary member to deflect in the plane of loading with little or no tor-
sional effects. Under such conditions or when some other means of bracing is
provided to prevent torsional rotation in both the loading and rebound phases
of the response, such unsymmetrically loaded members may be capable of
performing well in the plastic range. However, because ef the limited data
presently available, there Is insufficient basis for providing practical
design guidelines in this area. -ence, if a case involving unsymmetrical
bending with torsion cannot be prevented in design, the maxim~u ductility
ratio should be limited to 1.0.

Furthermore, special precautions may have to be taken to restrict the tor-
sional-flexural distortions that can develop under unsymmetrical loading,
thereby reducing the flexural capacity of the member.
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5-33. Steel Joists and Joist Girders (Open-web Steel Joists)

Open-web Joists are commonly used as load-carrying members for the direct
support of roof and floor deck in buildings. The design of joists for conven-
tional loads is covered by the "Standard Specifications, Load Tables and
Weight Tables for Steel Joists and Joist Girders", adopted by the Steel Joist
Institute. For blast design, all the provisions of this Specification are in
force, except as modified herein.

These joists are manufactured using either hot-rolled or cold-formed steel. H-
Series joists are composed of 50-ksi steel in the chord members and either 36-
ksi or 50-ksi steel for the web sections. LH Series, DLH Series and joist
girders are composed of joist chords or web sections with a yield strength of
at least 36 ksi, but not greater than 50 ksi.

Standard load tables are available for simply supported, uniformly loaded
joists supporting a deck and so constructed that the top chord is braced
against lateral buckling. These tables indicate that the capacity of a
particular joist may be governed by either flexural or shear (maximum end
reaction) considerations. As discussed previously, it is preferable in blast
applications to select a member whose capacity is controlled by flexure rather
than shear, which may cause abrupt failure.

The tabulated loads include a check on the bottom chord as an axially loaded
tensile member and the design of the top chord as a colwumn or beam coltumn.
L'he width-thickness ratios of the unstiffened or stiffened elements of the
cross section are also limited to values specified in the Standard Specifica-
tions.

The dynamic ultimate capacity of open-web joists may be taken equal to 1.7 a x
c times the load given in the joist tables. This value repre:sents the safety
factor of 1.7 multiplied by a dynamic increase factor, c, and the aveftage
strength increase factor, a (see Section 5-12).

The adequacy of the section in rebound must be evaiuated. Upon calculating
the required resistance in rebound, r /ru, using the rebound chart la Chapter
3 (Figure 3-2,8), the lower chord must be checked as a column or beam coluwmn.
If the bottom chord nf a standard joist is not adequate in rebound, the chord
must be strengthened either by reducing the unbraced length or by increasing
the chord area. The top chord must be checked as an exial tensile member, but
in most circumstances, it will be adequate.

The bridging me.iibers required by the joist specification should be checked for
both the initial and rebound phase of the response to verify that they satisfy
the required spacing of compression flan.e bracing foi- lateral buckling.

The joist tables indicate that the design of some joists is gov'erned by shear,
that is, failure of the web bar members in tension or compression near the
supports. In such cases, the ductility ratio for the joist should not en'ceed
unity. In addition, the joist members near the support: should be investigated
for the worst combination of slenderness ratio and axial load under load
reversal.

For hot-rolled members not limited by shear consid&erations, design ductfility
ratios up to the values specified in Secti!>n 5-39 can be used. The design
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ductility ratio of joists with light gauge chord members should be limited to
1.0.

The top and bottom chords should be symmetrical about a vertical axis. If
double angles or bars are used as chord mewbers, the components of each chord
should be fastened together so as to act as a single member.

1,

5
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SPECIAL CONSIDERATIONS, COLD-FOPMED STEEL PANELS

5-34. Blast Resistant Design of Cold-Formed Steel Panels

5-34.1. General

Recent studies on cold-formed panels have shown that the effective width
relationships for cold-formed light gauge elements under dynamic loading do
not differ significantly from the static relationships. Consequently, the
recommendations presently contained in the AISI Specifications are used as the
basis for establishing the special provisions needed for the design of cold-
formed panels subjected to blast loads. Some of the formulas of the Specifi-
ca [.on have been extended to comply with ultimate lord conditions and to
permit limited performance in the inelastic range.

Two main modes oi failure can be recognized, one governed by bonding and the
othe' by shear. In the case of continuous members, the interaction of tIhe two
influenices plays A major role in determinirg the behavior and the ultimate
capacity. Due to the relatively thin webs encountered in cold-formed members,
special attention must also be paid to crippling problems. Basically, the
design will be dictated by the capacity in flexure but subject to the con-K straints imposed by shear resistance and local stability.

5-34.2. Resistance ift Flexure

The material properties of the Fteel used in the production of cold-formed
steel panels conforms to ASTM A446. This standard covers three grades (a, b,
and c) depending on the yield point. Most commonly, panels are made of steel
complying with the requirements of grade a, with a minimum yield point of 33
ksi and an elongation of rupture of 20 percent for a 2-inch gauge length.
However, it is generally krown that the yield stress of the material used in
the. manufacture of cold-formed panels generally exceeds the specified minimum
yield stress by a significant margin; therefore, it is recommended that a
design minimum yield stress of 40 ksi (corresponding to an average strength
increase factor of a - 1.21) be used unless the actual yield stress of the
material is known. For grades b and c which exhibit higher minimum yi.eld
points, an average strength increase factor of 1.21 is also recommended.

In calculating the dynamic yield stress of cold-formed steel panels, it is
recommended that a dynamic increase factor, c, of 1.1 be applied irrespective
of actual strain rLte and, consequently, the value of the dynamic design
stress to be used is

fds -a x c x f -1.21 x 1.1 x f 1.33 f 5-26

and hence, fds equals 44 ksi for the particular case of f - 33 ksi.

Ultimate design procedures, combined with the effective width concept, are
used in evaluating the strength of cold-formed light gauge elements. Thus, a
characteristic feature of cold-formed elements is the variation of their
section properties with the intensity of the load. As the load increases
beyond tho level corresponding to the occurrence of local buckling, the
effective area of the compression flange is reduced; as a result, the neutral
axis moves toward the tension flange with the effective properties of the
cross nection such as A (area), I (moment of inertia) and S ksection modulus),
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decreasing with load increase. The properties of the panels, as tabulated by
the manufacturer, are related to different stress levels. The value of S
referred to that of the effective section modulus at ultimate and the value of
1 related to a service stress level of 20 ksi. In the case of panels fabri-
cated from hat sections and a flat sheet, two section modulii are tabulated,
S+ and S-, referring to the effective section modulus for positive and
negative moments, respectively. Consequently, the following ultimate moment
capacities are obtained:

Mup - fdsS+ 5-27

Mun - fdsS" 5-28

where Mup - ultimate positive moment capacity for a 1-foot width of
panel

Mun - ultimate negative moment capacity for a 1-foot width of
panel

It should be noted that in cases where tabulated section properties are not.
available, the required properties may be calculated based upon the relation-
ships in the AISI Design Specification.

As for any single-span flexural element, the panel may be subjected to
different end conditions, either simply supported or fixed. The fixed-fixed
condition is seldom found in practice since this situation is difficult to
achieve in actual installations. The simply fixed condition is found because
of symmetry in each span of a two-span continuous panel. For multi-span
members (three or more), the response is governed by that of the first span
which is generally characterized by a simply supported condition at ono
support and a partial moment restraint at the other. Three typical cases can,
therefore, be considered:

(1) Simply supported at both ends (single span).

(2) Simply supported at one end and fixed at the other (two equal span
continuous member).

(3) Simply supported at one end and partially fixed at the other
(first span of an equally spaced multi-span element).

The resistance of the panel is a function of both the strength of the section
and th,: maximum moment in the member.

The a~ility of the panel to sustain yielding of its cross section produces
significant moment re-distribution in the continuous member which results in
an increase of the resistance of the panel.

The behavior of cold-formed steel sections in flexure is nonlinear as shown in
Figure 5-12. To simulate the bilinear approximation to the resistancedeflec-
tion curve, a factor of 0.9 is applied to the peak resistance. Therefore, for
design purposes, the recommended resistance formula for a simply supported,
single-span panel is given by:

ru - 0.9 x 8 Mup/L2 - 7.2 Mup/L2 5-29
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where ru is the resistance per unit length of panel, and L is the clear or
effective span length.

The reconmmended resistance formula for a simply-fixed, single-span panel or
first span of an equally spaced continuous panel is given by:

ru - 0.9 x 4 (tlun + 2Mup)!12 _ 3.6 (Mun + 2Mup)/L2 5-30

5-34.3. Equivalent Elastic Deflection

As previously mentioned, the behavior of cold-formed sections in flexure is
nonlinear as shown in Figure 5-12. A bilinear approximation of the resis-
tance-deflection curve is assumed for design. The equivalent elastic deflec-
tion XE is obtained by using the following equation:

XE - (3ruiL4 )/EI 2 0 5-31

where B is a constant which depends on the support conditions and whose values
are as follows:

1 - 0.0130 for a simply supported element

13 - 0.0062 for simply fixed or continuous elements

120 is defined as the effective mnoment of inertia of the section at a service
stress of 20 ksi, The value of 120 is generally tabulated as a section
property of the panel. The value of ru is obtained from Equation 5-29 or 5-
30.

5-34.4. Design for Flexure

When performing a one-degree-of-freedom analysis of the panel's behavior, the
properties of the equivalent system can 1, cvaluated by using a load-mass
factor, KI/• - 0.74, which is an average value applicable to all support condi-
tions. The natural period of vibration for the equivalent single-degree
system is thus obtained by substituting into Equation 5-15:

TN - 27r (0.74 mL/KE) 1 / 2  5-32

where I - w/g is the unit mass of the panel

K - ruL/XE is the equivalent elastic stlffness of the system

5-34.5. Recommended Ductility Ratios

Figure 5-12 illustrates the nonlinear character of the resistance-deflection
curve and the recommended bilinear approximation. The initial slope of the
actual curve is fairly linear until it enters a range of marked nonlinearity
and, finally, a point of instabilixy. However, excessive deflections cause
the decking to act as a membrane in tension (solid curve) and, consequently, a
certain level of stability sets in. It should be noted that, in order to use

the procedure outlined in this section, care must be taken to adequately
connect the ends of the decking so that it can achieve the desired level of
tension-membrane action. A diiscussi[on of connectors at end panels is present-
ed in Section 5-48. When - nsion-inembrane action is not present, increased
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deflection will result in a significant dropoff in resistance as illustrated
by the dotted curve in Figure 5-12.

Two limits of deformation are assigned, depending on end-anchorage condition
of the panel. For panels having nominal end anchorage, that is, where
tension-membrane action is minimal, the maximum deflection of the panel is Xo,

as illustrated in Figure 5-12, and is defined by:

X0 - 1.75 XE 5-33

For panels with sufficient end anchorage to permit tension-membrane action,
the maximum deflection of the panel is Xm, as illustrated in Figure 5-12, and
is defined by:

Xm - 6.0 XE 5-34

5-34.6. Recommended Support Rotations

In order to restrict the magnitude of rotation at the supports, limitations
are placed on the maximum deflections Xo and Xm as follows:

For elements where tension-membrane action is not present:

X- 1/92 or Omax - 1.25 degrees 5-35

For elements where tens ion-membrane action is present:

X•i- L/ 9 2 oremax - 4 degrees 5-36

5-34.7. Rebound

Appropriate dynamic response charts for one-degree-of-freedom systems in the
elastic ot elasto-plastic range under various dynamic loads are given in
Chapter 3. The problem of rebound should be considered in the design of
decking due to the different section properties of the panel, depending on
whether the hat section or the flat sheet is in compression. Figure 5-13
presents the maximum elastic resistance in rebound as a function of T/TN.
While the behavior of the panel in rebound does not often control, the
designer should be aware of the problem; in any event, there is a need for
providing connections capable of resisting uplift or pull-out forces due to
load reversal in rebound.

5--34.8. Resistance in Shear

Webs with h/t in excess of 60 are in common use among cold-formed members and
the fabrication process makes it impractical to use stiffeners. The design
web stresses must, therefore, be limited to ensure adequate stability without
the aid of stiffeners, thereby preventing premature local web failure and the
accompanying loss of load-carrying capacity.

The possibility of web buckling due to bending stresses exists and the
critical bending stress is given by Equation 5-37:

fcr 640,000/(h/t) 2 < fy 5-37
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By equating fcr to 32 ksi, which is a stress close to the yielding of the
material, a value h/t - 141 is obtained. Since it is known that webs do not
actually fail at these theoretical buckling stresses due to the development of
post-buckling strength, it can be safely assumed that webs with h/t < 150 will
not be susceptible to flexural buckling. Moreover, since the AISI recommenda-
tions prescribe a limit of h/t - 150 for unstiffened webs, this type of web
instability need not be considered in the design.

Panels are generally manufactured in geometrical proportions which preclude
web-shear problems when used for reconunended spans and minimum support-bearing
lengths of 2 to 3 inches. In blast desi.•n, however, oecause of the greater
intensity of the loading, the increase ir required flexural resistance of the
panels requires shorter spans.

In most cases, the shear capacity of a web is dictated by instability due to
either

(1) Simple shear stresses
(2) Combined bending and shearing stresses

For the case of simple shear stresses, as encountered at end supports, it is
important to distinguish three ranges of behavior depending on the magnitude
of h/t. For large values of h/t, the maximum shear stress is dictated by
elastic buckling in shear and for intermediate h/t values, the inelastic buck-
ling of the web governs; whereas for very small values of h/t, local buckling
will not occur and failure will be caused by yielding produced by shear
stresses. ThiD point I.s illustrated in Figure 5-14 for fds - 44 ksi. The
provisions of the AISI Specification in this area are based on a safety factor
ranging from 1.44 to 1.67 depending upon h/t. For blast-resistant design, the
recommended design stresses for simple shear are based on an extension of the
AISI provisions to comply with ultimate load conditions. The specific
equations for use in design for fds - 44, 66 and 88 ksi are stummiarized in
Tables 5-5a, 5-6a, and 5-7a, respectively.

At the interior supports of continuous panels, high bending moments combined
with large shear forces are present, and webs must be checked for buckling due
to these forces, The interaction formula presented in the AISI Specification
is given in terms of the allowable stresses rather than critical stresses
which produce buckling. In order to adapt this interaction formula to ulti-
mate load conditions, the problem of inelastic buckling under combined
stresses has been considered in the development of the recommended design
data.

In order to minimize the amount and complexity of design calculations, the
allowable dynamic design shear stresses at the interior support of a con-
tinuous member have been computed for different depth-thickness ratios for f
-44, 66, and 88 ksi, and tabulated in Tables 5-5b, 5-6b, and 5-7b, respec-

tively.

5-34.9. Web Crippling

In addition to shear problems, concentrated loads or reactions at panel sup-
ports, applied over relatively short lengths, can produce load intensities
that can cripple unstiffened thin webs. The problem of web cr.'ppling is
rather complicated for theoretical analysis because it involves the following:
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(1) Nonuniform stress distribution under the applied load and the
adjacent portions of the web

(2) Elastic and inelastic stability of the web element

(3) Local yielding, in the intermediate region of load application

(4) The bending produced by the eccentric load (or reaction) when it
is applied on the bearing flange at a distance beyond the curved
transition of tihz web

The AISI recommendations have been developed by relating extensive experimen-
tal data to service loads with a safety factor of 2.2 which was established
taking into account the scatter in the data. For blast design of cold-formed
panels, it is irecoammended that the AISI values be multiplied by a factor of
1.50 in order to relate the crippling loads to ultimate conditions with
sufficient provisions for scatter in test data.

For those sections that provide a high degree of restraint against rotation of
their webs, the ultimate crippling loads are given as follows:

Allowable ultimate end support reaction

Qu - 1.5 fdst 2 [4.44 + 0.558 (N/t) 1 / 2] 5-38

Allowable ultimate interior support reaction

Qu 1.5 fdt 2 [6.66 + 1.446 (N/t) 1 / 2 ] 5-39

where Qu ultimate support r.eaction

fds dynamic design stress

N - bearing length (in.)

t - web thickness (in)

The charts in figures 5-1.5 and 5-16 present the variation of Qu as a function
of the web thickness for bearing lengths from 1 to 5 inches for fds - 44 ksi
for end and interior suports, respectively. It should be noted that the
values reported in the charts relate to one web only, the total ultimate
reaction being obtained by multiplying Qu by the number of webs in the panel.

For design, the maximum shear forces and dynamic reactions are computed as a
function of the maximum resistance in flexure. The ultimate load-carrying
capacity of the webs of the panel must. then be compared with these forces. As
a general comraent, the shear capacity is controlled for simply supported
elements and by the allowable design shear stresses at the interior supports
for continuous panels.

In addition, it can be shown that the resistance in shear governs only in
cases of relatively very short spans. If a design is controlled by shear
resistance, it is recommended that another panel be selected since a flexural
failure mode is generally preferred,
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5-35 Summary of Deformation Criteria for Structural Eleme~nts

Deformation criteria are stunmarized in Table 5-8 for framnes, beams and other
structural elements including cold-iormed steel panels~, open-web joists and
plates.
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Table 5-5 Dynamic Design Shear Stress for Webs of Cold-forued Members (fds
44 ksI)

(a) Simple Shear

(h/t) • 57 fdv - 0.50 fd3 ! 22.0 ksi

57 < (h/t) : 83 fdv - 1.26 x 103/ (h/t)

83 < (h/t) : 150 fdv - 1.07 x 105/ (h/t)

(b) Combined Bending and Sheer

(h/t) fdv (ksi) _

20 10.94
30 10.84
40 10.72
50 10.57
60 10.42
70 10.22
80 9.94
90 9.62

100 9.00
110 8.25
120 7.43
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Table 5-6 Dynamic Design Shear Stress for Webs of Cold-formed Members (fds-
66 ksi)

(a) Simple Shear

(h/t) :54 fd,,r 0 .5 0 fds •33 ksL

47 < (h/t) :5 67 :cdv -1.54 x 10 /(h/t)

67 < (h/t) 5 150 f - 1.07 x 15(/t

(b) Combined Bending and Shear

20 16.41
30 16.23
40 16. 02
50 15.75
60 1.5.00
70 14.20
80 13.00
90 11.75

100 10,40
110 8.75
120 7.43
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Table 5-7 Dynamic Design Shear Stress for Webs of Cold-formed Members (fds "
88 ksi)

(a) Simple Shear

(h/t) : 41 fdv- 0.50 fds 5 44 ksi

41 < (h/t) 5 58 f - 1.78 x 10 3/(h/t)

58 < (h/t) : 150 fd 1.07 x 10 5/(h/t)

(b) Combined Bending and Shear

(h/t) fdv(kSi)

20 21.60
30 21.00
40 20.00
50 18.80
60 17.50
70 16.00
80 14.30
90 12.50

100 10.75
110 8.84
120 7.43

5-6
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, OTable 5-8 Summary of Deformation Criteria

Element Highest level
of Protection
(Category No.) Additional Deformation Maxim=m

* Specifications Type ** Deformation

Beams, purlins, G 2
spandrels or 1 10
girts

8 12°

2 20

Frame 6 H/25
structures e t 2°

Without tension- 0 1.250
Cold-formed membrane action 1.75
steel floor and 1
wall panels With tension- G 40

membrane action 6

G02
Open-web 1 4
joists

Joists controlled by 18

imaximumi end reaction 1

02
Plates 1 10

O 126
2 20

e - maximum member end rotation (degrees) measured from the

chord joining the member ends.

6 - relative sidesway deflection between stories.

H - story height.

A - ductility ratio (Xm/XE)

* as defined in Chapter 1.
** whichever governs.
t individual frame member.
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SPECIAL CONSIDERATIONS, BLAST DOORS

5-36. Blast Door Design

5-36.1. General

This section outlines procedures for the design of steel blast doors.
Analytical procedures for the design of the individual elements of the blast
door plate have been presented in earlier sections of this chapter. In
addition to the door plate, door frames and anchorage, reversal bolts, gaskets
and door operators are discussed. Blast doors are categorized by their
functional requirements and method of opening.

5-36.2. Functions and Methods cf Opening

5-36.2.1. Functional Requirements

Blast doors may be designed to contain an accidental explosion from within a
structure so as to prevent pressure and fireball leakage and fragment propaga-
tion. Blast doors may also be designed to protect personnel and/or equipment
from the effects of external blast loads. In this case, a limited amount of
blast pressures may be permitted to leak into the protected area, In most
cases, blast doors may be designed to protect the contents of a structure,
thereby negating propagation when explosives are contained within the shelter.

5-36.2.2. Method of Opening

Blast doors may be grouped based on their method of opening, such as: (a)
single leaf, (b) double leaf, (c) vertical lift, and (d) horizontal sliding.

5-36.3. Design Considerations

5-36.3.1. General

The design of a blast door is intrinsically related to its function during
and/or after an explosion. Design considerations include whether or not the
door should sustain permanent deflections, whether rebound mechanisms or
fragment protection is required, and whether pressure leakage be tolerated.
Finally, the design pressure range may dictate the type of door construction
that is to be used, including solid steel plate or built-up doors.

5-36.3.2. Deflections

As stated in Section 5-16.7, plates can sustain a support rotation of 12
degrees without failing. This is applicable to blast doors providing that the
resulting plate deflection does not collapse the door by pushing it through
the opening. However, deflections may have to be limited if the mechanism
used to open the door after an explosion is required to function. In addi-
"cion, if a blast door is designed with a gasket so as to fully or nearly
contain the pressure and fireball effects of an explosion, then deflections
should be limited in order to ensure satisfactory performance of the gasket.
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5-36.3.3. Rebound Mechanisms

Steel doors will be subjected to relatively large stress reversals caused by
rebound. Blast doors may have to transfer these reversal loads by means of
retracting pins or "reversal bolts." These heads can be mounted on any edge
(sides, top, or bottom) of a doorplate. Reversal bolts can be designed as an
integral part of the panic hardware assembly or, if tapered, they can be
utilized in compressing the gasket around a periphery. The magnitude of the
rebound force acting on the blast doors is discussed later.

5-36.3.4. Fragment Protection

A plate-type blast door, or the plate(s) of a built-up blast door may be sized
to prevent fragment penetration. However, when the blast door is subjected to
large blast loads and fragments, a supplementary fragment shield may be neces-
sary since the combined effects of the fragments and pressures mry cause
premature door failure due to the notching effects produced by the fragments.
Procedures for predicting the characteristics of primary fragments such as
impact, velocity, and size of fragment are presented in Chapter 2. Methods
for determining the depth of penetration of fragments into steel are given in
Section 5-49.

5-36.3.5. Leakage Protection (gaskets)

Blast doors may be designed to partly or fully contain the pressure and
fireball effects of an explosion in which case gaskets may have to be utilized
around the edge if a door or its opening. A sample of a gasket is illustrated
in Figure 5-17. This gasket will have to be compressed by means of a hydrau-
lic operator which is capable of overcoming a force of 125 pounds per linear
inch of the gasket. This gasket is made of neoprene conforming to the
material callouts in Note 2 of Figure 5-17.

5-36,3,6. Type of Construction

Blast doors are formed from either solid steel plate or built-up steel
construction.

Solid steel plate doors are usually used for the high pressure rangea (50 psi
or greater) and where the'door span is relatively short. Depending on plate
thicknesses, these doors may be used when fragment impact i,, critical. These
plates can range in thickness of 1-inch or greater. For thick plates, .2onnec-
tions using high strength bolts or socket head cap screws are recommended in
lieu of welding. However, the use of bolts or screws must preclude the
passage of leakage pressures into or out of the structure depending on its

use.

Built-up doors are used usually for the low pressure range and where long
spans are encountered. A typical built-up blast door may consist of a
peripheral frame made from steel channels with horizontal channels serving as

intermediate supports for the interior and/or exterior steel cover plates.
The pressure loads must be transferred to the channels via the plate.
Concrete or some other material may be placed between the plates in order to
add mass to the door or increase its fragment resistance capabilities.
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5-36.4. Examples of Blast Door Designs

5-36.4.1. General.

in order to ,Llustrate the relationship between the function of a blast door
and its design considerations, four Examples are presented in the following
section. Table 5-9 lists the design requirements of each of the above door
examples.

5-36.4.2. Door Type A (Figure 5-18)

This blast door is designed to protect personnel and equipment from external
blast pressures resulting from an accidental explosion. The door opening
measures 8-feet high by 8-feet wide. It is a built-up doun leaf door
consisting primarily of an exterior plate and a thinner in.. or plate both
welded to a grid formed by steel tubes. Support rotations of each element
(plate, channel, tube) have been limited to 2 degrees in order to assure
successful operation of the panic hardware at the door interior. The direct
blast load is transferred from the exterior plate to tubular meimbers which
form the door grid. The grid then transfers the loads to the door frame at
the center of the opening through a set of pins attached to the top and bottom
of the center mullions of the grid. At the exterior, the loads are trans-
ferred to the frame through the hinges which are attached to the exterior
mullions and the frame. The reversal loads are also transferred by the pins
and by the built-up door hinges. The center pins are also operated by the
panic hardware assembly.

5-36.4.3. Door Type B (Figure 5-19)

This blast door is designed to prevent propagation from an accidental ex-
plosion into an explosives storage area. It is a built-up, sliding door
protecting an opening 11-feet high by 16-feet wide, consisting of an exterior
plate and a thinner interior plate. These plates are welded to vertical S-
shapes which are spaced at 15-inch intervals. This door is designed to act as
a one-way member, spanning vertically. Since flange buckling of the S-shapes
is prohibited in the presence of the outer and inner plates acting as braces,
the composite beam-plate arrangement is designed for a support rotation of 12
degrees. The yield capacity of the webs of the S-shapes in shear (Equation 5-
16), as well as web crippling (Section 5-25), had to be considered in the

design. This door has not been designed to resist reversal or rebound forces.

5-36.4.4. Door Type C (Figure 5-20)

This single-leaf blast door is designed as part of a containment cell which is
used in the repeated testing of explosives. The door opening measures 4-feet
6-inches wide by 7-feet 6-inches high. It is the only door, in these samples,
designed elastically since it is subjected to repeated blast loads. It
consists primarily of a thick steel door plate protected from test fragments
by a mild steel fragment shield. It is designed as a simply-supported (four
sides) plate for direct internal loads and as a one way element spanning the
door width for rebound loads. It is equipped with a neoprene gasket around
the periphery (Figure 5-17) as well as a series of six reversal bolts designed
to transfer the rebound load into the door frame. The large thickness of the
door plate warrants the use of high-strength, socket head cap screws in lieu
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of welding to connect the plate to the reversal bolt housing as well as to the
fragment shield.

5-36.4.5. Door Type D (Figure 5-21)

This single-leaf blast door is designed as part of a contairunent structure
which is used to protect nearby personnel and structures in the event of an
accidental explosion. The door opening measures 4-feet wide by 7-feet high.
It is designed as simply-supported on four sides for direct load and as a one-
way element spanning the door width for rebound loads. It is equipped with a
neoprene gasket around the periphery and a series of six reversal bolts which
transfer the rebound load to the door frame. The reversal bolt housing and
b3aring blocks are welded to the door plate. Excessive deflections of the
door plate under blast loading would hamper the sealing capacity of the
gasket. Consequently, the door plate design rotation is limited to 2 degrees.

5-36.4.6. Other Types of Doors

Anoth'wr type of blast door design is a steel arch or "bow" door. The tension
arch door requires compression ties to develop the compression reactions from
the arch. The compression arch door requires tension members to develop the
tension reactions from the arch. These doors are illustrated in Figure 5-42.

5-36.5. Blast Door Rebound

Plate or element rebound can be determined for a single-degree-of-freedom
system subjected to a triangular pulse (see Figure 5-13). However, when a
system is subjected to a bilinear load, only a rigorous, step-by-step dynamic
analysis can determine the percentage of elastic rebound. In lieu of a
rigorous analysis, a method of determining the upper bound on the rebound
force is presented here.

Three possible rebound scenarios are discussed. Figure 5-22 is helpful in
describing each case.

(a) Case I - Gas load not present (Pas " 0). In this case, the
required rebound resistance is o tained from FLgure 5-13.

(b) Case II - ti • ti In this case, the required rebound resistance
is again obtained from Figure 5-10. This procedure, however, can
overestimate the rebound load.

(c) Case III - tin > ti Figure 5-22 illustrates the case whereby che

time to reach the peak response, tn,. is greater than the point
where the gas load begins to act (ti). Assuming that the gas
pressure can be considered constant over a period of time, it will
act to lower the required rebound resistance since the resistance
time curve will oscillate about the gas pressure time curve. In
this case, the upper bound for the required rebound resistance is:

r-ru Pgas 5-40

However, in all three cases, it is recommended that the required rebound
resistance be at least equal to 50 percent of the peak positive door response.
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5-36.6. Methods of Design

5-36.6.1. General

Techniques used for the design of two types of blast doors will be demonstrat-
ed. The first technique is used for the door illustrated in Figure 5-18 while
the second is used for thie door shown in Figure 5-21. Detailed procedures for
the design of plate and beam elements, as well as the related design criteria,
are presented in earlier section of this chapter and numerical examples are
presented in Appendix A.

5-36.6.2. Built-up Door

The built-up steel door shown in Figure 5-18 is constructed by welding the
steel plates to the steel tubular grid (fillet welded to the exterior plate
and plug-welded to the interior plate). The heavy exterior plate is designed
as a continuous member supported by the tubes. The horizontal tubes, in turn,
are designed as simply supported members, transferring load to the vertical
tubes. The interior tubes are also dusigned as simply supported elements
which transfer the direct and rebound loads to the pins while the side tubes
transfer the direct load to the door frame proper and rebound loads to the
hinges. The exterior tubes are also designed as simply supported elements
with the supports located at the hinges.

5-36.6,3. Solid Steel Plate Door

The steel plate of the blast door shown in Figure 5-21 is initially sized for A
blast pressures since no high speed fragments will be generated in the
facility. The plate is sized for blast loading, considering the plate to be
simply supported on four edges. The direct load is transferred to the four
sides of the door frame. In rebound, the plate acts as a simple beam spanning
the width of thu door opening. The rebound force is transferred to the six
reversal bolts and then into the door frame. The door frame, as illustrated
in Figure 5-19, consists of two units; the first unit is imbedded into the
concrete and the second unit is attached to the first one. This arrangement
allows the first frame to be installed in the concrete wall prior to the
fabrication of the door. After the door construction is completed, the
subframe is attached to the embedded frame and, thus, the door installation is
completed.
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Figur~e 5-22 Bilinear blast load and single-degree-of-freedom

respo~ne for determining rebound resistance
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Table 5-9 Design Requirements for Sample Blast Doors

Door Description Destgn Requirements

Permanent Rebound Fragment Level ofDefleotions Mechanisms Protection Leakage

Method Protection

Door Figure of Required

Ope.ng None Limited Large Yes No Yes No Low High

A 5-18 Double-Leaf 
X X

B 5-19 Sliding X X X

C 5-20 Single-Leaf X I X X
L 5-21 Single-Leaf X X x

s-.75
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COLUMN~S AND BEAM COLU44NS

5-37. Plastic Design Criteria

5-37.1. General

The design criteria for columns and beam columns must account for their
behavior not only as individual members but also as members of the overall.
frame structure. Depending on the nature of the loading, several design cases
way be encountered. Listed below are the necessary equations for the dynamic
design of steel columns and beam columns.

5-37.2. In-plane Loads

In the plane of bending of compression members which would develop a plastic
hinge at ultimate loading, the slenderness ratio 1/r shall not exceed the
constant (Gc) defined as:

C_-- (27T2E/fds)1/2 5-41

where, E - modulus of elasticity of steel (psi)

id; - dynaamic design stress (see Section 5-13)

The ulimnate strength of an axially loaded compression member shall be taken
as:

Pu -1.7AFa 5-42

where A - gross area of member,

(I - (Kl/r) 2 / 2Cc 2 ) fds
* F~a -,anid 5-43

5/3 + 3(KI/r)/8Cc (KI/r) 3 / 8Cc 3

Kl/r = largest effective slenderness ratio listed in Table 5-10 or
5.-11.

5-37.3. Combined Axial Loads and Biaxial Bending

Members subject to combined axial. load and biaxial bending moment should be
proportioned so as to satisfy the following set of interaztion formulas:

P/eu + CRIxMX /(1 - P/Pex)Mx + CmyMy /(I - P/Pey. My _ 1.0 5-4t-

P/Pp + Mx /1.18M + M /1.18Mp < 1.0 for P/Pp > 0.15 5-45

or Mx /iMpx + Hy /Mpy < 1.0 fot P/Pp < 0.15 5-46

where Mx. My maximum applied moments about the x- and y-axes

P applied axial load

P•Lx - 23/12AF'(x
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Pey - 23/12Af'ey

F' x - 121T2 E/[23(Klb/rx) 2 ]

F' ey - 127T2 E/[23(Klb/rY) 2 ]

lb - actual unbraced length in the plane of bending

rx, ry - corresponding radii of gyration

Pp - Afds

Cmx, Cmy - coefficients applied to bending term in interactionformula and dependent upon column curvature caused by

applied moments (AISC Specification, Section 1.6.1)

MpxH Mpy -• plastic bending capacities about x and y axes

("Px " Zxfds' Ipy - Zvfds)

Mmx, Mmy - moments that can be resisted by the member in the
absence of axial load.

For columns braced in the weak direction, Mix - Mpx and Mmy - Mpy.

When columns are unbraced in the weak direction:

Mmx - [1.07 - (1/ry) (fds) 1/2 /3160] Mpx • Mpx 5-47

Mmy - (1.07 - (I/rx) (fds) 1 / 2 /3160] Mpy 5 14py 5-48

Subscripts x and y indicate the axis of bending about which a particular
design property applies. Also, columns may be considered braced in the weak
direction when the provisions of Section 5-26 are satisfied. In addition,
beam columns should also satisfy the requirements of Section 5-23.

5-38. Effective Length Ratios for Beam-columns

The basis for determining the effective lengths of beam columns for use in the
calculation of Pu' Pex, 1mx' and Mmy in plastic design is outlined below.

For plastically designed braced and unbraced planar frames which are supported
against displacement normal to their planes, the effective length ratios in
Tables 5-10 and 5-11 shall apply.

Table 5-10 corresponds to bending about the strong axis of a member, while
Table 5-11 corresponds to bending about the weak a;ýis. In each case, 1 is the
distance between points of lateral support ccrresponding to rx or ry, as
applicable. The effective length factor, K, in the plane of bending shall be
governed by the provisions of Section 5-40.

For colunns subjected to biaxial bending, the effective lengths given in
Tables 5-10 and 5-11 apply for bending about the respective axes, except that
Pu for unbraced fr-rmes shall be based on the larger of the ratios Kl/rx or
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Kl/ry. In addition, the larger of the slenderness ratios, l/rx or l/ry, shall
not exceed Cc.

5-39. Effective Length Factor, K

In plastic design, it is usually sufficiently accurate to use the K factors
from Table C1.8.1 of the AISC Manual (reproduced here as Table 5-12) for the
condition closest to that in question rather than to refer to the alignment
chart (Figure C.1.8.2 of AISC Manual). It is permissible to interpolate
between different conditions in Table 5-12 using engineering judgment. In
general, a design value of K equal to 1.5 is conservative for the columns of
unbraced frames when the base of the column is assumed pinned, since conven-
tional column base details will usually provide partial rotational restraint
at the column base. For girders of unbraced frames, a design K value of 0.75
is recommended.

II
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Table 5-10 Effective Length Ratios for Beam Columns (Webs of members in the
plane of the frame; i.e., bending about the strong axis)

One-and Two-Story
Braced Planar Frames* Unbraced Planar Frames*

PuUse larger ratio, l/r Y or l/rx Use larger ratio, 1/r y or Kl/rx

PeX U se I/r Use Kl/rx

M Use 1ryUse l/r y
* /rx shall not exceed Cc.

Table 5-11 Effective Length Ratios for Beam Columns (Flanges of members in
the plane of the frame; i.e. , bending about the weak axis)

One- and Two-Story
Braced Planar Frames* Unbraced Planar Frames*

PUUse larger ratio, 1/r y or l/rX Use larger ratio, 1/rx or Kl/r y

Pey Use 1/r y Use Kl/r Y

tMmy Use l/rx Use l/rX

* /r y shall no-c exceed C.,
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Table 5-12 Eff'ective Length Factor's for Columns and Beam-Columns

(a) (b C d) (e ) (f)

Buck~led shape of / I

columun is shown /I

by dashed line./

Theoretical K value. 0.5 0.7 1.0 1.0 2.0 2.0

Recommended
dsgvauwhn 0.65 0.80 1.2 1.0 2.10 2.0

ideal conditions
are approximated. ___ __________

Rotation fixed and translation fixed.

SRotation free and translation fixed.

End condition code.
~Z Rotation fixed and translation free.

Q Rotation free and trunslation free.
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FRAME DESIGN

5-40. General

The dynamic plastic design of frames for blast resistant structures is
oriented toward industrial building applications common to ammunition manufac-
turing and storage facilities, i.e., relatively low, single-story, multi-bay
structures. This treatment applies principally to acceptor structures
subjected to relatively low blast overpressures.

The design of blast resistant frames is characterized by- (a) simultaneous
application of vertical and horizontal pressure-time loadings with peak pres-
sures considerably in excess of conventional loads, (b) design criteria
permitting inelastic local and overall dynamic structural deformations
(deflections and rotations), and (c) design requirements dictated by the
operational needs of the facility and the need for reusability with minor
repair work after an incident must be considered.

Rigid frame construction is recommended in the design of blast resistant
structures since this system provides open interior space combined wich
substantial resistance to lateral forces. In addition, this type of construc-
tion possesses inherent energy absorption capability due to the successive
development of plastic hinges up to the ultimate capacity of the structure.
However, where the interior since and wall opening requirements permit, it may
be as effective to provide bracing.

The particular objective in this section is to provide rational procedures for
"efficiently performing the preliminary dosign of blast resistant frames.
Rigid frames as well as frames with supplementary bracing and with rigid or
nonrigid connections are considered. In both cases, preliminary dynamic load
factors are provided for establishing equivalent static loads for both the
local and overall frame mechanism. Based upon the mechanism method, as
employed in static plastic design, estimates are made for the required plastic
bending capacities as well as approximate values for the axial loads and
shears in the frame members. The dynamic deflections and rotations in the
sidesway and local beam mechanism modes are estimated based upon single
iegree-of-freedom analyses. The design criteria and the procedures establish-
ed for the design of individual members previously discussed apply for this
preliminary design procedure.

In order to confirm that a trial design meets the recommended deformation
criteria of Table 5-8 and to verify the adequacy of the member sizes es-
tablished on the basis of estimated dynamic forces and moments, a rigorous
frame analysis should be performed. This analysis should consider the moments
produced by the axial load deflection P-delta effects) in determining the
sizes of individual elements. Several computer programs are available through
the repositories listed in Section 5-4. These programs have the capability of
performing a multi-degree-of-freedom, nonlinear, dynamic analysis of braced
and unbraced, rigid and nonrigid frames of one or more story structures.
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5-41. Trial Design of Single-Story Rigid Frames

5-41.1. Collapse Mechanisms

General expressions for the possible collapse mechanism of single-story rigid
frames are presented in Table 5-13 for pinned and fixed base frames subjected
to combined vertical and horizontal blast loads.

The objective of this trial design is to proportion the frame members such
that the governing mechanism represents an economical solution. For a
particular frame, the ratio of horizontal to vertical peak loading denoted by
a is influenced by the horizontal frame plan of the structure and is deter-
mined as follows:

S- q11 /qv 5-49

where
qv - Pvbv - peak vertical load on rigid frame

-q - Phobh - peak horizontal load on rigid frame

- blast overpressure on roof

Ph - reflected blast pressure on front wall

bv - tributary width for vertical loading

bh - tributary width for horizontal loading

The orientation of the roof purlins with respect to the blast load directions

are shown in Figure 5-23. The value of a will usually lie in the range from
about 1.8 to 2.5 when tho direction of the blast load is perpendicular to the
roof purlins. In this case, the roof purlins are supported by the frame and
the tributary width is the same for the horizontal and vertical load. The
value of a is much higher when the direction of the blast load is parallel to
the roof purlins. In this case, the roof purlins are not supported by the
girder of the frame and the tributary width of the vertical loading (bv -
purlin spacing) is much smaller than the tributary width of the horizontal
loading (bh, - frame spacing).

It is assumed in this procedure that the plastic bending capacity of the roof
girder, M is constant for all bays. The capacity of the exterior and
interior columns are taken as CMp and CAM_, respectively. Since the exterior
column is generally subjected to reflected pressures, it is recommended that a
value of G greater than 1.0 be selected. In analyzing a given frame with
certain member properties, the controlling mechanism is the one with the
lowest resistance. In design, however, the load is fixed and the required
design plastic moment is the largest Mp value obtained from all possible
mechanisms. For that purpose, G and C1 should be selected so as to minimize
the value of the maximum required M from a-iong all possible mechanisms.
After a few trials, it will. become obvious which choice of C and C1 tends to
minimize the largest value of M4

5-82



TM 5-1300/NAVFAC P-397/AFR 88-22

5-41.2. Dynamic Deflections and Rotations

It will normally be more economical to proportion the members so that the
controlling failure mechanism is a combined mechanism rather than a beam
mechanism. The mechanism having the least resistance constitutes an accep-
table mode of failure provided that the magnitudes of the maximum deflections
and rotations do not exceed the maximum values recommended in Table 5-8.

5-41.3. Dynamic Load Faf'tors

To obtain initial estimates of the required mechanism resistance, the dynamic
load factors listed in this section may be used to obtain equivalent static
loads for the indicated mechanisms. These load factors are necessarily
approximate and make no distinction for different end conditions. However,
they are expected to result in reasonable estimates of the required resistance
for a trial design. Once the trial member sizes are established, then the
natural period and deflection of the frame can be calculated.

It is recommended that the DLF for a beam collapse mechanism be equal to 1.25
while that for a panel or combined collapse mechanism be equal to 0.625. The
DLF for a frame is lower than that for a beam mechanism, since the natural
period of vibration in the sidesway mode will normally b-3 much greater than
the natural periods of vibration of the individual, elements.

5-41.4. Loads in Frame Members

Estimates of the peak axial forces in the girders and the peak shears in the
columns are obtained from Figure 5-24. In applying the values of Figure 5.24,
"the equivalent horizontal static load shall be computed using the dynamic load
factor for a panel or combined sidesway mechanism.

Preliminary values of the peak axial loads in the columns and the peak shears
in the girders may be computed by multiplying the equivalent vertical static
load by the roof tributary area. Since the axial. loads in the columns are due
to the reaction from the roof girders, the equivalent static vertical load
should be computed using the dynamic load factor for the beam mechanism.

5-41.5. Sizing of Frame Members

Each member in a frame under the action of horizontal and vertical blast loads
is subjected to combined bending moments and axial loads. However, the
phasing between critical values of the axial force and bending moment cannot
be established using a simplified analysis. Therefore, it is recommended that
the peak axial loads and moments obtained from Figure 5-24 be assumed to act
concurrently for the purpose of trial beam-column design. The overall
resistance of the frame depends upon the ultimate strength of the members
acting as beam-columns.

When an exterior frame of a building is positioned such that the shock front
is parallel to frame, the loadings on each end of the building are equal and
sideways action will only occur in the direction of the shock wave propaga-
tion. Frame action will also be in one direction, in the direction of the

Ssidesway. If the blast wave impinges oui a building from a quartering direc-
tion, then the columns and girders in the exterior frames are subjected toI biaxial bending due to the simultaneous loads acting on the various faces of
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the structure. This action will also cause sidesway in both directions of the
structure. The interior girders will usually be subjected to bending in one
direction only. However, interior columns may be subjected to either uniaxial
or biaxial bending, depending upon the column connections to the girder
system. In such cases, the moments and forces can be calculated by analyzing
the response of the frame in each direction and superimposing the respective
moments and forces acting on the individual elements. This approach is
generally conseivative since it assumes that the peak values of the forces in
one direction occur simultaneously throughout the three-dimensional structure.

PO Having estimated the maximum values of the forceii and moments throughout the

frame, the preliminary sizing of the members can be performed using the
criteria previously presented for beams and columns.

5-41.6. Stiffness and Deflection

The stiffness factor K for single-story rectangular frames subjected to
uniform horizontal loading is defined ia Table 5-14. Considering an equiva-
lent single degree-of-freedom system, the sidesway natural period of this
frame is

TN - 2t(me/KKL) 1 / 2  5-50

where KL is a load factor that modifies K, the frame stiffness, due to a
uniform load, so that the product rKKL is the equivalent stiffness due to a
unit load applied at the equivalent lumped mass me.

The load factor is given by

KL - 0.55 (1 - 0.258) 5-51

where B is the base fixity factor and is equal to zero and one for pinned base
and fixed base frames, respectively.

The equivalent mass me to be used in calculating the period of a sidesway mode
consists of the total roof mass plus one-third of the column and wall masses.
Since all of these masses are considered to be concentrated at the roof level,
the mass factor, KM, is equal to one.

The limiting resistance Rý, is given by

Ru -a wH 5-52

where w is equal to the equivalent static uniform load based on the dynamic
load factor for a panel. or combined sidesway mechanism.

The equivalent elastic deflection XE corresponding to Ru is

XE - Ru / KE 5-53

Knowing the sidesway resistance P, and the sidesway natural period of vibra-
tion Tn, the ductility ratio (A) for the sidesway deflection of the frame can
be computed using the dynamic response charts (Chapter 3). The maximum
deflection Xm is then calculated from
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xm AXE 5-54

Swhere
whee - ductility ratio in sidesway

5-42. Trial Design of Single-Story Frames with Supplementary Bracing

5-42.1. General

Frames with supplementary bracing can consist of (a) rigid frames in one
direction and bracing in the other direction, (b) braced frames in two direc-
tions with rigid connections, and (c) braced frames in two directions with
pinned connections. Most braced frames utilize pinned connections.

5-42.2. Collapse Mechanisms

The possible collapse mechanisms of single-story frames with diagonal tension
bracing (X..bracing) are presented in lables 5-15 and 5-16 for pinned-base
frames with rigid and nonrigid girder-to-column connections, respectively. In
these tables, the cross sectional area of the tension brace is denoted by Ab,
the dynamic design stress for the bracing member Is fds, and the number of
braced bays is denoted by the parameter m. In each case, the ultimate
capacity of the frame is expressed in terms of the equivalent static load and
the member ultimate strength (either M• or Abfds). In developing these
expressions in the tables, the same assumptions were made as for rigid frames,
i.e.,M. for the roof girder is constant for all bays, the bay width L is
constant, and the column moment capacity coefficient C is greater than 1.0.

For ýcigid frames with tension bracing, it is necessary to vary C, C1 , and Ab
in order to achieve an economical design. When nonrigid girder to column
connections are used, C a&d C1 drop out of the resistance function for the
sidesway mechanism and the area of the bracing car, be calculated directly.

5-42.3. Bracing Ductility Ratio

Tension brace members are not expected to remain elastic under the blast
loading. Therefore, it is necessary to determine if this yielding will be
excessive when the system is permitted to deflect to the limits of the design
criteria previously given.

The ductility ratio associated with tension yielding of the bracing is defined
as the maximum strain in the brace divided by its yield strain. Assuming
small deflections and neglecting axial deformations in the girders and
colunns, the ductility ratio is given by

- (cos 2 y) E/Lfds 5-55

where

S- ductility ratio

S - sidesway deflection, inches

Y - vertical angle between the bracing and a horizontal plane
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L - bay width, inches

From the deflection criteria, the sidesway deflection is limited to H/25. The
ductility ratio can be expressed further as

- (H/25L)(cos 2y)(E/fds) 5-56

5-42.4. Dynamic Load Factor

The dynamic load factors listed in Section 5-41.3 may also be used as a
rational starting point for a preliminary design of a braced frame. In
general, the sidesway stiffness of braced frames is greater than unbraced
frames and the corresponding panel or sidesway dynamic load factor may also be
greater. However, since these dynamic load factors are necessarily approxi-
mate and serve only as a starting point for a preliminary design, refinements
to these factors for frames with supplementary diagonal braces are not
warranted.

5-42.5. Loads in Frame Members

Estimates of the peak axial loads in the girders and the peak shears in the
columns of a braced rigid frame are obtained from Figure 5-25. It should be
noted that the shear in the blastward column and the axial load in the
exterior girder are the same as the rigid frame shown in Figure 5-24. The
shears In the interior col~uns V2 are not affected by the braces while the
axial loads in the interior girders P are reduced by the horizontal components
of thle force in the brace FH. If a bay is not braced, then the value of F1
must be set equal to zero when calculating the axial load in the girder of the
next braced bay. To avoid an error, horizontal equilibriwum s-hould be checked
using the formula:

Ru - Vl + nV2 + mFH 5-57
where

Ru, V1, V2 and F11 are defined in Figure 5-25

n - nunber of bays

I - number of braced bays

In addition, the value of used in Figure 5-25 is simply the design plastic
moment obtainad from the controlling panel or combined mechanism.

An estimate of the peak loads for braced frames with nonrigid girder to column
connections may be obtained using Figure 5-25. However, the value of 'a must
be set equal to zero. For such cases, the entire horizontal load is taken by
the exterior column and bracing. There is no shear force in the interior
columns.

Preliminary values of the peak axial loads in the columns and the peak shears

in the girders are obtained in the same manner as rigid frames. Howeý-,Ic. in
computing the axial loads in the columns, the vertical components of the
forces in the cension braces must be added to the vertical shear in the roof
girders. The vertical component of the force in the brace is given byj

Fv - Abfdssin y 5-58

5-86



TM 5-1300/NAVFAG P-397/AFR 88-22

The reactions from the braces will also affect the load on the foundation of
the frame; therefore, the design of the footings must include these loads.

5-42.6. Stiffness and Deflection

The equations for determining the sidesway natural period of vibration and the
deflection at yield for braced frames are similar to that of rigid frames.
The primary difference is the inclusion of the horizontal stiffness (Kb)
provided by tension bracing. The equations for the natural period and elastic
deflection are as follows:

natural period of vibration

TN - 2n' (me /KKL + Kb)] 1 / 2  5-59

and the equivalent elastic deflection is

XE - Ru /(KKL + Kb) 5-60

The horizontal stiffness of the tension bracing is given by

Kb - (nAbE cos 3y)/L 5-61

and other values have been defined previously. It may be noted that for
braced frames with nonrigid girder-to-column connections, the value of the
frame stiffness (K) is equal to zero.

5-42.7. Slenderness Requirements for Diagonal Braces

The slenderness ratio of the bracing should be less than 300 to prevent vibra-
tion and "slapping". This design condition can be expressed as

rb >- Lb /300 5-62

where rb - minimum radius of gyration of the bracing member

Lb - length bet(wcet points of support

Even though a cowpreFssion bract? is not considered effective "n providing
resistance, the tension and coiimpression bt.aces should be connected where they
cross. In this mannei., Lb for each brace way be taken equal to half of its
total length.

5-42.8. Sizing of Frame Members

Estimating the maximum forces and moments in frames with supplementary bracing
is similar to the procedures described for rigid frames. However, the
procedure is slightly more invowved since it is necessary to assume a value
for the brace area in addition to the assumptions for the coefficients C and
CI. For frames with nonrigid connections, C and C1 do not appear in the
resistance formula for a sidesway mechanism and Ab can be determined directly.
In selecting a trial value of Ab for frames with rigid connections, the
minimLum brace size is controlled by slenderness requirements. In addition, in
each particular application, there will be a limiting valiie of Ab beyond which
there will be no substantial weight sr,-ings in the frame members since there
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are maximum slenderness requirements for the frame members. In general,
values of Ab of about 2 square Inches will result in a substantial increase in
the overall resistance for frames with rigid connections. Hence, an assumed
brace area in this range is recommended as a starting point. The design of
the beams and columns of the frames follow the procedures previousl.y present-
ed.
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Table 5-13 Collapse Mechanisms for Rigid Frames with Fixed and
Pinned Bates

COLLAPSE MECHANISM PLASTiC MOMENT Mp
PINNEO BASIeS FIXED BASES

WL ~ L2

Ii- 16
BEAM MECHANISM

aWN 2  G~wH 2
,T I ,;a+l) 40:C + I-)

BEAM MECHANISM

/ 1 1WH I w- H I"-7"2 -2-•- 4 I+(n-I)C&,C

PANEL MECHANISM (cIR Z)* (e___ ._____

• . a i
4n 2 2(n+C)+(n-I)Ci

PANEL MECHANISM (c,52 (ca z)";

4a'/'+]"? "- am +2
(a 142+ •.L! . aH+L
on2 2(2n÷C)4-•IC

COMBINED MECHANISM

I+-+ ,,, + ,-,)c,+.
COMBINED MECHANISM 2 2 2)+ ic•a+

5b Z-wH GwH"

c+(n-11 §-C+(,,-,)'• (,
COMBIN.. MECHANISM * ..* 2

COMBINED MECHANISM C +(22n- 2 2 2

I

NUM13EVI OF B3AYS

WBUNIFORM
tL ._L___.J EQUIVELENTL: STLTIC.LOD

•40 FORI C1 • 2 HINGES FORM IN THE GIRDERS AND COLUMNS AT INTERIOR JOINTS.
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Table 5-14 Stiffness Fac~tors for Single Story, Multi-bay Rigid
Fraines S'ubjected to Uniform Horizontal Loading

STIFFNESS FACTON K E Ica. 2 .[1+(0.7 - . p)9)(n- I

n=NUMBER OF BAYS As1

BASE F1IXY IFgILCTOR I

1 CC (0.L75 + 0,.?,')3) / ý

Ic0* AVERAGE COLUMN MOMENT
OF INERTIA= "~ Ic &(4-1 )

D 1. 0 _____ a~

0 25 26,7 14.9 3.06
0.50. 32.0 17.8, 4.6,4

1.00 1__37.3 L20.6 6.04

*VALUES OFC,2 ARE APPROXIMATE FOR THISS
= 10 FOR FIXED BASE
':!.O FOR HINGED BASE

WHERE:
E = MODULUS OF ELASTICITY(PSI)
'cal ig I = MOMENT OF INERTIA(INý)

SH= HEIGHT (FEET)
L =BAY L EN GTH (FEE T)
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Table 5-15 Collapse Mechanisms for Rigid Frames with Supplementary
Bracing and Pinned Bases

COLLAPSE MECt'ANISM PLASTIC MOMENT Mp

SEAM MECHANISM

P7'Z 1~ awH 2
S~4(2c,-i)

BEAM MECHANISM

awz InA bfds Hco~s C
2 mAhfdsHcos 2+(n-1) C

PANEL MECHANISM (CIZ 2)*

/~-'>->~~ awH 2mAbfds Hcos Y
4n 2n

PANEL MECHANISM (C13 2)

4Z>

w H2. _ 2 mAbfds HCOSY
8n HCO4n

9 CT

COMBINED MECHANISM C --- nI) (C+ I L)(

-!-awH - -mAb fds HcosY

COMBINED MECHANISM C+(n--2) (CIa2)*
6 2L [3a H+(n-I)L]---Abfds Hcos Y

COMBINED MECHANISM C+ (2n-4)

w
Mp -ZZ'IZ r:NUMBER OF

-T- BRACED BAY$I
n: NUMBER OF

a. B~ ]AYS: ,~.
-L L- wit UNIFORM EOUIVAL-

L-1- - ENT STATIC LOAD

V FOR Ci :2 HINGES FORM IN THE GIRDERS AND COLUMNS AT INTERIOR JOINTS.
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Table 5-16 Collapse Mechanisms for Frames with Supplementary
Bracing, Non--rigid Girder-to-Column Conneotions and
Pinned Bases

S~FRAMING

COLLAPSE MECHANISM ULTIMATE CAPACITY TYPE

I. P =wL!/ 8

BEAM MECHANISM Mp = wL2/12

EXTERIOR GIRDER Mp wL2 /16

2. M, =L /wo

BEAM MECHANISM Mp = wLO /16 0
INTERIOR. GIRDER

3, Mp = awH 2
/,e 080@

BEAM MECHANISM Mp 2 @
BLASTWARD COLUMN 4(2C+I)

4, A1~fs = wH/2mcs 080e(DaAbfd = aw H _2MEL

PANEL MECHANISM Abfds - 2mcosy mHcosy

' 7 7j 7s = 3awH -(2Cl)Mp
Abfds 4m cosy' mHcosy

COMBINED MECHANISM

GIRDER FRAMING TYPE:

I GIRDER SIMPLY SUPPORTED BETWEEN COLUMNS
SGIRDER CONTINUOUS OVER COLUMNS

GIRDER CONTINUOUS OVER COLUMNS AND RIGIDLY
CONNECTED TO EXTERIOR COLUMNS ONLY

MP

B Vcp 
m z NUMBER OFaw BRACED BAYSX Xtw = UNIFORM

AbfdE Abtda Abfdsw EQUIVALENT
rL ' L STATIC LOAD
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CONNECTIONS

5-43. General

The connections in a steel structure designed in accordance with plastic
design concepts must fulfill their function up to the ultimate load capacity
of the structure. In order to allow the members to reach their full plastic
moments, the connections must be capable of transferring moments, shears and
axial loads with sufficient strength, proper stiffness and adequate rotation
capacity.

Connections must be designed with consideration of economical fabrication and
ease of erection. Connecting devices may be rivets, bolts, welds, screws or
various combinations thereof.

5-44. Types of Connections

The various connection types generally encountered in steel structures can be
classified as primary member connections, secondary member connections and
panel attachments. Primary member connections are corner frame, beam-to-
column, beam-to-girder and column base connections as well as splices.
Secondary member connections are purlin-to-frame, girt-to-frame and bracing
connections. Panel attachments are roof-to-floor panel and wall, siding
connections.

Primary member connections refer to those used in design and construction of
the framing of primary members. They generally involve the attachment of hot-
rolled sections to one another, either to create specific support conditions
or to achieve continuity of a member or the structure. In that respect,
connections used in framing may be classified into three groups, namely,
rigid, flexible (nonrigid) and semirigid, depending upon their degree of
restraint which is the ratio of the actual end moment that may be developed to
the end moment in a fully fixed-ended beam. Appro. '.mately, the degree of

rt restraint is generally considered as over 90 percent for rigid connections,
between 20 to 90 percent for semirigid connections and below 20 percent for
flexible connections.

It should be mentioned that the strength and rotation characteristics of
semirigid connections are dependent upon the properties of the intermediate
connection elements (angles, plates, te-) and thus, are subject to much
variation. Since semirigid structural inalyses are seldom undertaken due to
their great complexity, no further details on semirigid connections will be
given here.

Secondary member connections are used to fasten members such as purlins, girts
or bracing members to the primary members of a frame, either directly or by
means of auxiliary sections such as angles and tees.

Basic requirements for primary and secondary member connections, as well as
general guidelines for proper design, are presented in Sections 5-45 and 5-46.
In addition, dynamic design stresses to be used in the selection and sizing of
Sfastening devices are given in Section 5-47.

Panel attachments are used to attach elements of the skin or outer shell of an
installation as well as floor and wall panels to the supporting skeleton.
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Connections of this type are distinguished by the fact that they fasten rela-
tively thin sheet material to one another or to heavier rolled sections. Roof
decks and wall siding have to withstand during their lifetime (apart from
accidental blast loads) exposure to weather, uplift forces, buffeting and
vibration due to winds, etc. For this reason, and because of their widespread
use, special care should be taken in design to ensure their adequate behavior.
Some basic requirements for panel connections are presented in Section 5-48.

5-45. Requirements for Main Framing Connections

The design requiremencs for frame connections may be illustrated by consider-
V ing the behavior of a typical corner connection as shown in Figure 5-26. Two

members are joined together without stiffening of the corner web. Assuming
that the web thickness is insufficient, the behavior of the connection is
represented by Curve 1 which shows that yielding due to shear force starts at
a relatively low load. Even though the connection rotates past the required
hinge rotation, the plastic moment MPis not reached. In addition, the
elastic deformations are also larger than those assumed by the theoretical
design curve.

A second and different connection may behave as indicated by Curve 2.
Although the elastic stiffness is satisfactory and the maximum capacity
exceeds lip, the connection failed before reaching the required hinge rotation
and thus, is unsatisfactory.

These considerations indicate that connection., must be designed for strength,
stiffness and rotation capacity. They must transmit the required moment,
shear and axial load, and develop the plastic moment Rpof the members.

Normally, an examination of a connection to see if it meets the requirements
of stiffness will not be ne.^'issary. Compared to the total length of the
member, the length of the connection is small, and, if the connection is
slightly more flexible than the wmeber which it joins, the general effect on
the structural behavior is not great. Approximately, the average unit
rocation of the connecting zone should not exceed that of an equivalent leng-th
of the members being joined.

Of equal importance with the strength of the connection is an adequate reserve
of ductility after the plastic moment has been attained. Rotation capacity at
plastic hinge locations is essential cc the development of t~he full ultimate
load capacity of the structure.

5-46. Design of Connections

It is not the intent of this section to present procedures and equations for
the design of the various types of connections likely to be encountered in the
blast-resistant design of a steel structure. Instead, the c-nsiderations
necessary for a proper design will be outlined.

After completion of the dynamic analysis of the structure, the members are
sized for the given loadings. The moments, shears, and axial loads at the
connections are known. Full recognition must be given to the consideration of
rebound or stress reversal in designing the connections. Additionally, in
continuous structures, the maximum values of P, M, and V may not occur
simultaneously and thus, several combinations may have to be considered.
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With rigid connections such as a continuous column-girder intersection, the
web area within the boundaries of the connection should meet the shear stress
requirements of Section 5-.23. If the web area is unsatisfactory, diagonal
stiffeners or web doubler plates should be provided.

Stiffeners will normally be required to prevent web crippling and preserve
flange continuity wherever flange.-to-flange connections occur at columns in a
continuous frame. Web crippling must also be checked at points of loadl
application such as beam-girder intersections. In these cases, the require-
ments of Section 5-25 of this chapter and Secti.ons 1.10.5 and 1.10.10 of the
AISC Specification must be considered.

Since bolted joints will develop yield stresses only after slippage of the
members has occurred, the use of friction-type bolted connections is not
recommended.

5-47. Dynamic Design Stressns for Connections

In accordance with Section 2,8 of the AISC Specification, bolts, rivets and
welds shall be proportioned to resist the maximum forces using stresses equal
to 1.7 times those given in Part 1 of the Specification. Additionally, these
stresses are increased by the dynamic increase factor specified in Section 5-
12.2; hence,

fd i.7cfs 5-63

where fd the maxijuni dynamic design stress for connections

c the dynamic increase factor Figure 5-2 or Table 5-2)

fs the allowable equivalent static design stress of the bolt,
rivet, or weld

Rather than compiling new tables for maximum dynamic loads for the various
types of connections, the designer will find it advantageous to divide the
forces being considered by the factor 1 .7c and then to refer to the allowable
load tables in Part 1 of the AISC Specification.

5-48, Requirements for Floor and Wall Panel Connections

Panel connections, in general, can be considered either panel-to-panel connec-
tions, or panel-to-supporting-frame connections. The former type involves the
attachment of relatively light-gage materials to each other such that they act
together as an integral uiit:. The latter type is generally used to attach
sheet panels to he;iv~ r cl tn; rcctions.

The most common type of fast:ener for decking and steel wall panels is the
self-tapping screw with or without washer. Even for conventional design and
regular wind loading, the screw fasteners have often been the source of local
failure by tearing the sheet ing material. It is evident that under blast
loading and particularly on rebound, screw connectors will be even more
vulnerable to this type of failure. Special care should be taken in design to
reduce the probability of failure by using oversized washers and/or increased
material thickness at the connection itself.
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Due to the magnitude of forces involved, special types of connectors, as shown
in Figure 5-2- will usually be necessary. These may consist of self-pierc-
ing, self-t- ping screws of larger diameters with oversized washers, puddle
welds or w,.sher plug welds, threaded connectors fired into the elements to be
attached, or threaded studs, welded to the supporting members, which fasten
the panel by means of a special arrangement of bushing and nut.

Apart from fulfilling their function of cladding and load-resisting surfaces,
by carrying loads perpendicular to their surface, floor, roof and wall, steel
panels can, when adequately connected, develop substantial resistance to in-
plane forces, acting as diaphragms contributing a great deal to the overall
stiffness and 6tability of the structure. As a result, decking connections
are, in many cases, subjected to a combination of shearing forces and pull-out
forces. It is to be remembered also that after the panel has deflected under
blast loading, the catenary action sustained by the flat sheet of the decking
represents an important reserve capacity against total collapse. To allow for
such catenary action to take place, connectors and especially end connectors
should be made strong enough to withstand the membrane forces that develop.
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Figure 5-27 Typical conlnections for cold-formed steel panels
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FRAGMENT PENETRAT ION

5-49. Penetration of Fragments into Steel

5-49.1. Failure Mechanisms

In deriving a prediction equation for the penetration and perforation of steel
plates, it is important to recognize the failure mechanisms. The failure mode
of primary concern in mild to medium hard homogeneous steel plates subjected
to normal impact is ductile failure. In ..his mode, as the missile penetrates
the plate, plastically deformed material is pushed. aside and petals or lips
are formed on both the front and back faces with no material being ejected
from the plate. For plates with Brinell hardness values above 300, failure by
"plugging" is a strong possibility. In this brittle mode of failure, a plug
of material is formed ahead of the penetrating missile and is ejected from the
back side of the plate. A third mode of failure is disking or flaking, in
which circular disks or irregular flakes are thrown from the back face. This
type of failure is mainly a concern with plates of inferior quality steel and
should not, therefore, be a common problem in the design of protective
structures.

5-49.2. Primary Fragment Penetration Equations

ln protective design involving primary fragments, a penetration equation is
required which yields reliable estimates corresponding to the sLandard primary
fragment illustrated in figure 4-77 of Chapter 4. These design equations
consider only normal penetration which is critical for the design of protec-
tive structures. These equations apply to penetration into mild steel and are
conservative for plates with a Brinell hardness value above 150. Steel
penetration equations in design for primary fragment impact are expressed in
the following forms:

For AP steel fragments penetrating mild steel plates,

x 0.30 Wf0 3 3 Vs 1.22 5-64

and fur mild steel fragments penetrating mild steel plates,

x - 0.21 Wf0 ' 3 3 V 1.22 5-65
where

x - depth of penetration (in.)

Wf - fragment weight (oz.)

Vs - striking velocity of fragment (kfps)

Charts for steel penetration by primary fragments according to these equations
are presented in figures 5-28 and 5-29.

To estimate the penetration of metal fragments other than armor piercing, the
procedures outlined in Section 4-60.3 of Chapter 4 are entirely applicable to
steel plates.
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5-49.3. Residual Velocity After Perforation of Steel Plate

The penetration equations presented in Section 5-49.2 may be used for predict-
ing the occurrence of perforation of metallic barriers and for calculating the
residual fragment velocity after perforation.

For normal impact of a steel fragment, with the shape illustrated in figure 4-
77 of Chapter 4, the equation for residual velocity is

Vr /Vs - (1 (V- /Vs) 2 ]1 / 2 / (1 + t/d) 5-66

where Vr - residua) velocity

VS - striking velocity

VX - critical perforation velocity for the fragment of impacting
the plate of thickness t (see explanation below)

d - diameter of cylindrical portion of fragment (in.), as illus-
trated in figure 4-77 of Chapter 4.

The value of Vx is determined from Figure 5-28 or 5-29 by substituting the
plate thickness t for the penetration depth x and reading the corresponding
value of striking velocity, Vs. This striking velocity becomes the critical
perforation velocity, V.. A plot of the residual velocity equation for a
range of t/d ratios is presented in Figure 5-30.

Multiple plate penetration problems may be analyzed by the successive applica-
tion of Equations 5-64 or 5-65 for predicting the depth of penetration and
Equation 5-66 for calculating the residual velocity upon perforation of the
plate. In addition, composite construction, consisting of concrete walls with
attached spall plates, can be analyzed for fragment impact by tracing the
motion of the fragment through each successive layer. The striking velocity
of the fragment upon each intecmediate layer is the residual fragment velocity
after perforation of the previous layer. The conservative assumptions are
made that the fragment remains intact during the penetration and that ft does
not deviate from a straight line path as it crosses the interface between the
different media.
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TYPICAL DETAILS FOR BLAST-RESISTANT STEEL STRUCTURES

O 5-50. General

This section presents several examples of typical framing connections,
structural details and blast doors used in industrial installations designed
to resist accidental blast loadings. This section T.s intended to augment
those details presented in prior sections of this chapter.

5-51. Steel Framed Buildings

Such bui I dings are often rectangular in plan, two ot Llhi:ee bays wide and four
or mo:.e bays long. Figure 5-31 shows an example, of a typical- framing plan for
a single-story building designea to resist a presure.time blast loading
impinging on the structure at an angle with respect: to its main axes. The
structural system consists of an orthogonal network of rigid frames. The
girders of the frames running parallel. to the, buildidng length serve also as
purlins and are placed, for ease of erection, on t:co, of the ftrames spanning
across the structure's width.

Figures 5-32 to 5-35 present typical framing det.ai•s related to the general
layout of Figure 5-31. As a rule, the columns aj.-e fabricated without splices,
the plate covers and connection plates are shop welded to the columns, and all
girder to column connections are field bolted. A channel is welded on top of
the frame girders to cover the bolted connections and pprevent (avoid) inter-
ference with the roof decking. All of the frami.ig coun.ueLions are designed to
minimize stress concentrations and to avoid triaxia, strains. They combine
ductility with ease of fabrication.

5-52. Cold-formed, Light Gage Steel Panels

Figure 5-36 shows typical cross sections of. cold-formed, light, gage steel
panels conmnonly used in industrial, installations. The closed sections, which
ire composed of a corrugated hat section and a fHal sheet, are used to resist

blast pressures in the low pressure range, whereas the opc.n hat section is
recommended only for very low pressure situation:s as siding or roofing
material. A typical vertical section illustvat.es thu attachment of the steel
, aneling to the supporting members. Of par ticulak' int'er-'est i.s the detail at
the corner between the exterior wall and the roof, which is designed to
prevent peeling of the decking that may be caused by negative pcessures at the
roof edge.

Figure 5-37 gives some typical arrangement:s ot w]. ded connectl.-Ions for attach-
ing cold-formed steel panels to their suppo. ttiig e.•Lements, Type A refers t:o
an intermediate support whereas Type B refers to an end, support. l! is
recoimnended that the diameter of puddle welds be 3/4 of am inch aminimum arid
should riot exceed 1-1/2 inches because of space .Jimni(L.JULS in the panel

valleys. For deeper panels, it is often neLessalsy Io p(0ovixde two rows of
puddle welds at the intermediate supports .in ord,.-. r.o res:m.st the uplift forces
in rebound. It should be noted tLh weld..; o1oe;. tio t:1 hooled edge of the
panel are recormmended to prevent lifting of adj d.,:•t f.•,,l.

, Figure 5-38 shows an arrangement of bolted coulni.C iots SoL Che a Itachmerit of
cold-IuIII[d steel panieis to the strucutua I-ý m mlia fl. 11w bolxtid c.onriection
consists of: a thieaded stud res ms( aioe wol. fle upo h mwjoi m il h% mlur, a

ma1.0
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square steel block with a concentric hold used as a spacer, and a washer and
nut for fastening. Figure 5-39 presents a cross section of that connection
with all the relevant details along with information pertaining to puddle
welds.

5-53. Blast Doors

Figures 5-40 and 5-41 show details of single-leaf and double-leaf blast doors,
respectively. Figure 5-40 presents a single-leaf door installed in a steel
structure. The design is typical of doors intended to resist relatively low
pressure levels. It is interesting to note that the door is furnished with
its tubing frame to ensure proper fabrication and to provide adequate stiff-
ness during erection. In Figure 5-41, the doubl•-leaf door with its frame is
installed in place and attached to the concrete structure. In both figures
details of hinges, latches, anchors, and panic hardware are illustrated. It
should be noted that the pins at the panic latch ends are made of aluminum in
order to eliminate the danger of sparking, a hazard in ammunition facilities
which might arise from steel-on-steel striking.

Figure 5-42 shows details of compression arch and tension arch doors. The
tension arch door requires compression ties to develop the compression
reactions for the arch and to prevent the door from being blown through the
opening. The compression arch door requires a tension tie plate to develop
the reactions and to prevent large distortions in the door that may bind it in
place.
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Figure 5-36 Typical details for cold-tormed, light gage steel paneling
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Figure 5-37 Typical welded connections for attaching cold-formued steel
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Figure 5-38 Typical bolted connections for attaching cold-formed steel
panels to supporting members

5-116



PLAN PLAN

SPACER I-4
MxI14x I-WELCED -SPACER IV x I'/;/.

WITH 5e 0 HOLE I THREADED STUD WITH HOLE 0 =3/-

7/; HOLE IN PANEL- . - HEAVY HEX. NUT HOLE IN PANEL

I1/2" S-TLFL PANEL ccWASHER
(OVERSIZED) 3" STEEL PANEL

MEMBER MEMBER

SECTION SECTION

TYPICAL BOLTED CONNECTION

PUDDLE WELD PLAN PLAN PUDDLE WELDI 5W

3/4"-I" PUDDLE WELD , , - 4 PUDDLE WELD

STEEL. PANEL - EEL PA•EL
WITH FLAT WITHOUT FLAT
SHEET SHEET

SUPPORTING SECTION SECTION -SUPPORTING
MEMBER MEMBER

TYPICAL WELDED CONNECTION

Figure 5-39 Details of typical fasteners for cold-formed steel panels

5-117



/44T -BLDG,
-- i/4'CL~- FRAMING

1/2" STiF qt

/8R_- 1 0 ALUM. PIN
II ~ PANIC HARDWARE

L 4x3x3/8-
0 1-/8" R_

RELEASEIIj HOLE WIA,:
7m~ - ~ PIN DIA. + 1/64"

FIN
.. ~ ~ L.4Z; NN \i 2-1/2"ANCIJOR

3'.. " ~ ~BARS AT 12'o.c.

EXTERIOR ELEVATION SECTION X-X

BLDG. FRAMINGI2
F4

TS 5x3x .375

1 1 X"x"BAR CONT. 11
3/16 1/811 IL &1// -L4x3x3/8"

o 0

I/ SIFF FL

SECTION Y-Y SECTION Z- Z

Figure 5-40G Single-leaf blast door installed in a. steel structure



of ANCHOR
6-4~ BARS AT 12" O.C.

- x
'4 CL.L "4x

I 4STIFFt
INACTIVE IACTIVE '71*ýý#* j ALUM. PIN* LEAF LEAP

ý-PNIC HARDWARE
LATCH i. 4" x 31S x a

ýRELEASE U - HOLE DIA.
y _jPIN DIA. T /64"

A FIN. FL.-AS

L 8%x 4"x 1/2"
+ANCHORS ADD'L xIt ~18" LGG.EXTERIOR ELEVATION IANCHOR AT BLOCK

4SECTION X- X

I 6,_ 0"

£3"x2 x4-'/? 0 ANCHOR
* ~: ifBARS AT 12 0.C.

I' N .~-HINGE 1

gN~~ STIFF: .

SECTION Y-Y

Figure 5-~41 Double-leaf blast dloor, installed i~n a oh~crete atructure

5-1.19

11ýI, 
*j ja 

u



B LAST

ABUTMENT LOCATION -COMPRESSION ARCH
FOR RECESSED DO PRE

~H E

/ •-HINGE

"T• TENSION TAER
" .BEARING --------

HOLDDOWN BOLT
BOLT ANCHOR

HORIZONTAL SECTION
COMPRESSION ARCH DOOR

BLAST

COMPRESSION TIE BARI- Hn N G E•

-, .. .. " qr -AN HO R ,

"0A,

. - •,o. . • BEARiNGJY" • > •, \

," " .. ,> . ~TENSION ARCH ' ,'
" " ; HOLDDOWN BOLT •""•

HORIZONTAL SECTION
TENSION ARCH DOOR

F1igure 5-4I2 Compression-arch and tension-arch blast doors

5-120



Ile 5-13OO/NAVlFAC P-397/AFR 88-22

APPENDIX 5A

ILLUSTFATIVE EXAMPLES



TM 5-1300/NAVFAC P-397/AFR 88-22

This appendix presents detailed design procedures and numerical examples on

the following topics:

1. Flexural elements subjected to pressure-time loading

2. Lateral bracing requirements

3. Cold-formed steel panels

4. Columns and beam-columns

5. Open-web joists

6. Single-story rigid frames

7. Blast doors

8. Unsymmetrical banding

Referencas are made to the appropriate sections of this chapter and to charts,
tables, and equations from Chapter 3 "Principles of Dynamic Analysis".

Problem 5A-I Design of Beams for Pressure-Time Loading

Problem: Design of a purlin or girt as a flexural member which responds to
a pressure-time loading.

Procedure:
Step 1. Establish the design parameters:

a. Pressure-time load

b. Design criteria: Maximum support rotation, e, depending on
protection category.

c. Span length, L, beam spacing, b, and support conditions.

d. Properties and type of steel used, i.e., f and E.
y

Step 2. Determine the equivalent static load, w, using the following
preliminary dynamic load factors as discussed in Section 5-22.3.

1.0 for e - 2°
DLF -

0.5 for 0 - 12°

Step 3. Using the appropriate resistance formula from Table 3-1 and the
equivalent static load derived in Step 2, determine Mp.

Step 4. Select a member size using equation 5-7 or 5-8. Check the local
buckling criteria of Section 5-24 for the member chosen.

5A-1
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Step 5. Determine the mass, m, including the weight of the decking over a
distance center-to-center of Furlins or girts, and the weight of
the members.

Step 6. Calculate the equivalent mass Me using Table 3-12 (Chapter 3).

Step 7. Determine the equivalent elastic stiffness KE from Table 3.1.

Step 8. Calculate the natural period of vibration, TN, using equation 5-
15.

Step 9. Determine the total resistunce, Ru, and peak pressure load, P.
Enter appropriate chart in Section 3-19.3 with the ratios T/TN and
P/Ru and the values of CI, and C2 in order to establish the
ductility ratio 4.

Step 10. Check the assumed DIF used in Step 4. Entr.r the response charts
with the ratio T/TN and A and to determine tE. Using equation 5-
1, determine the strain rate. Using figure 5-2, determine the DIF
and C. If there is a significant difference from that asstuned,
repeat Steps 4 through 9.

Step 11. Calculate the equivalent elastic defLection XE as given by the
equation

XE - R./KE

and establish the maximum defle,.tion X, given by

Xm - E

Compute the corresponding me-,ber euw, rotation. Compare 0
with the criteria summarized in Section 5-35.

tan e - Xm/(L/L)

Step 12. Gheck for shear using equation 5-16 and Tabia 3-9.

Step 13. If a different member size is required, repeat Steps 2 through 12
by selecting a new ciynamic load factor.

Example 5A-1 Design of a Beam for Pressur,-Time Loading
Required: Design a simply supported beam for shear and flexure in a low

pressure range where personnel protection is required.

Step I. Given:

a. Pressure-time loading (Figure 5A-1)

5A-2
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b. Criteria: Personnel protection required. Support rotation
limited to 2*.

c. Structural configuration (Figure 5A-1).

d. f - 36 ksi, E - 30 x 103 ksi, A36 steel
y

e. Compression flanged braced.

M 16.5 psi
17'L iU

40m

spacing b-4.5' TIME4Oms

Figure 5A-1 Beam configuration and loading, Example 5A-1

Step 2. Determine the equivalent static load (i.e., required resistance).
For this pressure range, the equivalent static load is assumed
equal to the peak pressure (Section 5-22.3). The running load
becomes:

w - 1.0 x 6.5 x 4.5 x 144/1000 - 4.21 k/ft

Step 3. Determine required .11.

wL 2  4.21 x 172

. . . .. 152.1 k-ft (Table 3-1)

8 8

Step 4, Select a member,

2M p 2 x 15..l x 12
(S + Z) -... 71.4 in 3  (Equation 5-7)

fds 51.1

fds " a x c x f - 1.1 x 1.29 x 36 - 51.1 ksi (Equation 5-2)
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where a

a - 1.1 from Section 5-13.2

c - 1.29 corresponding to a DIF in the low
pressure range (see Table 5-2)

Select W12 x 26, S - 33.4 in 3  I -204 in 4

Z - 37.2 in 3

S + Z - 70.6 in 3

P - (70.6 x 51.1)/(2 x 12) - 150.3 k-ft

Check local buckling criteria.

d/tw - 53.1 < 412/(fy) 1 / 2 - 68.7 O.K. (Equation 5-17)

bf/ 2 tf - 8.5 O.K. (Section 5-24)

Step 5. Calculate M.

wL [(4.5 x 4.8) + 26] (17 x 106)

M -... 25,130 (k.ms 2 )/ft
g 32.2 x 1000

Step 6. Calculate the effective mass, Me, for a response in the elasto-
plastic range.

KL- (0.78 + 0.66)/2 - 0.72 (Table 3-12)

Me - 0.72 x 25,130 - 10,100 k-ms 2 /ft

Step 7. Determine KE.

384 E1 384 x 30 x 10 3 x 204
KE - 664 k/ft (Table 3-8)

5L 5 x 173 x V!"

Step 8. Calculate TN.

TN - - 27(18,100/664) (Equation 5-15)
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Step 9. Establish the ductill.ty ratio jSand compare with the criteria.

T/TN -40/32.8 -1.22

6.5 x 17 x 4.5 x 3.44
P p x Lib -71,6kips

1000

Ru- 8H.P/L - (8 x 150.3)/17 -70.7 kips

P/Rn 71.6/70.7 -1.01

From figure 3-64a,

-x~m /xE - 2.1

At this pnint, the designer v;ould check lateral bracing require-11 1merits. Sample problem 5A-2 outlines this procedure.

Step 1.0. Check the assumed DIF.

Frm abe -64a, for P/Ru 1.01 and T/TN 1.22.

tE/T - 0.24

tz - 0.24 x 40 -9,6 mns

Find e

C fds/EstE -51.1/30 x 10~ x .0096 -0.177 in/in/aec
0,(Equation 5-1

From tigure 5-2

DUF - 1.31 - 1.29 O.K.

step 11. Determine X:

XE - ~/E -(70.7 x 12)/664 -1.28 inch

4 5A-5
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Find M

Xm - AXE - 2.1 x 1.28 - 2.69 inches

Find end rotation, 6.

tan 6 - Xm/(L/ 2 ) - 2.69/(8.5 x 12) - 0.0264 (Table 3-5)

0 - 1.520 < 20 O.K.

Step 12. Check shear.

Dynamic yield stress in shear

fdv - 0.55 fds - 0.55 x 51.1 - 28.1 ksi (Equation 5-4)

Ultimate shear capacity

VP - fdv x Aw - 28.1 x 0.23 x 12 - 77.6 kips (Equation 5-16)

Maximum support shear

Vs - ru x L/2 - Ru/2 - 70.7 /2 - 35.4 kips (Table 3-9)

V > V O.K.

Problem 5A-2 Spacing of Lateral Bracing

Problem: Investigate the adequacy of the lateral bracing specified for a
flexural member.

The design procedure for determining the maximum permissible
spacing of lateral bracing is essentiall.y a trial and error
procedure if the unbraced length is determined by the consider-
ation of lateral torsional buckling only. However, in practical
design, the unbraced length is usually fixed by the spacing of
purlins and girts and then must be investigated for lateral
torsional buckling.

Procedure:
Step 1. Establish design parameters.

a. Bending moment diagram obtained from a design analysis.

5A-6
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b. Unbraced length, 1, a~nd radius of gyration of the member,
ry about its weak axis.

C. Dynamic design strength, fds' (Section 5-13)

d. Design ductility ratio, j, from a design analysis,

Step 2. From the moment diagram, find the end moment ratio, M/ý,, for each
segment of the beam between points of bracing. (Note that the end
moment ratio is positive when the segment is bent in reverse
curvature and negative when bent in single curvature).

Step 3. Compute the maximum permissible unbraced length, 1 cr, using
equation 5-20 or 5-21, as applicable. Since the spacing of
purlins and girts is usually uniform, the particular unbraced
length that must be inveutigated iW a design will ba the one with
the largest moment ratio. The sidacing of bracing in nonyielded
segments of a member should be checked against the requirements of
Section 1.5.1.4.54 of the AISC Specification (see Section 5-26.3).

Step 4. The actual length of a segment being investigated should be less
than or equal to 1cr*

Example 5A-2 Spacing of Lateral Bracing

Required: Investigate the unbraced lengths shown for the WIO x 39 beam in
figure 5A-2.

Step 1. Given:
a. Bending moment diagram shown in figure 5A-2.

b. Unbraced length (e"h segment) - 36 inches
r - 1.98 inches

c. Dynamic design stress - 51.1 ksi

d. Design ductility ration, A - 5.

Step 2. The moment ratio is -0.5 for segments BC and CD (single curvature)
and 0.5 for segments AB and DE (double curvature),

Step 3. Determine the maximum permissible unbraced length. By inspection,
equation 5-21 results in the lower value of Icr'

Blcr 1375

ry fds

5A-7
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3 36" 36" 36"

-/ -NIP pA,E SUPPORTS

W10X39
_ _ B,C,D BRACING

A B C / E LOCATIONS
0.5 MP 0).5 Mp

Figure 5A-2 Bending moment diagram, Example 5A-2

From figure 5-9 for xm/xE - 5, 3 - 1.36

1375 x 1.98
cr -- 39.2"

1.36 x 51.1

Step 4. Since the actual unbraced length is less than 39.2 inches, the
spacing of the bracing is adequate.

Problem 5A-3 Design a Roof Deck as a Flexucal Member which Responds
to Pressure-Time Loading

Problem: Design of cold-formed, light gatuge steel panels subjected to

pressure-time loading.

Step 1. Establish the design parameters:

a. Pressure-time loading

b. Design criteria: Specify values of U and ) depending upon
whether tension-membrane action is present or not.

c. Span length and support conditions

d. Mechanical properties of steel

Step 2. Determine an equivalent uniformly distributed static load for a I-
ft width of panel, using the following preliminary dynamic load
factors.

4O
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Tension-membrane Tension-membrane
action not present action present

DLF 1.33 1.00

These load factors are based on an average value of T/TN - 10.0
the recommanded design du':tility ratios. They are derived using
figure 3-54 of Chapter 3.

Equivalent static load w - DLF x p x b
b - i ft

Stap 3. Uxing the equivalent load derived in step 2, determine the
ultimate moment capacity using equation 5-29 or 5-30 (assume
positive and negative are tho same).

Step 4. Determine required section moduli using equation 5-27 or 5-28.

Select a panel.

Step 5. Determine actual section properties of the panel:

S+ ", 120, W.

Step 6. Compute ru, the maximum unit resistance per 1-ft width of panel
using equation 5-29 or 5-30.

Step 7. Determine the equivalent elastic stiffness, KE - ruL/XE, using
equation 5-31.

Step 8. Compute the natural period of vibration.

TN - 2 71 (0.74 mL/KF)lb (Equation 5-32)

Step 9. Calculate P/ru and T/TN. Enter figure 3-64 with the ratios P/ru
and T'/TN to establish the actual ductility ratio g.

Compare g with the criteria of step 1. If A is larger than the
criteria value, repeat steps 4 to 9.

Step 10. Compute the equivalent elastic deflection XE using XE - ruL/KE.
Evaluate the maximlm deflection, Xm - gXE.

Determine the maximum panel end rotation.

8 - tan"I [X,/(L/ 2 )]

Compare 8 with the criteria of step 1. If 8 is larger than
specified in the criteria, select another panel and repeat steps 5
to 10.@
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Step 11. Check resistance in rebound using figure 5-13.

Step 12. Check panel for maximum resistance in shear by applying the
criteria relative to:

a. Simple shear, Table 5-5a, 5-6a or 5-7a.

b. Combined bending and shear, Table 5-5b, 5-6b or 5-7b.

c. Web crippling, figuies 5-15 or 5-16

If the panel is inadequate in shear, select a new member and
repeat steps 4 to 12.

Example 5A-3 Design a Roof Deck as a Flexural Member which Responds
to Pressure-Time Loading

Required: Design a continuous cold-formed steel panel in a low pressure
range.

Step 1. Given:

a. Pressure-time loading (figure 5A-3).

b. Criteria: (Tonsion-membrane action present)

maximum ductility ratio Amax - 6

maximum rotation Omax - 40

c. Structural configuration figure 5A-3.

d. Steel A446, grade a

E - 30 x 106 psi

fds - a x c x fy - 1.21 x 1.1 x 33,000 - 44,000 psi
(Equation 5-26)

Step 2. Determine the equivalent static load.
Say DLF - 1.0

w - DLF x p x b - 1.0 x 5.0.x 12 x 12 - 720 lb/ft

Step 3. Determine required ultimate moment capacities. For preliminary
selection, assume

Mup- Mun - wL 2 /10.8 - 720 x (4.5)2/10.8 - 1,350 lb-ft
(Equation 5-30)
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w

• 5.Opsi

2'-O" TIME 4Oms

A4'-6- 4'-6" 4'-6"A

Figure 5A-3 Roof decking configuration and loading, Example 5A-3
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Step 4. Dc.-er'nine required section moduli.

S - - (1350 x 12)/44,000 - 0.368 ini3

(Select Sec. 3-18, 1-1/2 inches deep)

Step 5. Determine actual section properties.

For manufacturer's guide:

S+ 0,398 in3

S- 0.380 in3

4
AR"',120 - 0.337 in4

w -2.9 psf

Step 6. Compute maximum unit resistance ru.

Mun -(44,000 x 0.398)/12 -1,459 lb-ft (Equation 5-27)

M (44,000 x 0.380)/12 - 1,393 lb-ft (Equation. 5-28)

3.6
ru -36 + 2M.~p)/L 2  133+2x149 - 766 lb/fc

452 (,9 ,5)g

(Equation 5-30)

Step 7. Determine equivalent static stiffness.

ruL E1 20 xru xL E120
KE - - -________-(Equation 5-31)

XE 0.0062 x ru x L4 0.0062 L

306x 10 x 0.337
-1.24,260 lb/ft

0.0062 (4.53) x 144

Step 8. Compute the natural period of vibration for the 1-ft width of
panel.

itL -w/g -(2.9 x 106 x 4.5)/32.2 -4.05 x 10~ lb-ms2/ft
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TN - 2x[(0.74 x 4.05 x 1.05)/124,260]1/2 - 9.75 msec

Step 9. Calculate P/ru and T/TN

P - p x b - 5.0 x 12 x 1.2 - 720 lb/ft

P/ru - 720/766 - 0.94

T/TN - 40/9.75 - 4.10

Entering figure 3-64a with these values.

Xm/XE - 3.5 < 6 O.K.

Step 10. Check maximum deflection and rotation.

XE - ruL/KE - 766 x 4.5/124,260 - 0.028 ft

xm - 3.5 XE - 0.098 ft

6 - tan-l [Xm/(Li 2 )] - tan' 1 [0.098/2.25] - 2.5 < 4- O.K.

Step 11. Check resistance in rebound.

From figure 5-13, r /r - 0.33; O.K. since available waximiuni
elastic resistance in rebound is approximately equal to that under
direct loading.

Step 12. Check resistance in shear.

a. Interior support (combined shear and bending). Determine

dynamic shear capacity of a 1-ft width of panel:

h - (1.500 - 2t) inches, t - 0.048 inch

- 1.500 - 0.096 - 1.404 inches

h/t - 1.404/0.048 - 29.25 - 30
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fdv 10.84 ksi (Table 5-5)

Total web area for 1-ft width of panel:

(8 x h x t)/2 - 4 x 1.404 x 0.048 - 0.270 in 2

Vu - 0.270 x 10.84 - 2.92 k - 2,922 lb

Determine maximum dynamic shear force:

The maximum shear at an interior support of a continuous
panel using limit design is:

Vmax - 0.55 ruL - 0.55 x 766 x 4.5 - 1,896 lb

- 1,896 lb < 2,922 lb O.K.

b. End support (simple shear)

Determine dynamic shear capacity of a 1-ft width of panel:

For h/t < 57, fdv - 0.50 fds - 0.5 x 44.0 - 22.0 ksi
(Table 5-5a)

Vu - 0.270 x 22,000 - 5,940

Determine maximum dynamic shear force:

The maximum shear at an end support of a continuous panel
using limit design is

Vmax 0. 4 5 x ru x L - 0. 4 5 x 7 6 6 x 4 .5

- 1,551 lb < 5,940 lb O.K.

c. Web crippling (4 webs per foot)

End support (N - 2-½ inches)

Qu - 1,200 x 4 - 4,800 lb > 1,551 O.K. (figure 5-1-5)
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Interior support (N -5 inches)

Qu- (2,400 x 4)/2 - 4,800 lb > 1,896 O.K. (figure 5-16)

Problem 5A-4 Design of Columns and Beam-Columns

Problem: Design a column or beam-column for axial load combined with
bending about the strong axis.

Procedure:
Step 1. Establish design parameters.

a. Bending moment M, axial load P, and shear V are obtained
from either a preliminary design analysis or a computer
analysis.

b. Span length 1 and unbraced lengths lx and l Y'

c. Properties of structural steel:

Minimum yield strengch f~

Dynamic increase factor c. (Table 5-2)

Dynamic design strength .ts (Equation 5-2)

Step 2. Select a preliminary member size with a section modulus IS such
that S Ž: M/fds and bf/2t~f complies with the structural steel being
used (Section 5-24).

OhStep 3. Calculate P (Section 5-24) and the ratio P/P Y. Using either
equation 5-7or 5-18, determine the maximum al~lowable d/t~ ratio
and compare it to that of the section chosen. If the allowable

d.tratio is less thaln that of the trial section, choose a new
trial section.

Step 4. Check the shear capac~ity of thp web. Determaine the web area A

(Section 5-23ý) and the allowable dynamic shear stress d

(equatio3n 5-4). Calculate th-e web) shear capacity V~ (equation 5-
16) and compare to the design shear V. If inadequate, choose a
new trial scition and ret~urn to Step 3.

Step 5. Determine the radii of gyration, r~ and r anid plastic section
modulus, Z, of the trial section from theYL~SC Handbook.
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Step 6. Calculate the following quantities using the various design

parameters: W

a. Equivalent plastic resisting moment

Mp - fdsZ (Equation 5-8)

b. Effective slenderness ratios Klx/rx and Kly/r . For the
effective length factor K, see Section 1.8 ofithe Commentary
on the AISC Specification and Section 5-38.

c. Allowable axial stress Fa corresponding to the larger value
of Kl/r.

d. Allowable moment Mm from equation 5-47 or 5-48.

e. F', and "Euler" buckling load Pe (Section 5-37.3).

f. Plastic axial load (Section 5-37.3) and ultimate axial load
Pu (equation 5-42).

g. Coefficient Cm (Section 1.6.1 AISC Specification).

Step 7. Using the quantities obtained in Step 6 and the applied moment M
and axial load P, check the interaction formulas (equations 5-44
and 5-45). Both formulas must be satisfied for the trial section
to be adequate.

Example 5A-4 (a) Design of a Roof (!4rder as a Beam-Column

Required: Design a fixed-ended roof girder in a framed structure for
combined bending and axial load in a low pressure range.

Step 1. Given:
a. Preliminary computer analysis gives the following values for

design:

Mx- 115 ft-kips

I l{-o
My 0

P - 53.5 kips

V - 15.1 kips

b. Span length lx - 17'-0"

Unbraced lengths lx - 17'-0" and 1 y- 17'-0"

c. A36 structural Iteel
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f 36 ksi
y

c - 1.29 (Table 5-2)

a . (Setction 5.12.1)

-d c x a x -y 1.29 x 1.1 x 36- 51.1. lsi (Equation 5-2)

Step 2.'

S - -"J 115 (12)/51.1 - 27.0 in3

Try W 12 x 30 (S -38.6 in3)

A - 8.79 in2  d/tw 47.5

bf/t 7..4 <1 8,5 O.K. (Section 5-24)

Stop 3.
P - Afy - 8.79 x 36 -316 kips (Section 5-24)
y y

/ - 53.5/316 - 0.169 < 0.27

d/tw - 412/(fyit/ 2J [I - 1.4. (P/Fy) (Equation 5-17)

-(412/(36)1/2) [1. 1.4 (0.169)] -52.4 > 47.5 O.K.

Step 4.
V -f~A (Equation 5-16)
P vN

-d 0.55 fd- 0.55 (51.1) -28.1 ksi (Equation 5-4)

Aw~ tw(d - 2tf) -0.260 [12.34 -2 (0.440)]

-2.98 iW2  (Section 5-23)

VP 28.1(2.98) -83.7 kips > 15.1 kips O.K.

jp
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Step 5. rx - 5.21 in.

r - 1.52 in. (AISC Manual)

Z - 43.1 in 3

Step 6.
a. MPX - fds x Zx- 51.1 x 43.1 x 1/12 - 183.5 ft-kipSu

(Equation 5-8)

b. K - 0.75 (Section 5-39)

Klx/rx - [0,75(17)12] / 5.21 - 29

K1y/ry - [0.75(17)12] / 1.52 - 101

c. Fa - 12.85 ksi for Kly/ry - 101 and f. - 36 ksi
(Appendix'A, AISC Specification)

1.42(12.85) - 18.25 ksi for fds 51.1 ksi

d. M ix 1. 07 ( I x 1/r)(dS' Mpx (Equation 5-47)

3,160 J

-1.07 - -- ].83.5 - 140.6 < 183.5 ft-kips
3,160

127 2 E 1271.2(29,000)
e.- - - 177.6 ksi

23(Klb/rx) 2  23(29)2
(Section 5-37.3)

23AF'ex 23(8.79)177.6ex 2,992 kips

12 12 (Section 5.-37.3)

f. P- fdA - 51,1(8.79) - 449 kips (Section 5-37.3)
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-u 1. 7AFa -1.7(8.79)18.25 - 273 kips (Equation 5-42)

g. C -0.85 (Section 1.6.1, AISC Specification)

Ste 7. + + <~ 1 (Equation 5-44)

11u (1- P/Pe)m (I -/

53.5 0.35(115)
-- + --- 0.196 + 0.708 -0.904. < 1 O.K.

273 (1 -53.5/2992)110,6

P
+ - + ~ 1 (E~quation 5-45)

53.5 115
- - + - 0.119 + 0.531 -0.650 < 1 O.K.

449 1.18(183.5)

P Trial section meets the requiremients of Section 5-37.3.

Example ~A-4 (b) Design of Column

Requtired: Design of an exterior fixed-pinned column in a framed scructure
for biaxial bendIng plus axial ltoads in a low pressure range.

Step 1. Given:
a. Pý-eliininary desi-n analysis of a pa,:Cicular column gives the

,'k following values at a critical section:

Mx 311 ft-kips

-y34 ft-kips

P - 76 kips

V - 54 kips

b. Span length 1 -17'-"

Unbraced lengths lx - 17'-3" and 1 -4'-0" (laterally
supported by wall girts).

AO
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c. A36 structural steel

fy - 36 ksi

c - 1.29 (Table 5-2)

a - 1.1 (Section 5-12.1)

fds - a x c x f - 1.1 x 1.29 x 36 - 51.1 ksi (Equation 5-2)

Step 2.
S - Mx/fds - 311(12)/51,1 - 73.0 in 3

Try W 14 x 68 (S - 103 in 3 )

A - 20.0 in 2  d/tw - 33.8

bf/ 2 tf - 7.0 < 8.5 O.K. (Section 5-24)

Step 3.
P y - Afy - 20.0(36) - 720 kips (Section 5-24)

/Py - 76/720 - 0.106 < 0.27

d/tw - [412/(fy)1/ 2 ] [1 - 1.4(P/Py)] (Equation 5-17)

- [412/(36)1/2] 11 - 1.4(0.106)] - 58.5 > 32.9 O.K.

Step 4.
Vp - fdv Aw (Equation 5-16)

fdv - 0.55 fds - 0.55(51.1) - 28.3. ksi (Equation 5-4)

Aw- tw(d - 2tf) - 0.415 [14.04 - 2(0.720)] - 5.23 in 2

(Section 5-23)

VP - 28.1(5.23) - 147 kips > 54 kips O.K.
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Step 5. rx -6.01 inches

I' ry - 2.46 inches

Z. - 115 in 3  
(AISC Manual)

Zy - 36.9 in 3

Step 6.
a. MP- fdsz 

(Equation 5-8)

Mpx - 51,1 x 115 x 1/12 - 490 ft-kips

py - 51.1 x 36.9 x 1/12 - 157 ft-kips

b. Use K- 1.5 (Section 5-39)

K1x 1.5(17.25)12
--- " - 52
rx 6.01

K1 y 1.5(4.00)12"--- "- 29

r y 2.46

c. I'a - 18.17 ksi for K1. /r. - 52 and fy - 36 ksi

1.42(18.17) - 25.79 ksi for fds - 51.1 ksi

M - 49 ft-kips

d. H.y - My - 157 ft-kips (Section 5-373)

127r 2 E 127122(29,000)
F ex - 55.2 ksi

23(Kib/rx) 2  23(52)2 (Section 5-37.3)

127r 2 E 12712 (29,000)
Flex 2 23(29) - 178 ksi

23(Kb/ry)2 (Section 537.3)
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2•AF' ex - 23(20.0)5D.2 ,
Pe " 2 12' 2,116 kips

12 12

23AF'ey 23(20.0)178

ey ip

12 12 (Section 5-37.3)

pp - fdsA - 51.1(20) - 1,022 kips

Pu - 1. 7 AFa - 1.7(20)25.79 - 877 kips

C= - C - 0.85 (Section 1.6.1, AISC Specification)
MY

Step 7.
P + + < 1 (Equation 5-44)

Pu (' P/Pex)Mmx (1 P/Pey)MMY

76 0.85(311) 0.85k34)
+

877 (1 76/2116)490 (1 76/6,823)157

0.087 + 0.560 + 0.186 - 0.833 < I O.K.

P/Pp + Mx/(l.18Mpx) + My/(1.18Mpy) • 1 (Equation 5-45)

76/1022 + 311/[1.18(490)] + 34/[1.18(157)] -

0.074 +.0.538 + 0.183 - 0.795 < 1 O.K.

Trial section meets the requirements of Section 5-37.3

Problem 5A-5 Design of Open-Web Steel Joists

Problem: Analysis or design of an open-web joist subjected to a pressure-

time loading.
Procedure:
Step 1. Establish design parameters.

a. Pressure-time curve

b. Clear span length and joist spacing
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c. Minimum yield stress fy for chord and web members

Dynamic increase factor, c. (Table 5-2)

d. Design ductility ratio A and maximum end rotation, 0.

e. Determine whether joist design is controlled by maximum end
reaction.

Step 2. Select a preliminary joist size as follows:

a. Assume a dynamic load factor (Section 5-22.3)

b. Compute equivalent static load on joist due to blast over-
pressure

wI - DLF x p x b
(Dead load of joist and decking not included)

c. Equivalent service live load on joist
w2 - w1 /l.7 x a x c (Section 5-33)

d. From "Standard Load Tables" adopted by the Steel Joist
Instzitute, select a joist for the given span and the
structural steel being used, with a safe service load (dead
load of joist and decking excluded) equal to or greater than
w2 . Check whether ultimate capacity of joist is controlled
by flexure or by shear.

Step 3. Find the resistance of the joist by multiplying the safe service
load by 1.7 x a x c (Section 5-33).

Step 4. Calculate the stiffness of the Joist, KE, using Table 3-8.

Determine the equivalent elastic deflection XE given by

XE - ruL/KE

Step 5. Determine the effective mass using the weight of the joi'it with
its tributary area of decking, and the corresponding load-mass
factor given in Table 3-12 of Chapter 3.

Calculate the natural period of vibration, TN.

Stop 6. Follow procedure outlined in step 6a or 6b depending on whether
the joist capacity is controlled by flexure or by shear.
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Step 6a. Joist design controlled by flexure.

a. Find ductility ratio A - Xm/XE from the response charts in
Chapter 3, using the values of T/TN and P/ru.

b. Check if the ductility ratio and maximum end rotation meet
the criteria requirements outlined in Section 5-35.

If the above requirements are not satisfied, select another
dynamic load factor and repeat Steps 2 to 5.

c. Check the selection of the dynamic increase factor used in
Step 2c. Using the response charts, find tE to determine
the strain rate, 6 in equation 5-1. Using figure 5-2,
determine DIF. (If elastic response, use T/TN and
appropriate response charts to check DIF).

d. Check if the top chord meets the requirements for a beam-
column (Section 5-37.3).

Step 6b. Joist design controlled by shear.

a. Find ductility ratio A - Xm/XE from the response charts in
Chapter 3, using the values of T/TN and P/ru.

b. If A • 1.0, design is O.K.

If A > 1.0, assume a higher dynamic load factor and repeat
Steps 2 to 5. Cqntinue until A • 1.0. Check end rotation,
0, against design criteria.

c. Check the selection of the dynamic increase factor used in
Step 2c, using the value of T/TN and the appropriate elastic
response chart in Section 3-19.3.

d. Since the capacity is controlled by maximum end reaction, it
will generally not be necessary to check the top chord as a
bear-column. However, when such a check is warranted, the
procedure in Step 6a can be followed.

Step 7. Check the bottom chord for rebound.

a. Determine the required resistance, r, for elastic behavior
in rebound.

b. Compute the bending moment, M, and find the axial forces in
top and bottom chords using P- M/d whe)e d is taken as the
distance between the: centroids of the top and bottom chord
sections.

c. Determine the ultimate axial load capacity of the bottom
chord considering the actual slenderness ratio of its
elements.
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Pu - 1.7AFa

where Fa is defined in Section 5-37.3.

The value of F. can be obtained by using either equation 5-43 or
the tables in the AISC Specification which give allowable stresses
for compression members. When using these tables, the yield
stress should be taken equal to fds'

d. Check if Pu > P.

Determine bracing requirements.

Example 5A-5 (a) Design of an Open-Web Steel Joist

Required: Design a simply-supported open-web steel Joist whose capacity is
controlled by flexure.

Solution:
Step 1. Given:

a. Pressure-time loading (figure 5A-5

b. Clear span - 50'-0"

Spacing of joists 7'-0"
Weight of decking -4 psf

c. Structural steel properties

Chords fy - 50,000 psi

Web f - 36,000 psi
y

Dynamic increase factor (chords only).

c - 1.19 (Table 5-2, for A588)

Dynamic design stress, fds - c x a x f (Equation 5-2)

Chords fds - 1.19 x 1.1 x 50,000 - 65,450 psi

d. Design criteria (Section 5-35)

Maximum ductility ratio: Amax - 4.0

Maximum end rotation: 8 wax - 20
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T46.75" A

LU

U) 2 psi
UI)

IL-

40m N

TIME4O s2L1

SIT

Step 2. Selection of joist size

a. Assume a dyn;.mic load factor. For preliminary design, a DLF
- 1,0 is generally recomnmended. However, since the spti- is
quite long in this case, a DLF of 0.62 is selected.

b. Equivalent static load on joist:

wI - 0.62 x 2.0 x 144 x 7.0 - 1,250 lb/ft

c. Service live load on joist:

w2 - wl/i.7 x 1.19 x 1.1 - 1,250/2.23 - 561 lb/ft

d. Using the "Standard Specifications, Load Tables and Weight
Tables" of the Steel Joist Institute, for a span of 50'-0",
try 321-{11. Joist tables show that capacity is controlled
by flexure.

Total load-carrying capacity (including dead load - 602
lb/ft).

Approximate weight of joist and decking AWL

-28 + (4 x 7) -56 lb/ft
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Total load-carrying capacity (excluding dead load - 602 - 56
- 546 lb/ft)

The following section properties refer to the selected joist
32LH11 [Figure 5A-5 (a)]:

Top Chord:
Two 3 x 3 x 5/16 angles

A - 3.56 in 2

S- 0.92 in.

ry - 1.54 in.

Ix- 3.02 in 4

Bottom Chord:
Two 3 x 2-1/2 x 1/4 angles

A - 2.62 in 2

rx - 0.945 in.

ry - 1.28 in.

-x 2.35 in4

1 for joist - 1,383.0 in 4

Panel length - 51 inches

Step 3. Resistance per unit length

ru- 1.7 x 1.19 x 1.1 x 546 - 1215 lb/ft (Section 5-33)

Step 4. 384 x 29 x 106 x 1,383
KE - 384 EI/5L3 

- - 14,260 lb/in
5(12 x 50)3 (Table 3-8)

1,215 x 50
XE - ruL/KE - - 4.26 inches

14,260

Step 5. Total mass of joist plus decking

56 x 50 x 106
1M- -- 7.25 x 106 lb-ms 2 /in

386

Total effective mass Me - KLMM

0.5(0.78 + 0.66) - 0.72 (Table 3-12)
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He-0C.72 (7.25 x 106) - 5.22 x 106 lb-ms2/in

Natural period TN- 27f(Mo/KýE)1/2 -27r(5,220,000/14,260)
1/2 -120.2 ms

Behavior controlled hy flexure. Use Step 6a.

Step 6a. a.

T/TN - 40/120.2 - V.332

2.0 x 144 x 7
- -u 1.82

* 1,105

Frotn figure 3-64a,

MXM/XE .2 .3 < 4  O.K.

b.
Xm - 2.3 ut 3.87 -8,9 inches

tan 8 - X.j/(L/2) -8,9/(25 x 12) -0.0297

0 - 1.70 < 20 O.K.

C. Check selection of DIF.

ry From Table 3-64a, for j. - 2.3 and T/TN -0.33

tE/T -0.55, tE - 0.55 x 40 - 22 ms

Find 6

6-fds/E'stri 65.45/30 x 103 x .022 -0.099 in/Li/sec
(Equation 5-1)
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From figure 5-2 (average of A36 and A514)

DIF - 1.18 - 1.19 assumed O.K.

d. Check top chord as a beam column.

Maximi~an oment at mid-span

1,105 x (50)2 x 12
M- ruL2 /8 - - 4,144 in-kips

8 x 1,000

Maximum axial Icad in chords

P - M/d

d - distance between centroids of top and bottom chords
[see figure 5A-5 (a)]

- 30.22 inches

P - 4,144/30.22 - 137.1 kips

i - panel length - 51 inches

Slend-wness ratio, I/rx - 51/0.92 - 55.4 < Cc

Swhere G- (27r 2E/fd 1 )I/ 2 - 95 (Equation 5-41)

a- 23.5 ksi for f - 50 ksi
(Table 3-50, AISC Specification)

1.31 (23.5) - 30.8 hsi for fds - 65,450 psi

u 1. 7 AFa 1.7 x 3.56 x 30.8 - 186.4 kips
(Equation 5-42)

Considering the first panel as a fixed, simply supported
beam, the maximum moment in tha panel is

1,105 (51)2
M4 ruL 2 /12 - - 1.9.96 in-kips

12 x 12 x 1,000

The effective slenderness ratio of the top chord in the
iirst panel is
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Klb/rx- (1.0 x 51)/0,92 -55.4

1277 E 127r2 x 29,000
10ex 248.7 ksi

2Kb'rx2 23 (55.4)2

Pe -- 23(K/r2)AF 23/12 x3.56 x48.7".333 kips th

Todetermine M1m,thplsimoetH isnddadte
value of Z.has to be computed. The neutral axis for a
fully plastic section is located at a distance x from the
f lange.

3x - (3 - 5/16) 5/16 + 3 (5/16 - x)

-(43) 5/(16 x 16) + 15/16 - 3x

x -455/(6 x 256) - 0.296 inch

The plastic section modulus, ZX, is found to be

Z -4(0.296)2 (0.3125 0.296)2
x 2[ 2 x 3 + (3.0 -0.3125) 2+

ns(3 -0.296)2 .15
-- x 0.15 0.263 +0.0007 + 2.285 -2,549 in3

2

f -x 65.45 x 2.549 -166.8 in-kips (Equation 5-8)

-[1.07 
_< M MpX (Equation 5-37)

3160

where r y is least radius of gyration - 0.92

-[1.07 -(55.4/391)] 166.8 -1.54.8 in-kips

Tu

5A-30



TM 5-1300/NAVFAC P-397/AFR 88-22

Cm - 0.85 (Section 1.6.1, AISC)

P/P + CmM/[(l P/Pex)Mmx] • 1.10 (Equation 5-44)

137.1 + 0.85 (19.96)
5 1.0 - 0.736 + 0.176 - 0.912 ' 1.0 O.K.

186.4 0.62 (154.8)

Step 7. Check bottom chord for rebound.

a. Calculate required resistance in rebound.

T/TN - 0.33

From figure 5-13, 100% rebound

r/ru - 1.0

r - ru - 1,105 lb/ft

b. Moment and axial forces in rebound

M - (r x L2 )/8 - 4,144 in-kips

Maximun axial force in bottom chord

P - M/d - 137.1 kips (compression)

c. Ultimate axial load capacity

Stability in vertical direction (about x-axis)

1 - 51 inches r. - 0.945

1/r - 51/0.945 - 54.0 < Cc

where Cc - [(27r2E)/ 1ds]I/ 2 - 95

Fa - 23.72 ksi for £ - 50 ksi
(Table 3-50, AISC Specification)

1.31(23.72) - 31.1 ksi for fds - 65,450 psi

Pu .7 AFa - 1.7 x 2.62 x 31.1 - 138.5 kips

d. Check bracing requirements.
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P - 137.1 < P'U 138.5 O.K.

Adding-a vertical member between panel joints of bottom chord
would have been required had P > Pu. This additional bracing
would have been needed in mid-span but may be spared at the joist
ends.

Stability in the lateral direction (about y-axis)

Pu M 137.1 kips

r ry - 1.28 inches, A -~ 2.62 in2

Fa Pu/(1.7 x 1.31A) -137.1/(1.7 x 1.31 x 2.62) - 23.5 ksi

For a given Fa w 23.5, the corresponding slenderness ratio is

1/ z 5 (Table 3-50, AISC Specification)

Therefore, the maximum unbraced length in mid-span is

lb - 55 x 1.28 - 70.4 inches

Use lateral bracing at panel points, i.e., 51. inches at midspan.
The unbraced length may be increased at joist ends, but. not
greater than specified for bridging requirements in the joist
specification.

Example 5A-5 (b) Analysis of Existing Open-Web Steel Joist

Required: Analyze a simply supported, o)pen-web ateel Joist whose capacity is
controlled by shear.

Solution:
Stop 1. Given:

a. Pressure-time loading (figure 5A-.5 (b)]

Joist 22H11

b. Clear span -32'-11

Spacing of joists - 6-1

Weight of decking - 4 psI!

5A-32
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6 35"

TIME 2m

U),

6.46k

Figure 5A-5(b) Joist cross-section and loading, Example 5A-5(b)

C. Properties of structural steel:

Chords f - 50,000 psi

Web f 36,000 psi
y

Dynamic increase factor
(chords only) C- 1.19 (Table 5-2 for A588)

Dynamic design stress, f c x a xf
Chord

Chords- 1.19 x 1.1 x 50,000 -65,450 psi

d. Design criteria (Section 5-35)

For members control.led by shear

A~max -1.0

miax-l

step 2. a . Asswnie the DLF -1. 25

b, Overpressure load on Joist
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w,- 1.25 x 1.0 x J.44 x 6 -1,080 lb/ft

c. Equivalent servico load

w2- wl1/.7 x a x c - 1,080/2.23 - 485 lb/ft

d. From Lhe "Standard Specifications and Load Tables" of the
Steel Joist Institute:

Total loud-carrying capacity (including dead load) - 506
lb/ft.

Approximate weight of Joist plus decking -

17 + (6 x 4) - 41 lb/ft

Total load-carrying capacity (excluding deae& load) -

506 - 41 - 465

From the steel Joist catalog, the following are the section
properties of Joist 22H11 [figure 5A-5 (b)]:

Panel length - 24 inches

Top Chord-
A - 1.935 in2

Ix- 0.455 in
4

Y: rx - 0.485 in.

ry - 1.701 in.

Bottom Chord:

A - 1.575 in2

Ix - 0.388 in4

r. - 0.497 in.

r- 1.469 in.

I. for Joist -396.0 in4

5A-34



'M 5-1300/NAVFAC P-397/AFR 88-22

Step I. ResIstance par uniit length

ru- 2.23 x 465 ~- 1,035 lb/ft

Step 4. 384EI 384 x 29 x 106 x 395
KE- 3 _________ 15,580 lb/in (Table 3-8)

5L3  5 x (12 x 32)3

1,035 x 32
XF- rUL/KE 2.13 inches

15,580

Step 5. Mass of joist plus docking
6

41 x 32 x 106
H _____ 3.4 x 10 6 1b-ms2/in

386

Effective mass Me - K~MM

- 0.78 x3.4 x106 -2.65 x1061lb-ms2 1n

Natural period Ty - 27r(MB/KE) 1/2

- 27r(2,650,000/15,580)1/2 - 81.8 ms

Step6b. Behavior controlled by shear. Use Step 6b of the procedure.

a. T/TN -25/81.8 - 0.305

6 x 144 x 1.0
P/ru 0.835

1,035

h From Figure 3-64a of Chapter 3:

- /X < 1.0; elastic, O.K.

tan e - X.m/(L/2)

- 2.13/(16.0 x 12) - 0.0111

0 - 0.64* < 1* O.K.

C. Check selection of DIF fromi figure 3-49 of Chapter 3, for
T/TN - 0.305, tm/'L - 1.12; tm - 1.12 x 25 - 28 mns
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Findc

e- fds/Este (tE - tm) (Equation 5-1)

- 65.45/30 x 103 x 0.028 - 0.078 in/in/sec

From figure 5-2, (average of A36 and A514)

DIF - 1.18 - 1.19 assumed, O.K.

d. Check of top chord as a beam-column is not necessary.

Step 7. Check bottom chord in rebound.
a. For M - 1 and T/T - 0.305, rebound is 100% (Figure 5-13)

r - ru

b. Determine axial loa in bottom chord, P - M/d.

For an elastic response, jh < 1.0, where T/TN - 0.305, the
DLF - 0.87 (Figure 3-49)

Equivalent static load, w A

w - DLF x b x p - 0.87 x 12 x 12 x 6 x 1.0 - 751 lbift

Maximum moment in rebound, M - wL2 /8

M - [751 x (32)2/8] 12 - 1,155,000 in-lb

P - M/d - 1,155,000/21.28 - 54,300 lb - 54.3 kips

c. Check bracing requirements.

(1) Vertical bracing of bottom chord:

Panel length - 24 inches

rx - 0.497, ry - 1.469, A - 1.575 in 2

I/rx 24/0.497 - 48.3
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Allowable P - 1.7 x a x c x A x Fa

- 1.7 x 1.1 x 1.19 x 1.575 x 24.6 - 86 2 kips > 54.3 kips
(Table 3-50, AISC Specification)

No extra bracing required.

(2) Lateral bracing of bottom chord:

P - 54.3 kips, A - 1.575 in 2

F,- P/1.7A - 54.3/(1.7 x 1.575 x 1.1 x 1.19) - 15.5 ksi

For fy - 50 ksl and Fa - 15.5 ksi

1/r - 96

1 - 96 ). 1.469 - 141 inches
(Table 3-50, AISC qpecification)

Therefore, use lateral bracing at every fifth panel point
close to mid-span. The unbraced length may be increased at.
joist ends, but not greater than specified for bridging
requirements in the joist specification.

Problem 5A-6 Design of Single-Story Rigid Frames for
Pressure-Time Loading

Problem: Design a single-rtory, multi-bay rigid frame subjected to a
pressure-time loading.

Procedure:
Step 1. Establish the ratio a between the design values of the horizontal

and vertical blast loads.

Step 2. Using the recommended dynamic load factors presented in Section 5-
41.3 establish the magnitude of the equival3nt static load w for:
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a. local mechanisms of the roof and blastward column

b. panel or combined mechanisms for the frame as a whole.

Step 3. Using the general expressions for the possible collapse mechanisms
from Table 5-13 and the loads from Step 2, assume values of the
moment capacity ratios C and C1 and proceed to establish the
required design plastic moment MP considering all possible
mechanisms. In order to obtain a reasonably economical design, it
is desirable to select C and C1 so that the least resistance (or
the required value of M.) corresponds to a combined mechanism.
This will normally require several trials with assumed values of C
and Cl.

Step 4. Calculete the axial loads and shears in all members using the
approximate method of Section 5-41.4.

Step 5. Design each member as a beam-column using the ultimate strength
design criteria of Sections 5-37.3, 38, and 39. A numerical
example is presented in Section 5A-4.

Step 6. Using the moments of inertia from Step 5, calculate the side-way
natural period using Table 5-14 and Equations 5-50 and 5-51.
Enter the response charts in Chapter 3 with the ratios of T/TN and
P/Ru. In this case, P/Ru is the reciprocal of the panel or
sidesway mechanism dynamic load factor used in the trial design.
Multiply the ductility ratio by the elastic deflection given by
equation 5-53 and establish the peak deflection X. from equation
5-54. Compare the maximum sidesway deflection Xm with the
criteria of Section 5-35. Note that the sidesway deflection 6 in
Table 5-8 is X.

Step 7. Repeat the procedure of Step 6 for the local mechanisms of the
roof and blastward column. The stiffness and natural period may
be obtained from Table 3-8 of Chapter 3 and equation 5-15,
respectively. The resistance of the roof girder and the blastward
column may be obtained from Table 5-13 using the values of 11p and
CN determined in Step 3. Compare the ductility ratio and
rotation with the criteria of Section 5-35.

Step 8. a. If the deflection criteria for both sidesway and beam
mechanisms are satisfied, then the member sizes from Step 5
constitute the results of this preliminary design. These
members would then be used in a more rigorous dynamic frame
analysis. Several computer programs are available through
the repositories listed in Section 5-4.
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b. If the deflection criterion for a sidesway mechanism is
exceeded, then the resistance of all or most of the members
should be increased.

c. If the deflection criterion for a beam mechanism of the
front wall or roof girder is exceeded, then the resistance
of the member in question should be increased. The member
sizes to be used in a final analysis should be the greater
of those determined from Steps 8b and 8c.

Example 5A-6 Design of a Rigid Frame for rressure-Time Loading

Required: Design a fcur-bay, single-story, reusable, pinned-base rigid frame
subjected to a pressure-time loading In its plane.

Given:
a. Pressure-time loading (Figure 5A-6)

b. Design criteria: It is required to design the frame
structure for more than one incident. The deformation
limits shall be half that permitted for personnel protec-
tion, that is:

6 - H/50 and

emax - V for individual members

c. Structural configuration (figure 5A-6)

d. A36 steel

e. Roof purlins spanning perpendicular to frame (b. bn,
Figure 5-26)

f. Frame spacing, b- 17 ft

g. Uniform dead load of deck, excluding frame

Step 1. Determine a: (Section 5-41.1)

bh - bv - 17 ft

qh - 5.8 x 17 x 12 - 1,183 lb/in

qv " 2,5 x 17 x 12 - 510 lb/in

a - qh/qv - 2.32
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4 @ 103'-S' 66-0"

-Roof Dead Load -13.5 Psf

3 Wall Dead Load -16.5 psf
MEMBER REFERENCE
NUMBER

5Auk

SpsiEL

2.5

78ms 78m*
TIME TIME

BLAST WARD EXTERIOR ROOF (Average)
WALL

Figuire 5A-6. Preliminary design of fou~r-bay, single..story rigid frame,
Example 5A-6
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Step.2. Establish equivalent static loads (Section 5-41.3)

a. Local beam mechanism, w - DLF x qv

1.25 x 510 x 12
w - - 7.65 k/ft

1,000

b. Panel or combined mechanism, w - DLF x qh

0.625 x 510 x 12
w - - 3.83 k/ft

1,000

Step 3. The required plastic moment capacities for the frL.. Lembers are
determined from Table 5-13 based upon rational assumptions for the
moment capacity ratios C1 and C. In general, the recommended
starting values are C1 equal to 2 and C greater than 2. From
Table 5-13. for n - 4, a - 2.32, H - 15.167 ft, L - 16.5 ft and
pinned bases, values of C1 and C were substituted and after a few
trials, the following solution is obtained:

Mp - 130 kip-ft, C1 - 2.0 and C - 3.5.

The varioits collapse mechanisms and the associated values of 11P
are listed below:

Collapse w

1 7.65 130
2 7.65 128

3a, 3b 3.83 128
4 3.83 129

5a, 5b 3.83 110
6 3.83 116

The plastic design moments for the frame members are established
as follows:

Girder, Mp - 130 k-ft

Interior column, C1MP - 260 k-ft

Exterior column, CMp - 455 k-ft
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Step 4. a. Axial loads and shears due to horizontal blast pressure.

From figure 5-27, R - awH - 2.32 x 3.83 x 15.167 - 135 kips

1. Member 1, axial load

P1 - R/2 - 67 kips

2. Member 2, shear force

V2 - R/2(4) - 135/8 - 16.8 kips

3. Member 3, shear force

V3 - R/2 - 67 kips

b. Axial loads and shears due to vertical blast pressure,

w - 7.65 k/ft

1. Member 1, shear force

V1 - w x L/2 - 7.65 x 16.5/2 - 63,1 kips

2. Member 2, axial load

P2 w x L - 7.65 x 16.5 - 126.2 kips

3. Member 3, axial load

P3 - w x L/2 - 63.1 kips

The dead loads are small compared to the blast loads
and are neglected in this step.

Step 5. The members are designed using the criteria of Sections 5-37.3, 5-
38, and 5-39 with the following results:

••MpP V Ix

1 130 67.0 63.1 w12x35 285

2 260 126.2 16.8 w14x61 640

3 455 63.1 67.0 w14x74 796

5A-42

NIB 115.



TM 5-1300/NAVFAC P-397/AFR 88-22

Step 6. Determine the frame stiffness and sway deflection.

(3 x 640) + (2 x 796)1ca -- _ _ _ _ _ _ _ _ _ -702 inl 4  (Table 5-14)

5

I - 285 in 4

- 0

D I /Lg 285/16.8 - 0.498 (Table 5-14)
0. 7 51ca/H (0.75) (702/15.167)

C2 - 4.65

Elea C2
K [. 4 (0.7 - 0.13) (n- 1) (Table 5-14)

H
3

(30) (10)3 (702) (4.65) [1. + 0.7(3)]
- 50.2 k/in

(15.167 x 12)3

KL 0.55 (1 - 0.25B) - 0.55 (Equation 5-51)

Calculate dead weight, W:

W - b[(4Lwdr) + (1/3) (HWdw)] 4 (35 x 66)

+ 1/3 (15.167) [(3 x 61) + (2 x 74)] - 20,548 lb

me - W/g - 20,548/32.2 - 638 Ib-sec 2 /ft - 638 x 106 lb-ms 2 /ft

TN - 27r[mL/••KL]i 1 / 2  (Equation 5-50)

- 271r[(638 x 106)/(50.2 x 12 x 10i x 0.55)]1/2 - 276 ns

T/TN - 78/276 - 0.283
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P/Rn - 1. 6fwa

A -X.J/XE -1.40 (Figure 3-64a)

2.32 x 3.83 x 15.167
XE -R.,UKE/KE KE--_______- 2.68 inches

50.2
(Equation 5-52 arid 5-53)

X.M - 1.40 x 2.68 -3.75 inches (Equation 5-54)

&-3,75/(15.167) (12)H1 - 0.0206H1 - H/48.5

Step 7. Check deflection of possible local mechanisms.

~.Roof girder mechanismi (investigate W12 x 35 from Stop 5)

TN - 27r (me/KE) l,2(Equation 5-15)

me - K1M X M

For an elasto-plastic response, take the average load-mass factor
for the plastic and elastic response, or:

KU4  (0.71 - 0.66)/2 -0.715 (Table 3-12)

mi - 0.715 xW/g

w -(13.5 x 17) + 36 -265 lb/ft

W -w x L - 265 X 16.5 - 4372 lb.

ME - 0.715 x 4372/368 - .1 lb-sec /in.

KE - 307 EI/L3  (Table 3-8)

307 (30) (106 (285)
K - _____-- 332,000 lb/in.

(16.5 x 12)~

SA- 44
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T/TN - 78/31.0 - 2.52

Rud - 16Mp/L -(16 x 130)/16.5 - 126 kips (Table 5-13)

r' - pbL - (2.5) (17) (144) (16.5)/l,000 - 101 kips

P/u- 101/126 -0.80

A- Xm/XE 1.80 (Figure 3-64a)

Check end rotation of girder.

XE - Ru/RE - 126/332 - 0.380 inch

Xm - 1.80 x 0.380 - 0.69 inch

X'M/(L/ 2) - 0.69/(8.25) (12) - 0.069 - tan 0,

0 - 0.40* < V O.K.

b. Exterior column mechanismi (investigate W14 x 74 from Stop

TN - 2va (me/KE) 1/2  (Equation 5-15)

0.78 + 0.66 w

me - K j x M -2 g(Table 3-12)

- 0.72 w/g

w - (16.5 x 17) + 74 - 354 lb/ft

W - 354 x 15.167 - 5369 lb

me - 0.72 (5369)/386 - 10.0 lb-sec2/in.

KE - 160 EI/L4  (Table 3-8)

(160) (30) (10) (796)

KE - (182)3 - 632,000 lb/in
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TN - 27t(10.0/632,000)I/ 2 x 1000 - 25.0 ms

T/TN - 78/25.0 - 3.12

4Mp(2C + 1) 4 (130) [(2 x 3.5) + 1]
Ru- - 275 kips

H 15.167

(Table 5-13)

P - (2.32) (7.65/1.25) (15.167) - 215 kips

P/Ru - 215/275 - 0.78

J-Xm/XE - 1.80 (Figure 3-64a)

Check end rotation of columns.

XE - RuK - 275/632 - 0.435 inch

X - 1.80 x 0.435 - 0.78 inch

Xm/(L/ 2 ) - 0.78/(7,58) (12) - 0.0086 - tan 0

8 - 0.49" < V O.K.

Step 8. The deflecticns of the local mechanisms are within the criteria.
The sidesway deflection is acceptable.

Siwmnary: The member sizos to be used in a computer analysis are as follows:

1 W12 x 35

2 W14 x 61

3 W14 x 74

Problem 5A-7 Design of Doors for Pressure-Time Loading

Problem: Design a steel-plate blast door subjected to a pressure-time
loading.

5A-46



TH 5-1300/NAVFAC P-397/AFR 88-22

Procedure:

Step 1. Establish the design parameters

a. Pressure-time load

b. Design criteria: Establish support rotation, emax, and
whether seals and rebound mechanisms are required.

c. Structural configuration of the door including geometry and
support conditions

d. Properties of steel used:

Minimum yield strength, fy, for door components (Table 5-1)

Dynamic increase factor, c (Table 5-.2)

Step 2. Select the thickness of the plate.

Step 3. Calculate the elastic section modulus, S, and the plastic section
modulus, Z, of the plate.

Step 4. Calculate the design plastic moment, Mp, of the plate (equation

5-7).

Step 5. Compute the ultimate dynamic shear, Vp (equation 5-16).

Step 6. Calculate maximum support shear, V, Lsing a dynamic load factor of
1.25 and determine V/Vp. If V/V is less than 0.67, use the
plastic design moment as computed in Step 4 (Section 5-31). If
V/Vp is greater than 0.67, use Equation 5-23 to calculate the
effective Mp.

Step 7. Calculate the ultimate unit resistance of the section (Table 3-1),
using the equivalent plastic moment as obtained in Step 4 and a
dynamic load factor of 1.25.

Step 8. Determine the moment of inertia of the plate section.

Step 9. Compute the equivalent elastic unit stiffness, KE, of the. plate
section (Table 3-8).

Step 10. Calculate the equivalent elastic deflection, XE, of the plate as
given by XE - ru/KE.

Step 11. Determine the load-mass factor KTM and compute the effective unit
Mess, Me.
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Step 12. Compute the natural period of vibration, TN.

Step 13. Determine the door plate response using the values of P/ru and
T/TN and the response charts of Chapter 3. Determine Xm/XE and
TE.

Step 14. Determine the support rotation,

Tan e - (Xm) / (L/2)

Compare 8 with the design criteria of step lb.

Step 15. Determine the strain rate, 6, using equation 5-1. Determine the
dynamic increase factor using figure 5-2 and compare with the DIF
selected in Step ld.

If the criteria of Step 1 is not satisfied, repeat Steps 2 to 15
with a new plate thickness.

Step 16. Design supporting flexural element considering composite action
with the plate (if so constructed).

Step 17. Calculate elastic and plastic section moduli of the combined
section.

Step 18. Follow the design procedure for a flexural element as described in
Section 5A-1.

Example 5A-7 (a) Design of a Blast Door for Pressure-Time Loading

Required: Design a double-leaf, built-up dour' (6 ft by 8 ft) for the given
pressure-time loading.

Step 1. Given:

a. Pressure-time loading (Figure 5A-7)

b. Design criteria: This door is to protect personnel from
exterior loading. Leakage into the structure is permitted
but the maximum end rotation of any member is limited to 2'
since panic hardware must be operable after an accidental
explosion.

c. Structural configuration (Figure 5A-7)

NOTE: •

This type of door configuration is suitable for low-pressure

range applications.

d. Steel used: A36
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-DETAIL

_I,-!F- " 'LL =
6-4"

SECTMON
DOUBLE LEAF BLAST DOOR DETAIL

14.8psI

LU

toDOOR HEIGHT = 8'-0" U

TIME l3ms

Figure 5A-7(a) Door configuration and loading, Example 5A-7(a)

Yield strength, fy - 36 ksi (Table 5-1)

Dynamic increase factor, c - 1.29 (Table 5-2)

Average yield strength increase factor, a- 1.1
(Sectior. 5-12.1)

Hence, the dynamic design stress,

fds - 1.1 x 1.29 x 36 - 51.1 ksi (Equation 5-2)

and the dynamic yield stress in shear,

fdv - 0.55 fds 0.55 x 51.1 - 28.1 ksi (Equation 5-4)

Step 2. Assume a plate thickness of 5/8 inch.

Step 3. Determine the elastic and plastic section moduli (per unit width).
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bd 2  1 x (5/8)2
S ..- - 6.515 x i02 in 3 /in

6 6

bd 2  1 2. (5/8)2
z - - - 9.765 x 102 in 3 /in

4 4

Step 4. Calculate the design plastic moment, Mp.

Mp fds (S + Z)/2 - 51.1 [(6.515 x 10-2) (Equation 5-7)

+ (9.765 x 10-21]/2 - 51.1 x 8.14 x 10-2 - 4.16 in-k/in

Step 5. Calculate the dynamic ultimate shear capacity, Vp, for a 1-inch
width.

Vp - fdvAw - 28.1 x I x 5/8 - 17.56 kips/in (Equation 5-16)

Step 6. Evaluate the support shear and check the plate capacity. Assume
DLF - 1.25

1.25 x 14.8 x 36 x 1
V - DLF x P x L/2 - - 333 lb/in - 0.333 kip/in

2

V/Vp - 0.333/13.61 m 0.0245 < 0.67 (Section 5-31)

No reduction in equivalent plastic moment is necessary.

NOTE:.
When actual DLF is determined, reconsider Step 6.

Step 7. Calculate the ultimate unit resistance, ru, (assuming the plate to
be simply-supported at both ends).

8 x 4 16 x 103
ru - 8HP/L 2 ( - - 25.7 psi (Tfable ?-1)(36)2 W

Step 8. Compute the moment of inertia, I, for a 1-inch wi-

bd 3  1 x (5/8)3
I - 0.02035 in 4 /in

12 12
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Step 9. Calculate the equivalent elastic stiffness, KE.

384 x 29 x 106 x .02035
KE - 384EI/5bL4 _- 27.0 psi/in

5 x 1 x (36)4 (Table 3-8)

Step 10. Determine the equivalent elastic deflection, XE.

XE - ru/KE - 25.7/27.0 - 0.95 inch

Step II. Calculate the effective mass of element.

a. KI/ (average elastic and plastic)
- (0.78 + 0.66)/2 - 0.72

b. Unit mass of element, im

5/8 x l x I x 490 x 106 2
m - w/g - - 458.0 psi-ms /in

1,728 x 32.2 x 12

C. Effective unit of mass of element, me

me -KL~m - 0.72 x 458.0

- 330 r i-ms 2 /in

WStep 12. Calculate the natural period of vibration, TN.

TN - 27T (330/27.0)1/2 - 22 ms

Step 13. Determine the door response.

Peak overpressure P - 14.8 psi

Peak resistance ru - 25.7 psi

Duration T - 13.0 ms

Natural period of vibration TN - 22 ms

P/I• - 1.4.8/25.7 - 0.58

T/TN - 13.0/22o0 - 0.5§

From Yig'ire 3-64a of Chapter 3,
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Xm,/XE < 1AM

Since the response is elastic, determine the DLF from Figure 3-49
of Chapter 3.

DLF - 1.3 for T/TN - 0.59

Step 14. Determine the support rotation.

1.3 x 14.8 x 0.95
Xm- - 0.713 inch

25.7

tan e - Xm/(L/ 2 ) - 0.713/(36/2) - 0.0396

0 - 2.270 > 20 N.G.

Step 15. Evaluate the selection of the dynamic increase factor.

Since this is an elastic response, use fIgure 3-49(b) of Chapter 3
to determine tm. For T/TN - 0.59, tm/T - 0.7 and tm - 9.1 ms.
The strain rate is:

C - fds/EstE (Equation 5-1)

Since the rt.sponse is elastic, O b

Xm 0.713

fds - 51.1 x51.1 x - 38.4 ksi
XE 0.95

and tE - tm - 0.0091 sec. Hence,

6 - 38.4/29.6 x 103 x 0.0091 - .142 in/in/sec

Using figure 5-2, DIF - 1.31. The preliminary selection of DIF -

1.29 is acceptable.

Since the rotation criterion is not satisfied, change the thick-
ness of the plate and repeat the procedure. Repeating these
calculations, it can be shown that a 3/4-inch plate satisfies the
requirements.

Step 16. Design of the supporting flexural element.

Assume an angle L4 x 3 x 1/2 and attached to the plate as shown in
Figure 5A-7(b).

Determine the effective width of plate which acts in conjunction
with the angle
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bf/2tf : 8.5 (Section 5-24)

where bf/2 is the half width of the outstanding flange or overhang
and tf is the thickness of the plate.

With tf - 3/4 inch, bf/2 5 8.5 x 3/4, i.e., 6.38 inches

Use overhang of 6 inches.

Hence, the effective width - 6 + 2 - 8 inches. The angle together
with plate is shown in Figure 5A-7(b).

Step 17. Calcvlate the elastic and plastic section baoduli of the combined
secti3n.

Let y be the distance of c.g. of the combined section from the
outside edge of the plate an shown in Figure 5A-7(b), therefore

_ (8 x 3/4 x 3/8) + (4 + 3/4 - 1.33) x 3.25
y - 1.445 inches

(8 x 3/4) + 3.25

Let y- be the distance to the N.A. of the combined section for
full plasticity.

y --- [(8 x 3/4) + 3.25] - 0.578 inch

8 x (3/4)3

I - + 8 x 3/4 x (1.45 - 3/8)2
12

+ 5.05 + 3.25 (4 + 3/4 - 1.33 - 1.445)2 - 24.881 in 4

Hence, win - 24.881/(4.75 - 1.445) - 7.54 in

Z - 8 (0.578)2/2 + 8 (0,75 - 0.578)2/2

+4 3.25 (4.75 - 1.33 - 0.578) - 10.69 in 3

5.5
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8'

.LYPL_

L4x3x1 /2

Figure 5A-7(b) Detail of composite angle/plate supporting element, Example
5A-7(b)

Step 18. Follow the design procedure for the composite element using steps
4 through 13. Calculate the design plastic moment of the
supporting flexural element.

- 51.1 (7.54 + 10.69)/2 - 465.8 in-kips (Equation 5-7)

Calculate the ultimate dynamic shear capacity, Vp.

Vp - fdvAw - 28.1 (4.0 -1/2) 1/2 - 49.2 kips (Equation 5-16)

Calculate support shear and check shear capacity.

L - 8'-0" - 96 inches

V (14.8 x 36/2 x 96)/2 - 12,790 lb - 12.79 kips < V O.K.
(Section 5-23)

Calculate the ultimate unit resistance, ru.

Assuming the angle to be simply supported at both ends:
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ru - 8Mp/L2 - (8 x 465.8 x 1,C00)/(•6)2 - 405 Ib/in (Table 3-I)

Calculate the unit elastic stiffness, KE.

384 x 29 x 106 x 24.881
KE - 334EI/5L4 - - 4 652.5 lb/in2

5 x (96)4 (Table 3-8)

Determine the equivalent elastic deflection, XE.

XE - ru/KE - 405/652.5 - 0.620 inch

Calculate the effective mass of the element.

Ku4 - 0.72

11.1 3 490
w - - + - x 18 x - - (0.925 + 3.825) - 4.750 lb/in

12 4 1,728

Effective unit mass of element,

4.75 x 106

me - 0.72 x 12 - 0.89 x 104 lb-ms 2/in 2

32.2 x 12

Calculate the natural period of vibration, TN.

TN - 21r[(89 x 10 2 )/652.5] 1 / 2 - 23.2 ms

Determine the response parameters. (Figure 3-64a)

Peak overpressure P - 14.8 x 36/2 - 266.5 lb/in

Peak resistance ru - 405 lb/in

Duration T - 13.0 ms

Natural period of vibration, TN - 23.2 's

P/ru - 266.5/405 - 0.658

T/TN - 13/23.2 - 0.56
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From Figure 3-64a,

M Xm/XE<l1

From Figure 3-49 for T/TN 0.56,

DLF -1.28

1.28 x 14.8 x 36/2
Hence, Xm -- 0.522 in

652.5

tan e - X.m/(L/2) - 0.522/48 -0.0109

0 - 0.690 < 20 O.K.

Check stresses at the connecting point.

a - My/I - 355 x 103 x (1.445 -0.75)/24.881

XM 0.522
-9,900 psi (MxM - x 405-341)

XE 0.62

12.79 x 103 x 8 x 3/4 x (1.445 -0.75/2)

'C-VQ/Ib - 5,321 psi
24.881 x 1/2

Effective stress at the section - (a2+ T2 )1/2

10 io , (9.92 + 5.3.A2 ) 1/2 _ 11,239 psi -< 39.600 psi. O.K.

Excample 5A-7 (b) Design of a Plate Blast Dloor for 1pressure-Time Loading

Required: Design a single-leaf door (4 ft by 7 ft) for the given pressure-
time loading.

Step 1. Given:

a. Pressure-time loading [figure 5A-7 (c)]

b. Design criteria: Door shall be designed to contain blast
pressures from an internal explosion. Gaskez. and teversal
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A

B $Syrnm. abt. .

F ~(7'-0" High)
G~ Bearing

PLAN / SECTION

Legend:

A - Steel frame embedded in concrete
B - Steel sub-frame
C - Reversal bolt housing
D - Reversal bolt
E - Blast door plate
F - Continuous gasket
G - Continuous bearing block

S1100-
g3psi

100 psi

Idl,1.0 MS TIME

Figure 5A-7(c)Door configuration and loading., Example 5A-7(b)
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mechanisms shall be provided. Support rotation shall be
limited to 3

IC . Structural configuration (see figure 5A-7 (c)]

Note: This type of door is suitable for high pressure range

applications.

d. Steel used: ASTM A588

Yield strength, f - 50 ksi (Table 5-1)
Dynamic increase fyactor, c - 1.24 (preliminary, Table 5-2)

Average strength increase factor, a - 1.1 (Section 5-12.1)

Hence, the dynamic design stress,

-fds - 1.1 x 1.24 x 50 - 68.2 ksi (Equation 5-2)

Note:
It is assumed, for the limited design rotation of 3* , that
A < 10, and, therelore, that equation 5-3 does not govern.

The dynamic design stress in shear

fdv - 0.55 fds - 37.5 ksi (Equation 5-4)

Step 2. Assume a plate thickness of 2 inches

Step 3. Determine the elastic and plastic section moduli (per unit width)

bd 2  1 (2)2
S - - -- 0.667 in 3/in

6 6

bd 2  1 (2)2
Z - -- 1.0 in3/in

4 4

Step 4. Calculate the design plastic moment,

- fds (S + Z)/2 - 68.2 (0.667 + 1.0)/2 - 56.8 in-k/in
(Equation 5-7)

Step 5. Calculate the dynamic ultimate shear capacity, Vp, for a 1-inch
width.
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AVP - fdvAw - 37.5 x 2 - 75.0 kips/in (Equation 5-16)

Step 6. Evaluate the support shear and check the plate shear capacity.

Example 5A-7 (b)

Assume DLV - 1.0 (Table 5-4)

For simplicity, assume the plate is a one-way member, hence:

V - DLF x P x L/2 - 1.0 x 1100 x 48/2 - 26,400 lb/in

- 26.4 kips/in

V/Vp - 26.4/75. - 0.352 < 0.67 (Section 5-31)

No reduction in equivalent plastic moment is necessary.

Step 7. Calculate the ultimate unit resistance, ru.

For a plate, simply-supported on four sides (direct load)

ru - 5M(/X 2  (Table 3-2)

where MHP - p and MHN - 0 and

X L
- - 0.35 for - - 1.75 (Figure 3-17)

L H

thus, X - 0.35 x 12 x 7 - 29.4 in

ru - 5 x 56.8/(29.4)2 - 329 psi

Step 8. Compute the moment of inertia, I, for a 1-inch width

bd 3  1 x 23
I . . .. 0.667 in 4 /in

12 i2

Step 9. Calculate the equivalent elastic stiffness, KE

KE - r/x - D/y H4  (Figure 3-36)
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where

y - 0.0083 (for H/L - 0.57)

D - El/b (1 V2) (Equation 3-33)

D - 29.6 x 10 6 x 0.667/1 (1 - .32) - 2.17 x 107

KE - 2.17 x 107/0.0083 x 484 - 492.psi/in

Step 10, Determine the equivalent elastic deflection, XE.

XE - ru/KE - 329/492 - 0.669 in

Step 11. Calculatcý the effective mass of the element

a. Ku1 (average elastic and plastic)

- (0.78 + 0.66)/2 - 0.72

b. Unit mass of element,

2 x I x 1 x 490 x 106  psi-ms 2

m w/g -1,468
1,728 x 32.2 x 12 in

c. Effective unit mass of element, we

Psi -ms2

me - KLM x m - 0.72 x 1,468 - 1,057 --
in

Step 12. Calculat.-A the natural period of vibration, TN

TN - 27 (1,057/492)1/2 - 9.2 ms

Step 13. Determine the door plate response for:

P/ru - 1100/329 - 3.34

T/TN - 1.0/9.2 0.109

l.- 100/1100 - 0.091 (Figure 3-62, Region C)
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C2 > 1000

Using Figure 3-253,

Xm/xE 1.5

Xm 1.5 x 0.669 - 1.00 in

Step 14. Determine the support rotation.

a - tan"I (1/24) - 2.39' < 3'

Stop 15. Evaluate the selection of the dynamic increase factor.

6 - fds/EstE (Equation 5-1)

tE/T - 1.8, tE - 1.8 ms (Figure 3-253)

S- 68.2/29.6 x 103 x .0018 - 1.28 in./in./sec.

DIF - 1.3 (figure 5.-2, average of A36 and A514)

Initial selection of DIF - 1.24 is adequate.

Since the support rotation criteria has been satisfied and the
preliminary selection of the DIF is acceptable, a 2 inch thick
plate is used in design.

Steps 15 These steps are bypassed since the door plate has no stiffening
through elements.
18

Problem 5A-8 Design of Doubly Symmetric Beams Subjected to Inclined
Pressure-Time Loading

Problem: Design a purlin or girt as a flexural member which is subjected to
a transverse pressure-time load acting in a plane other than a
principal plane.

Procedure:

Step 1. Establish the design parameters.
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a. Pressure-time load

b. Angle of inclination of the load with respect to the
vertical axis of the section

c. Design criteria: Maximum support rotation limited to 2'.

d. Member spacing, b

e. Type and properties of steel used:

Minimum yield strength for the section (Table 5-1)

Dynamic increase factor, c (Table 5-2)

Step 2. Preliminary sizing of the beam.

a. Determine the equivalent static load, w, using a preliminary
dynamic load factor equal to 1.0.

w-w 1.0 x p x b

b. Using the appropriate resistance formula from Table 3-1 and
the equivalent static load derived in Step 2a, determine the
required Mp.

c. Determine the required section properties using equation 5-
J" 7. Select a larger section since the member is subjected to

unsymmetrical bending.

Note that for a load inclination of 10", it is necessary to
increase the required average section modulus, (1/2) (S +
Z), by 40 percent.

Step 3. Check local buckling of the member (Section 5-24).

Step 4. Calculate the inclination of the neutral axis (equation 5-24).

Step 5. Calculate the elastic and plastic section moduli of the section
(equation 5-25).

Step 6. Compute the design plastic moment, Mp, (equation 5-6).

Step 7. Calculate ultimate unit resistance, ru, of the kiember.

Step 8. Calculate elastic deflection, 6 (Section 5-32.3).

Step 9. Determine the equivalent elastic unit stiffness, KE, of the beam
section using 6 from Step 8.

Step 10. Compute the equivalent elastic deflection, XE, of the member as
given by XE - ru/KE. 1 U
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Step 11. Determine the load-mass factor, KLM, and obtain the effective unit
mass, me, of the element.

Step 12. Evaluate the natural period of vibration, TN.

Step 13. Determine the dynamic response of the beam. Evaluate P/ru and
T/TN, using the response charts of Chapter 3 to obtain Xm/XE and
0. Compare with criteria,

Step 14. Determine the ultimate dynamic shear capacity, V_, (equation 5-16)
and maximum support shear, V, using Table 3-9 of Chapter 3 and
check adequacy.

Example 5A-8 Design an I-Shaped Beam for Unsymmetrical Bending Due to
Inclined Pressure-Time Loading

Required: Design a simply-supported I-shaped beam subjected to a pressure-
time loading acting at an angle of 10* with respect to the
principal vertical plane of the beam. This beam is part of e
structure designed to protect personnel.

Step 1. Given:
a. Pressure-time loading [figure 5A-8 (a)]

b. Design criteria: The structure is to be designed for more
than one "shot." A maximum end rotation - 10, is therefore
assigned

c. Structural configuration [figure 5A-8(a)]

d. Steel used: A36

Yield strength, fy - 36 ksi (Table 5-1)

Dynamic increase factor, c - 1.29 (Table 5-2)

Average yield itrength increase factor, a - 1.1 (Section 5-
12.1)

Dynamic design strength, fds - 1.1 x 1.29 x 36 - 51.1 ksi
(equation 5-2)

Dynamic yielding stress in shear, fdv - 0.55 fds " 0.55 x
51.1 - 28.1 ksi (equation 5-4)

Moduluz of elasticity, E - 29,000,000 psi

Step 2. Preliminary sizing of the member.

a. Determine equivalent static load.

5
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Select DLF - 1.2 (Section 5-22.3)

w - 1.25 x 4.5 x 4.5 x 144/1,000 - 3.65 k/ft

Y

19'-0" i ý/TRANSVERSEiw i'-o :i -•'LOAD
w = 4.8 psf

(excluding beam weight

Spacing: b = 4.5' 0=100

L- 4.5 psi

20 ms
TIME

Figure 5A-8(a) Beam configuration and loading, Example 5A-8(a)

b. Determine minimun, required R4

Mp - (wL2 )/8 - (3.65 x 192)/8 - 165 k-ft (Table 3-1)

c. Selection of a member,

For a load acting in the plane of the web,

(S + Z) - 2 Mp/fds - (2 x 165 x 12)/51.1 (Equation 5.7)

(S + Z) - 77.5 in 3

(S + Z) required 1.4 x 77.5 = 109 in.3
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Try W14 x 38, Sy -54.6 in3  zX -61.5 in3

(S + Z) - 116.1 ind, 1. 385 in4

I- 26.7 in4

Step 3. Check against local buckling.

For W14 x 38,

d/w- 45.5 < (412 /(36)1/2) (1 -1.4 x P/P,. y G8.66 O.K.
(Equation 5-17)

bf/2tf - 6.6 < 8.5 O.K. (Section 5-24)

Stop 4. Inclination of elastic anrA plastic neutral axes with respect to
the x-axis.

tan a ('X/'I tan 0 (385/26.7) tan 10. 2.546
y (Equation 5-24)

-68.50

Calculate the equivalent elastic section modulus.

S - (SxS y)/(S yCos 0 + Sxsin 0)

- 546 i 3, - 7.88 ind, 0 - 100Sx 54. in Sy

sin 10' -' 0.174. Cos 10' - 0.985

S -(54.6) (7.88)/(7.88 x 0.985 + 54.7 x 0.174) -24.9 in3

Step 5. Calculace the plastic section modulus, Z~.

Z -Acml + Atm2  (Equation 5-6)

A At A/2 -11.2/2 -5.6 n
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Lot y be the distance of the c.g. of the area of cross section in
compression from origin as shown in Figwura 5A-8 (b).

114.10 0.515
-- 6.770 x 0.515 x,(-___

562 2

+ - (14.10 - 2 x 0.515) x 0.310
2

1 14.10
x (2- - 0551- 5.42 inches

ml m - y sin a - 5.42 sin 68* 30' - 5.05 inches

Z -2A~w 1- 11.2 x 5.05 - 56.5 id3

y
- -- 1. TRAN~SVERSE LOAD

I- Elastic and Plastic
I0 Nu~ra Axi

- 0 Through the CentroidU 6.770'
Figure 5A-8(b) Loading on beam section, Example 5A-8(b)

Stop 6 Determine design plastic moment, M P

-1 fds(S + Z)/2 -51.1(24.9 + 56.5)/2 (Equation 5-7)
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-51.1 x 40.7 -2,080 in-kips

Step 7. Calculato ultimate unit ..esistance, ru

ru- 8MP/L2 _ (8) (2,080) (1,000)/(19 x 12)2 -320 lb/in

(Table 3-1)

Step 8. Compute elastic deflection, S.

6 [- + 6 y2)]l /2 (Section 5-32.3)

5w cosO L4

y 384EIx

5w sinO L4

384EI y

w -equivalent static load + dead load

(4.8 x 4.5) + 38
-2.92 + - kips/ft - 2.94 kips/ft

1.000

-1/2

I5wsinOL4 j2 5wcosOL4)

6-384 EI~ + 384EI ]
5WL4

- [(0.652)2 + (0.256)2 ]1/2 -2.08 inches
38.,400E

Step 9. Calculate the equivalent elastic unit stiffness, KE.

KE- w/6 - 2.4x100x1- 117.8 lb/in2

12 x 2.085

(Get w from Step 8)

Step 10. Determine the equivalent elastic deflection, XE.

XE - u/KE -320/117.& - 2.72 inches
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Step 11. Calculate the effective mass of the element, me.

a. Loadi-mass factor, KLA (Table 3-12)

KLM (average elastic and plastic)

- (0.78 + 0.66)/2 - 0.72

b. Unit mass of element, m

M - w/g - [(4.5 x 4.8) + 38) x 106 - 1.286 x 104 lb-ms 2 /in 2

32.2 x 12 x 12

c. Effective unit mass of element, me

me - Kj~m - 0.72 x 1.286 x 104 - 0.93 x 104 lb-ms 2 /in 2

Step 12. Calculate the natural period of vibration, TN.

TN - 2ft [(93 x 102)/117.8]1/2 - 55.8 ms (Section 5-22.2)

Step 13. Determine the beam response.

Peak overpressure P - 4.5 x 4,5 x 1.2 - 243 lb/in

Peak resistance ru - 320 lb/in

Duration T - 20 ms

Natural period of vibration, TN - 55.8 ms

P/re - .43/320 - 0.76

T/TN - 20/55.8 - 0.358

From figure 3-64a

xi/!XE < 1

From figure 3-49, for T/TN 0.358,
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DLF - 0.97

Hence, Xm - 0.97 x 4.5 x 4.5 x 12/117.8 - 2.0 in

Find end rotation, 8.

tan 8 - Xm/(L/ 2 ) - 2.0/[(19 x 12)/2] - 0.0175

) - 1.0" O.K.

Stel 14. Calculate the dynamic ultimate shear capacity, Vp, and check for
adequacy.

VP - fdvAw - 28.1 (14.10 - 2 x 0.515) (0.310) - 113.9 kips
(Equation 5-16)

V - DLF x P x b x L/2

- 0.97 x 4.5 x 4.5 x 19 x 144/(2 x 1,000)

- 26.9 kips < 89.2 kips < Vp O.K. (Table 3-9)
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a yield stress increase factor
A Area of cross section (in 2

2
Ab Area of bracing member (in 2 )

2
Ac Area of cross section in compression (in2)

At Area of cross section in tension (in 2 )

Aw Web area (in 2)

b Width oZ tributary loaded area (ft)

bf Flange width (in)

bh Tributary width for horizontal loading (ft)

bv Tributary width for vertizal loading (ft)

c,DIF (1) Dynamic increase factor
c (2) Distance from neutral axis to extreme fiber of cross-section in

flexure (in)

C,C1 Coefticients indicating relative column to girder moment capacity
(Section 5-42.1)

+Cb Bending coefficient defined in Section 1.5.1.4.5 of the AISC
Specification

Cc Column slenderness ratio indicating the transition from elastic to
inelastic buckling

CmxCmy Coefficients applied to the bending terms in interaction formula
(AISC Specification Section 1.6.1)

C2  Coefficient in approximate expression for sidesway stiffness factor

(Table 5-14)

D Coefficient indicating relative girder to column stiffness (Table 5-14)

DLF Dynamic load factor

d (1) Web depth (in)
(2) Diameter .f cylindrical portion of fragment, in.

E Young's modulus of elasticity (psi)

f (1) Maximum bending stress (psi)
(2) Shape factor, S/Z
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fa Axial stress permitted in the absence of bending moment from Section 5-
37.3 (psi)

fb Bending stress permitted in the absence of axial force (psi)

fcr Web buckling stress (psi)

Maximum dynamic design stress for connections (psi)

fds Dynamic design stress for bending, tension and compression (psi)

fdv Dynamic yielding shear stress (psi)

Sfdv Dynamic ultimate stress (psi)

fdy Dynamic yield stress (psi)

F'exF'ey Euler buckling stresses divided by safety factor (psi)

FH Horizontal component of force in bracing member (lb)

Fs Allowable static design stress for connections (psi)

fu Ultimate tensile stress (psi)

f Minimum static yield stress (psi)
y

g Acceleration due to gravity (386 in/se2)

H Story height (ft)

h Web depth for cold-formed, light gauge steel panel sections (in)

I Moment of inertia (in 4 )

Ica Average column moment of inertia for single-story multi-bay frame(in4 )

120 Effective moment of inertia for cold-formed section at a service stress
of 20 ksi (in 4 per foot width)

.,• I, Moment of inertia about the x-axis (in 4 )
•I Moment of inertia about the y-axis (in 4 )

y

K (1) Effective length factor for a compression member
(2) Stiffness factor for rigid single-story, multi-bay frame from

Table 5-14

Kb Horizontal stiffness of diagonal bracing (lb/ft)

KE Equivalent elastic stiffness (lb/in or psi/in)
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KL Load factor
KLM Load-mass factor

KM Mass factor

L (1) Span length (ft or in)
(2) Frame bay width (ft)

1 Distance between cross section braced against twist or lateral

displacement of compression flange ur distance between points of lateral
support for beams or columns

1/r Slenderness ratio

ib Actual unbraced length in the plane of bending (in)

icr Critical unbraced length (in)

M Total effective mass (lb-ms /in)

MmxMm Moments about the x- and y-axis that can be resisted by member inM=My
the absence of axial load

Mp Design plastic moment capacity

AIRN 1 MIM 2 Design plastic moment capacities (figures 5-6 and 5-10)

Plastic bending moment capacities about the x- and y-axes

Mpu Ultimate dynamic moment capacity

Mup Ultimate positive moment capacity for unit width of panel

Mun Ultimate negative moment capacity for unit width of panel

My Homent corresponding to first yield

m (1) Unit mass of panel (psi-ms 2 /in)
(2) Number of braced bays in multi-bay frame

Me Effective unit mass (psi-ms2/in)

mI Distance from plastic neutral axis to the centroid of the area in
compression in a fully plastic section (in)

m, Distance from plastic neutral axis to the centroid of the area in

tension in a fully plastic section (in)

N Bearing length at support for cold-formed steel panel (in)

n Number of bays in multi-bay frame

P (1) Applied compressive load (lb)
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(2) Peak pressure of equivalent triangular loading function, (psi)
[when us,. with ru], or peak total blast load (ib) [when used with
Ru].

Pex'Pey Euler buckling loads about the x- and y-axes

PP Ultimate capacity for dynamic axial load, Afdy (lb)

Pu Ultimate axial compressive load (lb)

Py Ultimate capacity for static axial load Afy (Ib)

Ph Reflected blast pressure on front wall (psi)

Pv Blast overpressure on roof (psi)

Qu Ultimate support capacity (lb)

qh Peak horizontal load on rigid frame (lb/ft)

Sqv Peak vertical load on rigid frame (lb/ft)

R Equivalent total horizontal static load on frame (lb)

Ru Ultimate total flexural resistance (lb)

rb Radius of gyration of bracing member (in)

rT Radius of gyration, equation 5-22 (in)

ru Ultimate unit flexural resistance (psi)

rx'ry Radii of gyration about the x- and y-axes (in)

r Required resistance for elastic behavior in rebound (psi)

S Elastic section modulus (in 3 )

SElastic section modulus about the x- and y-axes (ind )

S+ Effective section modulus of cold-formed section for positive moments
(in 3 )

S" Effective section modulus of cold-formed section for negative moments
(ind)

T Load duration (sec)

TN Natural period of vibration (sec)

t (1) Thickness of plate element (in)
(2) Thickness of panel. section (in)

tE Time to yield (sec)
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tf Flange thickness (in)

tm Time to maximum response (sec)

Stw Web thickness (in)

V Support shear (ib)

V Ultimate shear capacity (Ib)

Vr Residual velocity of fragment (fps)

Vs Striking velocity of fragments, (fps)

Vx Critical perforation velocity of fragment (fps)

W Total weight (Ib)

iW Total concentiated load (lb)

WE External work (lb-in)

Wf Fragment weight (oz.)

WI Internal work (lb-in)

w (1) Flat width of plate element (in)
(2) Load per unit area (psi)
(3) Load *er unit length (lb/ft)

Xo Deflection at design ductility ratio (figure 5-12)

XE Equivalent elastic deflection (in)

Xm Maximum deflection (in)

x Depth of penetration of steel fragments (in)

Z Plastic section modulus (in 3 )

ZxZy Plastic section moduli about the x- and y-axes (in 3

(1) Angle between the horizontal principal plane of the cross section
and the neutral axis (deg)

(2) Ratio of horizontal to vertical loading on a frame

13 (1) Base fixity factor (Table 5-14)
(2) Support condition coefficient (Section 5-34.3)
(3) Critical length for bracing correction factor (Section 5-26.3)

Y Angle between bracing member and a horizontal plane (deg)

6 (1) Total transverse elastic deflection (in)
(2) Lateral (sidesway) deflection (in)
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f Strain (in/in)

W Average strain rate (in/in/sec)

e (1) Member end rotation (deg)
(2) Plastic hinge rotation (deg)

emax Maximum permitted member end rotation

Ductility ratio

Amax Maximum permitted ductility ratio

Angle between the plane of the load and the vertical principal plane of
the cross section (deg)
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CHAPTER 6

SPECIAL CONSIDERATIONS IN EXPLOSIVE FACILITY DESIGN

INTRODUCTION

6-1. Purpose

The purpose of this manual is to present methods of design for protective
eonstruction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of
explosive materials.

6-2. Objective

The primary objectives are to establish design procedures and construction
techniques whereby propagation of excplosion (from one structure or part of a
structure to another) or mass detonation can be prevented and to provide
protection for personnel and valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures,

(2) Provide methods for calculating the dynamic response of structural
elements including reinforced concrete, and structu:':al steel.

(3) Establish construction details and procedures necessary to afford
the required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain
maximum cost effectiveness in both the planning and structural
arrangements, providing closures, and preventing damage to interi-,
or portions of structures because of structural motion, shock, and
fragment perforation.

6-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual._

M4odern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantiLy! of explosive material than was previously needed. Such
concentration of explosives increases the oossibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation includ-
ing the high pressures and the nonuniformity of blast loading on protective
structures or barriers. These methods also account for intermediate and far-
range effects for the design of structures located away from the explosion.
The dynamic response of structures, constructed of various materials, or
combination of materials, can be calculated, and details are given to provide
the strength and ductility required by the design. The design approach is
directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is
applicable to the design of other explcsive environments as well as other
explosive materials as mentioned above.

The design techniques set forth in this manual are based upon the results of
numerous full- and small-scale structural response and explosive effects tests
of various materials conducted in conjunction with the development of this
manual and/or related projects.

6-4. Scope

It is not the intent of this manital to establish safety criteria. Applicable
documents should be consulted for this purpose. Response predictions for
personnel and equipment are included for information.

In this manual an effort is made to cover the more probable design situations.
However, sufficient general information on protective design techniques has
been included in order that application of the basic theory can be made to
situations other than those which were fully considered.

This manual is applicable to the design of protective structures subjected to
the ei."ects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the dosign procedures are applicable for exilosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facilities in the Dep.arLment of Defense manual, "Ammun-
ition and Explosives Safety Standards", DOD 6055.9-STD. Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wood, brick blocks, and plastics, as
well as the blast attenuating and mass effects of soil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted
for review by DDESB and the above services. Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will
be made by the individual repositories.

6-5. Format

This manual is subdivided into six specific chapters dealing with various
aspects of design. The titles of these chapters are as follows:

Chapter I Introduction
Chapter 2 Blast, Fragment, and Shock Loads
Chapter 3 Principles of Dynamic Analysis
Chapter 4 Reinforced Concrete Design
Chapter 5 Structural Steel Design
Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design invoives many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is fi.-st used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS

6-6. General

This chapter contains procedures for the design of blast resistant structures
other than above ground, cast-in-place concrete or structural steel struc-
tures, as well as the design of other miscellaneous blast resistant compo-
nents. Included herein is the design of reinforced and non-reinforced masonry
walls, recast elements both prestressed and conventionally reinforced, pre-
engineered buildings, suppressive shielding, blast resistant windows, under-
ground structures, earth-covered arch-type magazines, blast valves and shock
isolation systems.

0
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MASONRY

, ~6-~7. Application

Masonry units are used primarily for wail construction. These units m&y be
used for both exterior walls subjected to blast overpressures and interior
walls subjected to Inertial effects due to building motions. Basic variations
in wall configurations may be related to the type of masonry unit such as
brick, clay tile or solid and hollow concrete masonry units (CM), and the
manner in which these units are laid (running bond, stack bond, etc.), the
number of wythes of units (single or double), and the basic lateral load-
carrying mechanism (reinforced or non-reinforced, one or two-way elements).

In addition to their inherent advantages with respect to fire protection,
acoustical and thermal. insulation, structural mass and resistance to flying
debris, masonry walls when properly designed and detailed can provide economi-
cal resistance to relatively low blast pressures. However, the limitation on
their application includes a limited capability for large deformations,
reduced capacity in rebound due to tensile cracking in the primary phase of
the response as well as the limitations on the amount and type of reinforce-
ment which can be provided. Because of these limitations, masonry construc-
tion in this Manual is limited to concrete masonry unit (CM) walls placed in a
running bond and with single or multiple wythes. However, because of the
difficulty to achieve the required interaction between the individual wythes,
the use of multiple wythes should be avoided.

Except for ismall structures (such as tool sheds, garage, etc.) where the floor
area of the building is relatively small and interconnecting block walls can
function as shear walls, masonry walls will usually require supplementary
framing to transmit the lateral forces produced by the blast forces to the
building foundation. Supplementary framing is generally classified into two
categories (depending on the type of construction used); namely (1) flexible
type supports such as structural steel framing, and (2) rigid supports
including reinforced concrete frames or shear wall slab construction. The use

of masonry walls in combination with structural steel frames is --suallyI limited to incident over-pressures of 2 psi or less while masonry walls when
supported by rigid supports may be designed to resist incident prassures as
high as 10 psi. Figures 6-1 and 6-2 illustrate these masonry support systems.

Depending on the type of construction used, masonry walls may be classified
into three categories: namely (1) cavity walls, (2) solid walls, and (3) a
combination of cavity and solid walls. The cavity walls utilize hollow load -
bearing concrete masonry units conforming to ASTH C90. Solid walls use solid
load-bearing concrete masonry units conforming to ASTM C145 or hollow units
whose cells and voids are filled with grout. The combined cavity and solid
walls utiiize the combination of hollow and solid units. Masonry walls may be
subdivided further depending on the type of load-carrying mechanism desired:
(1) joint reinforced masonry construction, (2) combined joint and cell
reinforced masonry construction, and (3) non-reinforced masonry construction.

Joint reinforced masonry construction consists of single or multiple wythes
walls and utilizes either hollow or solid masonry units. The joint reinforced
wall construction utilizes commercially available cold drawn wire assemblies
(see Figure 6-3), which are placed in the bed joints between the rows of the
masonry units. Two types of reinforcement are available; truss and ladder
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types. The truss reinforcement provides the more rigid system and, therefore,
is recommended for use in blast resistance structures. In the event that
double wythes are used, each wythe must be reinforced independently. The
wythes must also be tied together using wire ties. Joint reinforced masonry
construction is generally used in combination with flexible type supports.
The cells of the units located at the wall supports must be filled with grout.
Typical joint reinforced masonry construction is illustrated in Figure 6-4.

Combined joint and cell reinforcement masonry construction consists of single
wythe walls which utilize both horizontal and vertical reinforcement. The
horizontal reinforcement may consist either of the joint reinforcement
previously discussed or reinforcing bars. Where reinforcing bars are used,
special masonry units are used which permit the reinforcement to sit below the
joint (Figure 6-5). The vertical reinforcement consists of reinforcing bars
which are positioned in one or more of the masonry units cells. All cells,
which contain reinforcing bars, must be filled with grout. Depending on the
amount of reinforcement used, this type of construction may be used. with
either the flexible or rigid type support systems.

Non-reinforced masonry construction consists of single wythe of hollow or
solid masonry units. This type of construction does not utilize reinforcement
for strength but solely relies on the arching action of the masonry units
formed by the wall deflection and support resistance (Figure 6-6). This form
of construction is utilized with the rigid type support system and, in
particular, the shear wall and slab construction system.

6-8. Design Criteria for Reinforced Masonry Walls

6-8.1. Static Capacity of Reinforced Masonry Units

Figure 6-7 illustrates typical shapes and sizes of concrete masonry units
which are commercially available. Hollow masonry units shall conform to ASTM
C90, Grade N. This grade is recommended for use in exterior below and above
grade and for interior walls. The minimum dimensions of the components of
hollow masonry units are given in Table 6-1.

The specific compressive strength (i'm) for concrete masonry units may be

taken as:

Type of Unit Ultimate Strength (i'm)

Hollow Units 1350 psi
Hollow Units tilled with grout 1500 psi
Solid Units 1800 psi

while the modulus of elasticity (Em) of masonry units is equal to:

E 1 - 1000 f'm 6-1

The specific compressive strength and the modulus of elasticity of the mortar
may be assumed to be equal to that of the unit.

Joint reinforcement shall conform to the requirements of ASTM A82 and,
therefore, it will have a minimum ultimate (fu) and yield (fm) stresses equal
to 80 ksi and 70 ksi respectively. Reinforcing bars shall conform to ASTM
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A615 (Grade 60) and have minimum ultimate stress (fun) cf 90 ksi and minimum
yield stress (fm) of 60 ksi. The modulus of elasticity of the reinforcementA * is equal to 29,000,000 psi.

6-8.2 Dynamic Strength of Material

Since design for blast resistant structures is based on ultimate strength, the
actual yield stresses of the material, rather than conventional design
stresses or specific minimum yield stresses, are used for determining the
plastic strengths of members. Further, under the rapid rates of straining
that occur in structures loaded by blast forces, materials develop higher
strengths than they do in the case of statically loaded members. In calculat-
ing the dynamic properties of concrete masonry construction it is recommended
that the dynamic increase factor be applied to the static yield strengths of
the various components as follows:

Concrete

Flexure 1.19 f'

Shear 1.00 f' m

Compression 1.12 f'

Reinforcement

Flexure 1.17 fm

6-8.3 Ultimate Strength of Reinforced Concrete Masonry Walls

The ultimate moment capacity of joint reinforced masonry construction may be
conservatively estimated by utilizing the horizontal reinforcement only and

neglecting the compressive strength afforded by the concrete. That is the
reinforcement in one face will develop the tension forces while the steel in
the opposite face resists the compression stresses. The ultimate moment
relationship way be expressed for each horizontal joint of the wall as
follows:

Asfd 6-2
fdydc

where:

As - area of joint reinforcement at one face

f - dynamic yield strength of the joint reinforcement

dc - distance hetween the centroids of the compression and ten-
sion reinforcement

Mu- ultimate moment capacity

On the contrary, the ultimate moment capacity of the cell reinforcement
(vertical reinforcement) in a comhined joint and cell reinforced masonry
construction utilizes the concrete strength to resist the compression forces.
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The method of calculating ultimate moment of the vertical reinforcement is the
same as that presented in Chapter 4 of this manual which is similar to that
Sp.esented in the American Concrete Institute Standard Building Code Require-
ments for Reinforced Concrete.

The ultimate shear stress in joint reinforced masonry walls is computed by the
formula:

vu Vu /A, 6-3

where:

vu- unit shear stress

Vu - total applied design shear at dc/2 from the support

An - net area of section

In ll cases, joint reinforced masonry walls, which are designed to resist
biL-. pressures, shall utilize shear reinforcement which shall be designed to
carry the total shear stress. Shear reinforcement sh-ll consist of; (1) bars
or stirrups perpendicular to the longitudinal reinforcement, (2) longitudinal
bars bent so that the axis or inclined portion of the bent bar makes an angle
of 45 degrees or move with the axis of the longitudinal part of the bar; or
(2) a combination of (1) and (2) above. The area of the shear reinforcement
placed perpendicular to the flexural steel shall be computed by the formula:

rubs

AV - 6-4Ofm

where:

SAV- area of shear reinforcement

b - unit width of wall

s - spacing between stirrups

1••fm- yield stress of the shear reinforcement

- strength reduction factor equel t- 0.85

When bent or inclined bars are used, the area of shear teinforcement siall be
calculated using:

bs
A-V _ _ _ .- 6-5

-fm (sin a + cos a)

where:

a - angle between inclined stirrup and longitudinal axis of the
member,
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Shear reinforcement in walls shall be spaced so that every 45 degree line
extending from mid depth (dc/2) of a wall to the tension bars, crosses at
least one line of shear reinforcement.

Cell reinforced masonry walls essentially consist of solid concrete elements.
Therefore, the relationships, for reinforced concrete as presented in Chapter
4 of this manual may also be used to determine the ultimate shear stresses in
cell. reinforced masonry walls. Shear reinforcement for cell reinforced walls
may only be added to the horizontal joint similar to joint reinforced masonry
walls.

6-8.4. Dynamic Analysis

The principles for dynamic analysis of the response of structural elements to
blast loads are presented in Chapter 3 of this manual. These principles also
apply to blast analyses of masonry walls. In order to.perform these analyses,
certain dynamic properties must be established as follows:

Load-mass factors, for masonry walls spanning in either one direction (joint
reinforced masonry construction) or two directions (combined joint and cell
reinforced masonry construction) are the same as those load-mass factors which
are listed in Tables 3-12 and 3-13. The load-mass factors are applied to the
actual mass of the wall. The weights of masonry wall can be determined based
on the properties of hollow masonry units previously described and utilizing a
concrete unit weight of 150 pounds per cubic foot. The values of the loadmass
factors KLM, will depend in part on the range of behavior of the wall; i.e.,
elastic, elasto-plastic, and plastic ranges. An average value of the elastic
and elasto-plastic value of Ku4 is used for the elasto-plastic range while an
average value of the average KIM for the elasto-plastic range and KLm of the
plastic range is used for the wall behavior in the plastic range.

The resistance-deflection function is illustrated in Figure 3-1. This figure
illustrates the various ranges of behavior previously discussed and defines
the relatiunship between the wall's resistances and deflections as well as
presents the stiffness K in each range of behavior. It may be noted in Figure
3-1, that the elastic and elasto-plastic ranges ef behavior have been ideal-
ized forming a bilinear (or trilinear) function. The equations for defining
these functions are presented in Section 3-13.

The ultimate resistance ru, of a wall varies; (1) as the distribution of the
applied load, (2) geometry of the wall (length and width), (3) the amount and
distribution of the reinforcement, and (4) the number and type of supports.
The ultimate resistances of both one and two-way spanning walls are given in
Section 3-9.

Recommended maximum deflection criteria for masonry walls subjected to blast
loads is presented in Table 6-2. This table includes criteria for both
reusable and non-reusable conditions as well as criteria for both one and
two-way spanning walls.

When designing masonry walls for blast loads using response chart procedures
of Chapter 3 the effective natural period of vibration is required. This
effective period of vibration when related to the duration of the blast
loading of given intensity and a given resistance of the masonry wall deter-
mines the maximum transient deflection Xm of the wall. The expression for the
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natural period of vibration is presented in equation 3-60, where the effective
unit mass me has been described previously and the equivalent unit stiffness
KE is obtained from the resistance-deflection function. The equivalent
stiffness of one way beams is presented in Table 3-8. This table may be used
for one way spanning walls except that a unit width shall be used. Methods
for determining the stiffnesses and period of vibrations for two-way walls are
presented in Sections 3-11 through 3-13. Determining the stiffness in the
elastic and elasto-plastic range is complicated by the fact that the moment of
inertia of the cross section along the masonry wall changes continually as
cracking progresses, and further by the fact that the modulus of elasticity
changes as the stress increases. It is recommended that computations for
deflections and therefore, stiffnesses be based on average moments of inertia
I. as follows:

in + Ic
Ia - 6-6

2

In Equation 6-6, 1n is the moment of inertia of the net section and Ic is the
moment of inertia of the cracked section. For solid masonry units the value
of In is replaced with the moment of inertia of the gross section. The values
of In and I for hollow and solid masonry units used in joint reinforced
masonry construction are listed in Table 6-3. The values of I for solid
units may also be used for walls which utilize combined joint and cell masonry
construction. The values of Ic for both hollow and solid masonry construction
may be obtained using:

Ic - 0.005 bdc 3  6-7

6-8.5. Rebound

Vibratory action of a masonry wall will result in negative deflections after
the maximum positive deflection has been attained. This negative deflection
is associated with negative forces which will require tension reinforcement to
be positioned at the opposite side of the wall from the primary reinforcement.
In addition, wall ties are required to assure that the we-l is supported by
the frame (Figure 6-8). The rebound forces are a function of the maximum
resistance of the wall as well. as the vibratory properties of the wall and the
load duration. The maximum elastic rebound of a masonry wall may be obtained
from Figure 3-268.

6-9. Non-Reinforced Masonry Walls

The resistance of non-reinforced masonry walls to lateral blast loads is a
function of the wall deflection, mortar compression strength and the rigidity
of the supports.

6-9,1. Rigid Supports

If the supports are completely rigid and the mortar's strength is known, a
resistance function can be constructed in the following manner.

Both supports are assumed to be completely rigid and lateral motion of the top
and bottom of the wall is prevented. An incompletely filled joint is assumed
to exist at the top as shown in Figure 6-9a. Under the action of the blast
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load the wall is assumed to crack at the center. Each half then rotates as a

rigi'd body until the wall takes the position shown in Figure 6-9b. Du-Ang the
rotation the midpoint m has undergone a lateral motion Xc in which no resis-
tance to motion will be developed in the wall, and the upper corner of tha
wall (point o) will be just touching the upper support. The magnitude of Xc
can be found from the geometry of the wall Li its deflected position:

LIT -x.]2 - L2 [h/2 + (h' - h)/2] 2 6-8

- L2 (h,/2) 2

where:

Xc- T- [L2 _ (hl/2)2ji/2 6-9

and

L I [(h/2)2 + T2]l/2 6-10

All other symbols are shown in Figure 6-9.

AI h For any further lateral motion of point m, compressive forces will occur at
points m and o. These compressive forces form a couple that produces a
resistance to the laLeral load equal to:

ru - 8Ku /h 2  6-11

where all symbols have previously been defined. Whan point m deflects
laterally to a line n-o (Figure 6-9c), the moment arm of the resisting couple
will be reduced to zero and the wall will become unstable with no further
resistance to deflection. In this position the diagonals o-m and m-n will be
shortened by an amount:

L - h'/2 6-12

The unit strain in the wall caused by the shortening will be:

em - (L - h'/2)/L 6-13

where:
Cm - unit strain in the mortar

All the shortening is assumed to occur in the mortar joints and therefore:

fm "En~m 6-14

where: En - modulus of elasticity of the mortar
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fm compressive stress corresponding to the strain E

In most cases fm will be greater than the ultimate compressive strength of the
mortar fm, and therefore cannot exist. Since for walls of normal height and
thickness each half of the wall undergoes a small rotation to obtain the
position shown in Figure 6-9c, the shortening of the diagonals o-m and m-n can
be considered a linear function of the lateral displacement of point m. The
deflection at maximum resistance Xl, at which a compressive stress fm exists
at points m, n and o can therefore be found from the following:

XI X -Xs f f,i
6-15a

T - Xc fm Enem

or
(T - Xc) fm

Xi + Xc 6-15b
(En~m)

The resisting moment that is caused by a lateral deflection X1 is found by
assuming rectangular compression stress blocks to exist at the supports
(points o and n) and at the center (point m) as shown in Figure 6-10a. The
bearing width a is chosen so that the moment Mu is a maximum, that is, by
differentiating Mu with respect to a and setting the derivative equal to zero,
which for a solid masonry unit will result in:

a - 0.5 (T - Xl) 6-16

and the corresponding ultimate moment and resistance (Figure 6-10b) are equal

to:

Mu -0.25 f'm[ X1] 6-17

arid

ru (2/h 2 ) f'm[T - 6-18

When the mid span deflection is greater than X1 the expression for the

resistance as a function of the displacement is:

r - (2/ý1 2 )f'm(T - X) 2  6-19

As the deflection increases the resistance is reduced until r is equal to zero
and maximum deflection Xm is reached (Figure 6-10b). Similar expressions can
be derived for hollow masonry units. However, the maximum value of a can nc-t
exceed the thickness of the flange width.

6-9.2. Non-rigid Supports

For the case where the wall is supported by elastic supports at the top and/or A
bottom, the resistance curve cannot be constructed based on the value of the
compression force (af'm) which is determined solely on geometry of the wall.
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Instead the resistance curve is a function of the stiffness of the supports.
Once the magnitude of the compression force is determined, equations similar
to those derived for the case of the rigid supports can be used.

6-9.3. Simply Supported Wall.

If the supports offer no resistance to vertical motion, the compression in the
wall will be limited by the wall weight above the floor plus any roof loal
which may be carried by the wall. If the wall carries no vertical loads, then
the wall must be analyzed as a simply supported beam, the maximum resisting
moment being determined by the modulus of rupture of the mortar.
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Table 6-1 Properties of Hollow Masonry Units

Nominal F4ae-Shell Equiv. Web
Width Thickness Thickness

of Units (in) (in) (in)

3 and 4 0.75 1.625

6 1.00 2.25

8 1.25 2.25

10 1.375 2.50

12 1.500 2.50

Table 6-2 Deflection Criteria for Masonry Walls

Wall Type Support Type Support Rotation

Reusable One-way 0.5°

Two-way 0.5°

Non-Reusable One-way 1.0Q

Two-way 2.00

07.
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Table 6-3 Moment of Inertia of Masonry W&.ls

Type of Unit Width of Unit Moment of Inertia

(in) (in
4
)

3 2.0

4 4.0

Hollow 6 12.7

8 28.8

10 51.6

12 83.3

3 2.7
4 53

Solid 6 18.0

8 42.7

10 83.0

12 144.0

____________________________________________________________________ I _______________________________________________________________________________

d
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PRECAST CONCRETE

6-10. Applications

Precast concrete construction can consist of either prestressed or convention-
ally reinforced members. Prestressing is advantageous in conventional
construction, for members subjected to high flexural stresses such as long
span or heavily loaded slabs and beams. Other advantages of precast concrete
construction include: (1) completion time for precast construction will be
significantly less than the required for cast-in-place concrete, (2) precast
construction will provide protection against primary and secondary fragments
not usually afforded by stenl construction and (3) precast work is generally
more economical than cast-in-place concrete construction especially when
standard precast shapes cayk be used. The overriding disadvantage of precast
construction is that the uze of pre~ast members is limited to buildings
located at relatively low pressuri l;;v'~s of 1 to 2 psi. For slightly higher
pressure levels, cast-in-place concx•ete or structural steel construction
becomes the more economical means vf construction. However, for even higher
pressures, cast-in-place concrete is the only means available to economically
withstand the applied load.

Precast structures are of the shear wall type, rigid frame structures being
economically impractical (see the discussion of connections, Section 6-16
below). Conventionally designed precast structures may be multi-story, but
for blast design it is recommended that they be limited to single story
buildings. Some of the most common precast sections art shown in Figure 6-11.
The single tee and double tee sections are used for wall panels and roof
panels. All the other sections are beam and girder elements. In addition, a
modified flat slab section will be used as a wall panel around door openings.
All of the sections shown can be prestressed or conventionally reinforced. In
general though, for blast design, beams and roof panels are prestressed, while
columns and wall panels are not. For conventional design, prestressing wall
panels and columns is advantageous in tall multi-story building, and thus of
no benefit for blast resistant design which uses only single story buildings.
In fact, in the design of a wall panel, the blast load is from the opposite
direction of conventional loads and hence prestressing a wall panel decreases
rather than increases the capacity of section.

6-11. Static Strengtih of Materials

6-11.1. Concrete

Generally the minimum compressive strength of the concrete, fc, used in
precast elements is 4000 to 5000 psi. High early-strength cement is usually
used in prestressed elements to ensure adequate concrete strength is developed
before the prestress is introduced.

6-11.2. Reinfoxcing Bars

Steel reinforcing bars are used for rebound and shear reinforcement in
prestressed members as well as for flexural reinforcement in non-prestressed2 members. For use in blast design, bars designated by the American Society for
Testing and Materials (ASTM) as A 615, grade 60, are recommended. As only
small deflections are permitted in precast members, the reinforcement is not

6-26



TM 5-1300/NAVFAC P-397/AFR 88-22

stressed into its strain hardening region and thus the static design strength
of the reinforcement is equal to its yield stress (fm - 60,000 psi).

6-11.3. Welded Wire Fabric

Welded wire fabric, designated as A 185 by ASTM, is used to reinforce the
flanges of tee and double tee sections. In conventional design welded wire
fabric is sometimes used as shear reinforcement, but it is not used for blast
design, which requires closed ties. The static design surength f., of welded
wire fabric is equal to its yield stress, 65,000 psi.

6-11.4. Prestressing Te- lons

There are several types of reinforcement that can be used in prestressing
tendons. They are designated by ASTM as A 416, A 421 or A 722, with A 416,
grade 250 or grade 270, being the most common. The high strength steel used
in these types of reinforcement can only undergo a maximun elongation of 3.5
to 4 percent of the original length before the ultimate strength is reached.
Furthermore, the high strength steel lacks a well defined yield point, but
rather exhibits a slow continuous yielding with a curved stress-strain
relationship until ultimate strength is developed (see Figure 6-12). ASTM
specifies a fictitious yield stress fpy, corresponding to a 1 percent elonga-
ticn. The minimum value of f depends on the ASTM designation, but it ranges
from 80 to 90 percent of the PNtimate strength, fpu"

Aft 6-12. Dynamic Strength of Materials

Under the rapid rate of straining of blast loads, most materials develop
higher strengths than they do when statically loaded. An exception, is the
high strength steel used in prestressi.,g tendons. Researchers have found that
there was very little increase in the upper yield stress and ultimate tensile
strengths of high strength steels under dynamic loading.

The dynamic design strength is obtained by multiplying the static design
strength by the appropriate dynamic increase factor DIF, which is as follows:

(a) Concrete: Compression DIF - 1.19
Diagonal tension DIF - 1.00
Direct shear DIF - 1.10
Bond DIF - 1.00

A (b) Non-prestressed Steel Reinforcement;
Flexure DIF - 1.17
Shear DIF - 1.00

(c) Welded Wire Fabric: DIF - 1.10

(d) Prestressed Reinforcement DIF - 1.00

*! 6-13. Ultimate Strength of Precast Elements

The ultimate strength of non-prestressed precast members is exactly the same
as cast-in-place concrete members ind as such is not repeated here. For the
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ultimate strength of non-prestressed precast elements, see Chapter 4 of this
manual.

6-13.1 Ultimate Dynawic Moment Capacity of Prestressed Beams

The ultimate dynamic moment capacity Mu of a prestressed rectangular beam (or
of a flanged section where the thickness of the compresaion flange is greater
than or equal to the depth of the equivalent rectangular stress block, a) is
as follows:

Mu A" s fps (d p - a/2) f Asfdy (d-a/2) 6-20

and

(A 5sfps + Asfdy )
a - 6-21

.85f' dc b

where:

Mu - ultimate moment capacity

-s " total area of prestress reinforcement

f - average stress in the prestressed reinforcement at ultimate
load

d - distance from extreme compression fiber to the centroid of
the prestressed reinforcement

a - depth of equivalent rectangular stress block

As - total area of non-prestressed tension reinforcement

fdy dynamic design strength of non-prestressed reinforcement

d - distance from extreme oompression fiber to the centroid of
the non-prestressed reinforcement

f$c " dynamic compressive strength of concrete

b - width of the beam for a rectangular section or width of the
compression flange for a flanged section

The average stress in the prestressed reinforcement at ultimate load f-s must
be determined from a trial-and-error stress-strain compatibility analysis.
This may be tedious and difficult especially if the specific stress-strain
curve of the steel being used is unavailable. In lieu of such a detailed
analysis, the following equations may be used to obtain an appropriate value
of fps:

For members with bonded pre- ressing tendons:
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-II

f Yp fpu dfdy
ps-f - (p-p') 6-22

1 f'dc pf'dc

and

pp - A5 /bd 6-23

p - As /bd 6-24

p'I - As# /bd 6-25

where:

fpu - specified tensile strength of prestressing tendon

yp - factor for type of prestressing tendon
- 0.40 for fpy /fpu 0.80

- 0.28 for fp /fu Ž0.90

f -y "fictitious" yield stress of prestressing tendon correspond-
ing Co a 1 percent elongation

-1 0.85 for f'dc UP to 4000 psi and is reduced 0.05 for each
1000 psi in excess of 4000 psi

p- prestressed reinforcement ratio

p - ratio of non-prestressed tension reinforcement

p' - ratio of compression reinforcement

As - total area of compression reinforcement

If any compression reinforcement is taken into account when calculating f s
then the distance from the extreme compression fiber to the centroid of t~e
compression reinforcement must be less than 0.15dp and

pu_ dfdy

+ (p-p') Ž 0.17 6-26
f'dc dpf'dc

If there is no compression reinforcement and no non-prestressed tension
reinforcement, Equation 6-22 becomes:
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S yp fpu

1 pu 1p 6-27
'p fdc

For members with unbonded prestressing tendons and a span-to-depth ratio less
than or equal to 35:

fp s -fse + 10,000 + f'dc /('OOp) P fpy 6-28a

and

fps f + 60,000 6-28b

where:

fse " effective stress in prestressed reinforcement after allow-
ances for all prestress losses

For members with unbonded prestressing tendons and a span-to-depth ratio
greater than 35:

fps - fse + 10,000 + f'dc/( 3 0 0 p • fpy 6-29a

and

fp s • fse + 30,000 6-29b

To insure against sudden compression failure the reinforcement ratios for a
rectangular beam, or for a flanged section where the thickness of the compres-
sion flange is greater than or equal to the depth of the equivalent rectangu-
lar stress block will be such that:

fps + (p - p') < 0.3681 6-30

f'dc dpf'dc

When the thickness of the compression flange of a flanged section is less than
the depth of the equivalent rectangular stress block, the reinforcement ratios
will be such that

Ppw fps dfdy 6-31

+ dc w P'w ) E 0.36B1  63f, de d pf'dc

pPw, Pw P'w - reinforcement ratios for flanged sections computed as for
p, p and p' respectively except that b shall be the width

the web and the reinforcement area will be that required
to develop the compressive strength of the web only.
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6-13.2.. Diagonal Tension and Direct Shear of Prestressed Elements

Under conventional service loads, prestressed elements remain almost entirely
in compression, and hence are permitted a higher concrete shear stress than
non-prestressed elements. However at ultimate loads the effect of prestress
is lost and thus no increase in shear capacity is permitted. The shear
capacity of a precast beam may be calculated using the equations of Chapter 4
of this manual. The loss of the effect of prestress also means that d is the
actual distance to the prestressing tendon and is not limited to 0.8h as it is
in the ACI code. It is obvious then that at the supports of an element with
draped tendons, d and thus the shear capacity are greatly reduced. Draped
tendons also make it difficult to properly anchor shear reinforcement at the
supports, exactly where it is needed most. Thus it is recommended that only
straight tendons be used for blast design.

6-14. Dynamic Analysis

The dynamic analysis of p-recast elements uses the procedures described in
Chapter 3 of this manual.

Since precast elements are simply supported, the resistance-deflection curve
is a one-step function (see Figuie 3-39a). The ultimate unit resistance fol
various loading conditions is presented in Table 3-1. As precast structures
are subject to low blast pressures, the dead load of the structures become
significant, and must be taken into account.

The elastic stiffness of simply supported beams with various loading condi-
tions is given in Table 3-7. In determining the stiffness, the effect of
cracking is taken into account by using an average moment of inertia la' as
follows:

la - (Ig + Ic)/ 2  6-32

where:

Ig - moment of inertia of the grozs section

Ic- moment of inertia of the cracked section

For non-prestressed elements, the cracked moment of inertia can be determined
from Chapter 4. For prestressed elements the moment of inertia of the cracked
section may be approximatf.d by:

- n A5 d 2 [1 -(PP)l/2 6-33

where n is the ratio of the modulus of elasticity of steel to colncrete. The
load-mass factors, used to convert the mass of the accual system to the
equivalent mass, are given in Table 3-12 for prestressed elements the load-
mass factor in the elastic range is used. An average of the elastic and
plastic range load-mass factors is used in the design of non-prestressed
elements.
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The equivalent single-degree-of-freedom system is defined in terms of its
ultimate resistance ru, equivalent elastic deflection XE, and natural period
of vibration TN. The dynamic load is defined by its peak pressure P and

duration T. The figures given in Chapter 3 may be used to determine the
response of an element in terms of its maximum deflection Xm, and the time to
reach maximum deflection tm.

Recommended maximum defl'ction criteria for precast elements is as follows:

(1) For prestressed flexural members:
emax • 2" or Amax • 1, whichever governs

(2) For non-prestressed flexural members
emax • 2* or Amax • 3, whichever governs

(3) For compression members

Amax • 1.3

where (max - maximum support ratio

Amax - maximum ductility ratio

6-15. Rebound

Precast elements will vibrate under dynamic loads, causing negative deflec-
tions after the maximum deflection has been reached. The negative forces
associated with these negative deflections may be predicted using Figure 3-
268.

6-15.1. Non-prestressed elements

The design of non-prestressed precast elements for the effects of rebound is
the same as for cast-in-place members. See Chapter 4 for a discussion of"rebound effects in concrete elements.

6-15.2. Prestressed elements

ln prestressed elements, non-prestressed reinforcement must be added to what
is the compression zone during the loading phase to carry the tensile forces
of the rebound phase. The rebound resistance will be determined from Figure
3-268, but in no case will it be less than one-half of the resistance avail-
able to resist the blast load.

The moment capacity of a precast elemer.t in rebound is as follows:

1u- As-fdy (d- - a-/2) 6-34

where:

Mu- ultimate moment capacity in rebound

As -s total area of rebound tension reinforcement

fdy " dynamic des in strength of reinforcement
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d- distance from extreme compression fiber to the centroid of
the rebound reinforcement

a- depth of the equivalent rectangular stress block

It is important to take into account the compression in the concrete due to
prestressing and reduce the strength available for rebound. For a conserva-
tive design, it may be assumed that the compression in the concrete due to
prestressing is the maximum permitted by the ACI code, i.e. 0.45 fP`". Thus
the concrete s:.rength available for rebound is

0.85 f'dc" 0.45 f " 0 . 8 5 f'd - 0. 4 5 f'dc/DIF- 0 . 4 7 f'dc 6-35

A more detailed analysis may be performed to determine the actual concrete
compression due to prestress. In either case the maximum amount of rebound
reinforcement added will be

( 0 . 8 5 f'de.- dl)r-B (87000 nf) bd"
As <- 6-36

1dy (87000 nf fdy)

where f is the compression in the -oILcrete due to prestressing and all the
other terms have been defined previously. If available concrete strength is
assumed to be 0. 4 7 fedc, equation 6-36 becomes:

8c) ( 8 7 ,000 - 0. 3 7 8nf'dc) bd

As- <.. .. 6--37
f (87000 - 0.378nfdc+ fdy)1

6-16. Connections

6-16.1. General

One of the fundamental differences between a cast-in-place concrete structure
and one consisting of precast elements is the nature of connections between
members. For precast concrete structures, as in the case of steel structures,
connections can be detailed to transmit gravity loads only, gravity and
lateral loads, or moments in addition to these loads. In general though,
connectors of pzecast members should be designed so that blast loads are
transmitted to supporting members through simple beam action. Moment-resist-
ing connections for blast resistant structures would have to be quite heavy
and expensive because of the relatively large rotations, and hence induced
stresses, permitted in blast design.

In the design of connections the capacity reduction factor 0, for shear and
bearing stresses on concrete are as prescribed by ACI code, i.e. 0.85 and 0.7
respectively. No capacity reduction factor is used for moment calculations
and no dynamic increase factors are used in determining the capacity of a
connector. Capacity of the connection should be at least 10 percent greater

Al than the reaction of the member being connected to account for the brittleness
of the connection. In addition the failure mechanism should be controlled by
tension or bending stress of the steel, and therefore the pullout strength of
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the concrete and the strength of the welds should be greater than the steel
strength.

The following connections are standard for use in blast design but they are
not intended to exclude other connection details. Other details are possible
but they must be able to transmit gravity and blast loads, rebound loads and
lateral loads without inducing moments.

6-16.2. Column-to-Foundation Connection

The standar:" PCI column-to-foundation connection may be used for blasc design
without modification. However anchor bolts must be checked for tension due to
rebound in order to prevent concrete pullout.

6-16.3. Roof Slab-to-Girder Connection

Figure 6-13 shows the connection detail of a roof panel (tee section) framing
into a ledger beam. The bearing pads transmit gravity loads while preventing
the formation of moment couples. The bent plate welded to the plate embedded
in the flange of the tee transmits lateral loads but is soft enough to deform
when the roof panel tries to rotate. The angle welded to the embedded plate
in the web of the tee restricts the parel, through shear action, from lifting
off the girder during the rebound loading. The effects of dimensional changes

4P due to creep, shrinkage and relaxation of prestress should be considered in
this type of connection.

6-16.4. Wall Panel-to-Roof Slab Connection

The basic concepts employed in the roof slab-to-girder connection apply to the
wall panel-to-roof slab connection shown in Figure 6-14. The roof panel
instead of bearing on the girder, bears on a corbel cast with the tee section.
The angle that transmits lateral loads has been moved from the undersid& of
the flange to the tnp of the flange to facilitate field welding.

6-16.5. Wall Panel-to-Foundation Connection

The wall panel In Figure 6-15 is attached to the foundation by means of angles
welded to plates cast in both the wall panel and the foundation. It is
essential to provide a method of attachment to the foundation that is capable
of taking base shear in any direction, and also a method of levelling and
aligning the wall panel. Non-shrinking grout is used to fill the gap between
the panel arid the foundation so as to transmit the loads to the foundation.

6-16.6. Panel Splice

Since precast structures arc of the shear wall type, all horizontal blast
loads are transferred by diaphragm action, through wall and roof slabs to the
foundations. The typical panel splice shown in Figure 6-16 is used for
transferring the horizontal loads between panels.

6-16.7. Reinforcement Around Door Openings

A standard double tee section cannot be used around a door opening. instead a
special panel must be fabricated to satisfy the requirements for the door
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opening. The design of the reinforcement around the door opning and the door
frame is discussed in Chapter 4.

Ol
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SPECIAL PRCVISIONS FOR PRE-ENGINEERED BUILDING

6-17. General

Standard pre-engineered buildings are usually designed for conventional loads
(live, snow, wind and/or seismic). Blast resistant pre-engineered buildings
are also designed in the same manner as standard structures. However, the
conventional loadings, which are used for the latter designs, are quite large
to compensate for effects of blast loads. Further, as with standard build-
ings, pre-engineered structures, which are designed for blast, are designed
elastically for the conventional loadings with the assumption thac the
structure will sustain plastic deformations due to the blast. The design
approach will require a multi-stage process, including: preparation of general
layouts and partial blast designs by the design engineer; preparation of the
specifications, by the engineer including certain features as recommended
herein; design of the building and preparation of shop drawings by the pre--
engineered building manufacturers; and the final blast evaluation of the
structure by design engineer utilizing 'he layouts on the previously mentioned
shop drawings. At the completion of the analysis some slight modifications in
building design may be necessary. However, if the following procedures are
used, then the required modifications will be limited and in some cases
eliminated for blast overpressures upward to 2 psi.

6-18. General Layout

The general layout of pre-engineered buildings is based on both operational
and blast resistant requirements. Figure 6-17 illustrates a typical general
layout of the pre-engineered building. The general requirements for structur-
al steel, concrete, wall and roof coverings and connections are given below.

6-18.1. Structural Steel

In order for a pre-enginecred building to sustain the required blast loading,
structural steel layout must conform to the following requirements:

1. The maximum spacing between main transverse rigid frames (bay
width) shall not exceed 20 feet.

2. The maximum spacing between column supports for rigid frames shall
not exceed 20 feet while the overall height of frames shall be 30
feet or less.

3. Slope of the roof shall not exceed four horizontal to one verti-
cal. However, the roof slope shall be as shallow as physically
possible and be in compliance with the requirements of the Metal
Building Manufacturers' Association.

4. Spacing between girts shall not exceed 4 feet while the space
between purlins shall not be gruater than 5 feet.

5. Primary members, including frames and other main load carrying
members, shall consist of hot rolled structural steel shapes. The
shapes must be doubly-ssymmetrical and have a constant depth. They
may be wide-flange sections, I-sections, structural tubes, or
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welded shapes built-up from hot rolled steel sheet, strips or
plates. Secondary structural framing, such as girts, roof

purlins, bridging, eave struts and other miscellaneous secondary
framing, may consist of either hot rolled or cold-formed structur-
a] steel. All main secondary members (purlins, girts, etc.) shall
be doubly-symmetrical sections of constant depth (e.g. wide
flange, "I"-shaped, structural tubing).

6. Primary structural framing connections shall be either shop welded
or bolted or field bolted assemblies, ASTM A 325 boltF with
appropriate nuts and washers shall be used for connecting of all
primary members; where as secondary members may use bolts conform-
ing to ASTM A 307. A minimtm of two bolts -h~l! be used for each
connection while bolts for primary and secondary members shall not
be less than 3/4 and 1/2-inch in diameter, respectively.

7. Base plates for columns shall be rolled and set on grout bed of
1-inch minimum thickness. ASTM A 307 steel bolts shall be used to
anchor all columns.

6-18.2. Foundations

Concrete floor and foundation slabs shall be monolithic in construction and
shall be designed to transfer all horizontal and vertical loads from the pre-
engineered superstructure to the foundation soil. Minimum slab thickness
shall be 6 inches with edge beams thickened to meet local frost conditions.

6-18.3. Roof and Walls

Roof and wall coverings must meet the following requirements:

1. Roof and wall coverings shall conform to ASTM A 446, G 90, have a
minimum depth of 1-1/2 inches corrugation and have a material
thickness of 22 gauge.

2. Conventional side laps are not usually sufficient to resist the
effects of blast loads. The construction details required to
strengthen those joints .depend upon the type of decking employed.
Chapter 5 gives the required panel-to-panel attachments for
various types of decking.

3. Insulation retainers or sub girts shall be designed to transmit
all external loads (listed below) which act on the metal cover to
the structural steel framing.

4. Roof and wall liners shall be a minimum of 24 gauge and shall be
formed to prevent waviness, distortion or failure as a result of
the impact by external loads.

6-18.4. Connections for Roof and Wall Coverings

The connections used in a blast resistant structure are especially critical.
To ensure full development of structural steel and the roof and wall panels,
coinections must meet the following criteria:
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1. Fasteners for connecting roof and wall coverings to structural
steel supports shall be designed to support the external loads
(listed below) and shall consist of either self-tapping screws,
self-drilling and self-tapping screws, bolts and nuts, self-
locking rivets, self-locking bolts, ond welded studs, or welds.
Fasteners of covering to structural steel shall be located at
valleys of the covering and shall have a minimum of one fastener
per valley.

2. Fasteners which do not provide positive locking such as self-
tapping screws, etc. shall not be used at side laps and for
fastening accessories to panels. At least one fastener for side
laps shall be located in each valley and at r maximum spacing
along the valley of 8 inches.

3. Self tapping screws shall not have a diameter smaller than a no.
14 screw while the minimum diameter of a welf-drilling and self-
tapping type shall be equal to or greater than a no. 12 screw.
Automatic welded studs shall be shouldered type and have a shank
diameter of at least 3/16 inch. Fasteners for use with power
actuated tools shall have a shank diameter of not less than 1/2
inch, Blind rivets shall be stainlass steel type and have a
minimum diameter of 1/8 inch. Rivets shall be threaded stem type
if used foe other than fastening trim and if of the hollow type
shall have closed ends. Bolts shall not be less than 1/4 inch in
diameter and will be provided with suitable nuts and washers.

If suction and/or rebound loads dictate, provide oversized washers
with a maximum outside diameter of 2 inches or a 22 gauge thick
metal strip along each valley,

6-19. Preparation of Partial Blast Analysis

A partial blast analysis of a pro-engineered building shall be performed by
the design engineer. This analysis shall include the determination of the
minimum size of the roof and wall panels which is included in the design
specifications and the design of the building foundation and floor slab. The
foundation and floor slab shall be designed monolithically and have a minimum
thickness as previously stated. The slab shall be designed for a foundation
load equal to either 1.3 times the L£eld capacity of the building roof
equivalent blast load or the static roof and floor loads listed below. Quite
often the foundation below the building columns must be thickened to distrib-
ute the column loads. For the blast analysis of the building foundation and
floor slab, the dynamic capacity of the soil below the foundation slab can
conservatively be assumed to be equal to twice the static soil capacity. The
resistance of the roof of the building can be determined in accordance with
the procedures given in Chapter 5. The front panel of the building is
designed in the same manner as the roof panel. The blast loads for determin-
ing the capacities of the roof and wall panels can be determined from Chapter
2.

6-20. Pre-Engineered Building Design

Design of the pre-engineered building shall be performed by the pre-engineered
building manufacturer using static loads and conventional stresses.
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Conventional stresses are listed in "Specification for the Design, Fabrication
and Erection of Structural Steel for Buildings with Commentary". Static
design loads shall be as follows:

1. Floor live loads shall be as specified in the report titled
"American National Standard Building Code Requireiments for Minimum
Design Loads in Buildings and Other Structures" (hereafter re-
ferred to as ANSI) but not less than 150 pounds per square foot.

2. Roof live loads shall be as specified ANSI.

3. DeaL loads are based on the materials of construction.

4. Wind pressure shall be as computed in accordanco with ANSI for
exposure "C" and a wind speed of 100 miles per hour.

5. Seismic loads will be calculated according to the Uniform Building
Cod, for the given area, If this load is greater than the comput-
ed wind pressure, than the seismic load will be substituted for
wind load in all load combinations.

6. Auxiliary and collateral loads are all design loads not listed
above and include suspended ceilings, insulation, electrical
systems, mechanical systems, etc.

Combinations of design loads shall include the following (a) dead loads plus
live loads; (b) dead loads plus wind loads, and kc) 75 percent of the sum of
dead, live and wind loads,

6-21. Blast Evaluation of the Structure

Blast evaluation of the structure utilizing the shop drawings prepared in
connection with the above design shall be performed by the design engineer. A
dynamic analysis which describes the magnitude and direction of the elasto-
plastic stresses developed in the main frames and secondary members as a
result of the blast loads, shall be performed using the methods described in
Chapter 5. This evaluation should be made at the time of the shop drawing
review stage.

6-22. Recommended Specification for Pre-Engineered Buildings

Specifications for pre-engineered buildings shall be consistent with the
recommended design changes set forth in the preceding Section. These example
specifications are presented using the Construction Specification Institute
(CSI) format and shall contain as a minimum the following:

1. APPLICABLE PUBLICATIONS. The following publications of the issues
listed below, but referred to thereafter by basic designation only, iorm a
part of this specification to the extent indicated by the reference thereto:

1.1 American ýociety of Testing and Materials (ASTM)

A 36 Structural Steel
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A 307-80 Standard Specification for Carbon Steel Exter-
nally and Internally Threaded Standard Fasteners Am

A 325 Standard Specification for High Strength Bolts
for Structural Steel Joint Including Suitable
Nuts and Plain Hardened Washers

A 446 Specification for Steel Sheet, Zinc Coated (Gal-
vanized) by the Hot-Dip Process, Physical
(Structural) Quantity

A 501 Standard Specification for Hot-Formed Welded and
Seamless Carbon Steel Structural Tubing

A 529 Standard Specification for Structural Steel with
42,000 psi Minimum Yield Point

A 570 Standard Specification for Hot-Rolled Carbon
Steel Sheet and Strip, Structural Quality

A 572 Specification of High-Strength Low-Allow Colum-
bium-Vanadium Steels of Structural Quality

1.2 American Iron and Steel Institute (AISI)

Specification for the Design of Cold-Formed Steel Structural
Members and Commentary

1.3 American National Standards Institute (ANSI)

A58.1 Minimum Design Loads for Buildings and Other Struc-
tures

B18.22.1 Plain Washers

1.4 American Institute of Steel Construction (AISC)

Spezffication for the Design Fabrication and Erection of
Stiuctural Steel for Buildings with Commentary Research
Council on Riveted and Bolted Structural Joints (RCRBSJ)
Specification for Structural Joints Using ASTM A 325 or A
490 Bolts

1.5 American Welding Society (AWS)

Dl.1 Structural Welding Code

1.6 Metal Building Manufacturers' Association (MBMA)

Metal Buildings Systems Manual

1.1 Uniform Buil~ing Code
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2. GENERAL.

2.1 This section covers the manufacture and erection of pre-
engineered metal structures. The structure manufacturer shall be regularly
engaged in the fabrication of metal structures.

2.2 The structure shall include the rigid framing, which are
spaced at a maximum of 20 feet on center, roof and wall covering, trim, clos-
ures, and accessories as indicated on the drawings. Minor alterations in
dimensions shown on the drawings will be considered .in order to comply with
the manufacturer's standards building system, provided that all minimum clear-
ances indicated on the drawings are maintained. Such changes shall be sub-
mitted for review and acceptance prior to fabrication.

2.3 Drawings shall indicate extent and general assembly details
of the metal roofing and sidings. Members and connections not indicated on
the drawings shall be designed.by the Contractor in accordance with the
manufacturer's standard details. The Contractor shall comply with the
dimensions, profile limitations, gauges and fabrication details shrTn on the
drawings. Modification of details will be permitted only when approved by the
Owner. Should the modifications proposed by the Contractor be accepted by the
Owner, the Contractor shall be fully responsible for any re-design and re-
detailing of the building construction effected.

3. DEFINITIONS.

3.1 Low Rigid Frame. The building shall be single gable type
with the roof slope not to exceed one on four.

3.2 Framing.

3.2.1 Primary Structural Framing. The primary structural
framing includes the main transverse frames and other primary load carrying
members and their fasteners.

3.2.2 Secondary Structural Framing. The secondary structur-
al framing includes the girts, roof purlins, bridging, eave struts, and other
miscellaneous secondary framing members and their fasteners.

3.2.3 Roof and Wall Covering. The roof and wall covering
includes the exterior ribbed metal panel having a minimum depth of one and
one-half inches, neoprene closure, fasteners and sealant.

3.3 Building Geometry.

3.3.1 Roof Slope. The roof of the building shall have a
maximum slope not to exceed one on four.

20 feet. 3.3.2 Bay Spacing. The bay spacing shall not exceed

3.4 Coluin Shape. Main frame columns shall be doubly symmetri-
cal members of constant depth; tapered columns will not be permitted.
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3.5 Calculations. The Contractor shall submit for review
complete design calculations for all work, sealed by a registered professional
engineer.

4. STRUCTURAL DESIGN.

4.1 Structural Analysis. The structural analysis of the primary
and secondary framing and covering shall be based on linear elastic behavior
and shall accurately reflect the final configuration of the structure and all
tributary design loadings.

4.2 Basic Design Loads.

4.2.1 Roof Live Load. Shall be applied to the horizontal
roof projection. Roof live loads shall be:

0 to 200 square feet tributary area - 20 psf

200 to 600 square feet tributary area - linear variation 20
psf to 12 psf

over 600 square feet tributary area - 12 psf

4.2.2 Wind Pressure. Wind design loads shall be computed in
accordance with ANSI A58.1 for exposure "C" and a basic wind speed of 100
miles per hour,

4.2.2.1 Typical Wind Loading. As shown on
drawings (Figure 6-18).

4.2.2.2 Wind Loading at Building Corners. As
shown on the drawings (Figure 6-18),

4.2.2.3 Wind Loading on Girts. As shown on
drawings (Figure 6-1.8).

4.2.2.4 Wind Loading on Purlins and Roof Tributary
Areas. As shown on drawings (Figure 6-18).

4.2.2.5 Wind Loading for Design of Overall Struc-
ture. As shown on drawings (Figure 6-18).

4.2.3 Auxiliary and Collateral Design Loads. Auxiliary and
collateral design loads are those loads other than the basic design live,
dead, and wind loads; which the building shall safely withstand, such as
ceilings, insulation, electrical, mech&nical, and plumbing systems, and build-
ing equipment and supports.

4.3 Application of Design Loads.

4.3.1 Roof Live Load and Dead Load. The roof live load (L),
and dead load (D), shall be considered as a uniformly distributed loading
acting vertically on the horizontal projection of the roof.

4.3.2 Snow Loads. application of 30 psf due to snow loads.
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4.3.3 Wind Loads (W). Application of forces due to
wind shall conform to the latest ANSI A58.1

4.3.4 Combination of Loads. The following combinations of
loads shall be considered in the design of all members of the structure:

D + L
D + W
.75 (D + L + W)

4.4 Deflection Limitations.

4.4.1. Structural Framing. The primary and secondary framing
members shall be so proportioned that their maximum calculated roof live load
deflection does not exceed 1/120 of the span;

5. STRUCTURAL FRAMING.

5.1 General

5.1.1 All hot rolled structural shapes and structural tubing
shall have a minimum yield point of 36,000 psi in conformance with ASTM A 36
or A 501. All hot rolled steel plate, strip and sheet used in the fabrication
of welded assemblies shall conform to the requirements of ASTM A 529, A 572,
Grade 42 or A 570 Grade "E" as applicable. All hot rolled sheet and strip
used in the fabrication of cold-formed members shall conform to the require-
ments of ASTM A 570, Grade"E" having a minimum yield strength of 50,000 psi.
Design of cold-formed members shall be in accordance with the AISI specifica-
tions.

5.1.2 The minimum thickness of framing members shall be:

Cold-formed secondary framing members - 18 gauge
Pipe or tube columns - 12 gauge
Webs of welded built-up members - 1/8 inch
Flanges of welded built-up members - 1/4 inch
Bracing rods - 1/4 inch

5.1.3 All framing members shall be fabricated for bolted
field assembly. Bolt holes shall be punched or drilled only. No burning-in
of holes will be allowed. The faying sur:faces of all bolted connections shall
be smooth and free from burrs or distortions. Provide w"v3hers under head and
nut of all bolts. Provide beveled washers to match sloping surfaces as
required. Bolts shall be of type specified below. Members shall be straight
and dimensionally accurate.

5.1.4 All welded connections shall be in conformance with
the STRUCTURAL WELDING CODE D1.1 of the American Welding Society. The flange-
tG-web welds shall, be one side continuous submerged arc fillet welds. Other
welds shall be by the shielded arc process.

1u 5.2 Primary Structural Framing.

5.2.1 The primary members shall. be constructed of doubly-
symmetrical, hot rolled structural steel shapes or doubly-symmetrical built-up
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members of constant depth, welded from hot rolled steel sheet, strip or
plates.

5.2.2 Compression flanges shall bo laterally braced to
withstand any combination of loading.

5.2.3 Bracing system shall be provided to adequately
transmit all lateral forces on the building to the foundation.

5.2.4 All bolt connections of primary structural framing
shall be made using high-strength zinc-plated (0.0003 bronze zinc plated)
bolts, nuts, and washers conforming to ASTM A 325. Bolted connections shall
have not less than two bolts. Bolts shall not be less than 3/4 inch diameter.
Shop welds and field bolting are preferred. All field welds will require
prior approval of the Owner. Installation of fasteners shall be by the turn-
of-nut or load-indicating washer method in accordance with the specifications
for structural joints of the Research Council on Riveted and Bolted Structural
Joints.

5.3 Secondary members may be constructed of either hot rolled or
cold-formed steel. Purlins and girts shall be doubly synmnetrical sections of
constant depth and they may be built-up, cold-formed or hot rolled structural
shapes.

5.3.1 Maximum spacing of roof purlins and wall girts
shall not exceed 5 feet.

5.3.2 Compression flanges of purlins and girts shall be
laterally braced to withstand any combination of loading.

5.3.3 Supporting lugs shall be used to connect the purlins
and girts to the primary framing. The lugs shall be designed to restrain the
light gauge sections from tipping or warping at their supports. Each member
shall be connected to each lug by a minimum of two fasteners.

5.3.4 Vertical wall members not subjected to axial load,
e.g. vertical members at door openings, shall be constant depth sections.
They may consist of hot rolled or cold-form steel. They shall be either
buil.t-up, cold-formed or hot rolled "C" or "I" shapes.

5.3.5 Fasteners for all secondary framing shall be a minimum
of 1/2 inch diameter (0.003 zinc plated) bolts conforming to ASTM A 307. The
fasteners shall be tightened to SNUG TIGHT condition. Plain washers shall
conform to ANSI standard B18.22.1.

6. ANCHORAGE.

6.1 Anchorage. The building anchor bolts for both primary and
secondary columns shall conform to ASTM A 307 steel and shall be designed to
resist the colunn reactions produced by the specified design loading. The
quantity, size and location of anchor bolts shall be specified and furnished
by the building manufacturer. A minimum of two anchor bolts shall be used
with each column.
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6.2 Column Base Plates. Base plates for columns shall conform
to ASTM Z 36 and shall be set on a grout bed of 1 inch minimum thickness.

7. ROOF AND WALL COVERING.

7.1 Roof and wall panels shall conform to zinc-coated steel,
ASTM A 446, G 90 coating designation. Minimum depth of each panel corrugation
shall be 1-1/2 inches and shall have a minimum material thickness of 22 gauge.
The minimum yield strength of panel material shall be 33,000 psi. Wall panels
shall be applied with the longitudinal configurations in the vertical posi-
tion. Roof panels shall be applied with the longitudinal configuration in
direction of the roof slope. Side laps of roof and wall panels shall be
fastened as shown on drawings. End laps, if required shall occur at structur-
al steel supports and have a minimum length of 12 inches.

7.2 Insulation.

7.2.1 Semi-rigid insulation for the preformed roofing and
siding shall be supplied and installed by the preformed roofing and siding
manufacturer.

7.2.2 Inculation Retainers. Insulation retainers or sub
girts shall be designed to transmit all external loads (wind, snow and live
loads) acting on the metal panels to the structural steel framing. The
retainers shall be capable of transmitting both the direct and suction loads.

7.3 Wall and Roof Liners. Wall and roof liners shall be a
minimum of 24 gauge. All liners shall be formed or patterned to prevent
waviness, distortion or failure as a result of the impact by external loads.

7.4 Fasteners. Fasteners for roof and wall panels shall be
zinc-coated steel or corrosion-resisting steel. Exposed fasteners shall be
gasketed or have gasketed washers of a material compatible with the covering
to waterproof the fastener penetration. Gasketed portion of fasteners or
washers shall be neoprene or other elastomeric material approximately 1/8 inch
thick.

7.4.1 Type of Fasteners. Fasteners for connecting roof or
wall panels to structural steel supports shall consist of self-tapping screws,
self-drilling and self-tapping screws, bolts, end welded studs, and welds.
Fasteners for panels which connect to structural supports shall be located in
each valley of the panel and with a minimum of one fastener per valley while
at en.d laps and plain ends, a minimum of two fasteners shall be used per
valley. Fasteners shall not be located at panel crowns.

7.4.2 Fasteners which do not provide positive locking such
as self-tapping screws or self-drilling and self-tapping screws shall not be
used at side laps of panels and for fastening accessories to panels. Fasten-
ers for side laps shall be located in each valley of the overlap and posi-
tioned a maximum of 8 inches on center.

7.4.3 Screws shall be not less than No. 14 diameter if self-
tapping type and not less than No. 12 diameter if self-drilling and self-
tapping type.
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7.4.4 Automatic end-welded studs shall be shouldered type
with a shank diameter of not less than 3/16 inch with cap and nut for holding
the covering against the shoulder.

7.4.5 Fasteners for use with power actuated tools shall have
a shank diameter of not less than 1/2 inch. Fasteners for securing wall
panels shall have threaded studs for attaching approved nuts or caps.

7.4.6 Blind rivets shall be stainless steel with 1/8
inch nominal diameter shank. Rivets shall be threaded stem type if used for
other than fastening of trim. Rivets with hollow stems shall have closed
ends.

7.4.7 Bolts shall not be less than 1/4 inch diameter,
shoulders or plain shank as required with proper nuts.

7.4.8 Provide oversize washers with an outside diametev of 1
inch at each fastener or a 22 gauge thick metal strip along each .alley of the
panel to negate pull-out of the panel arrund the fastdners.
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I.FLOOR LIVE LOAD: 150psf

2.ROOF LIVE 20.-A
LOAD

S16

o 12,,J
200 400 600

SUPPORTED TRIBUTARY AREA.ft 2

3. ROOF SNOW LOAD: 30 psf

4. DEAD LOAD: AS PER MATERIALS USED
5, WIND LOADS: WIND PARALLEL OR PERPENDICULAR TO ROOF

RIDGE (BASED ON 100 mph WIND)

A.WINDWARD/LEEWARD AND ROOF PRESSURES (psf)

a. WHEN TRIBUTARY SUPPORT AREAS > 200 ftW

32 \ ,d 6 FOR DESIGN OF MAIN FRAMES AND

SOTHER INDIVIDUAL MEMBERS, USE
6-- VALUES SHOWN.26 : ....... 26

b.WHEN TRIBU•TARY SUPPOPT AREA < 200 ftz

43\ /43
.FOR DESIGN OF MAIN FRAMES,USE
VALUES SHOWN FOR TRIBUTARY AREA
>200 ft 2 . FOR DESIGN OF OTHER
INDIVIDUAL MEMBERS, USE VALUES SHOWN

B. SIDEW4ALL. PRESSURES (psf)

FOR DESIGN OF INDIVUAL MEMBERS:
'WHEN TRIBUTARY SUPPORTED > 200 ft2

USE P" 32
WHEN TRIBUTARY SUPPORTED <_ 200 ft 2 .W us

/10 USE P=43

C.SIDESWAY PRESSURES (psf)

FOR DESIGN OF' MAIN FRAMES FOR
STRIBUTARY SUPPORTED AREASTA,

LESS THAN, EQUAL TO, OR GREATER
THAN, 200 ft

2

D. LOCAL PRESSURES SEE FIGURES IN'B' AND 'C' FOR REGIONS
OF APPLICATION

REGION I : 50psf SUCTION FOR DESIGN OF DECKING
REGION 2 105psf SUCTION CONNECTIONS AT REGIONS
REGION 3 42pst SUCTION CITED
"W" IS LEAST WIDTH OF ENCLOSED AREA

NOTE: FIGURES DEPICT WIND PERPENDICULAR TO RIDGE.
FOR WIND PARALLEL TO RIDGEUSE SAME VALUES.

6. LOADING COMBINATIONS

A. D WHERE
B. D + L D= DEAD LOAD
C D- W L : LIVE LOAD
U. 0.75 (D+L+ W) W= WIND LOAD

Figure 6-18 Recommended pre-engineered building design loads
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SUPPRESSIVE SHIELDING

6-23. General

This man~ual presents methods for the design and construction of conventional
reinforced concrete and steel protective facilities which provide adequate
safety for hazardous operations such as munitions loading, maintenance,
renovation, or demilitarization. Such safety considerations include the
utilization of convention.lpoetv ares total containment construc-
tion, or the use of separation distances or isolation of the specific opera-
tion from other parts of the facility using appropriate quantity distance
specifications. However, an alternative available to' the designer of these
facilities is the use of suppressive shielding as outlined in HNDM 1110-1-2,
"Suppressive Shields Structural Design and Analysis Handbook," 18 November
1977.

A suppressive shield is a vented steel enclosure which controls or confines
the hazardous blasL, fragment, and flame effects of detonations. Suppressive
shielding may provide cost or safety effective alternatives to conventional
facilities, depending upon the hazardous situation under study. HNDM 1110-1-2
presents procedures for design, analysis, quality control, and economic
analysis of suppressive shields. In this section, a brief review of these
procedures is presented. The reader should refer to HNDM 1110-1-2 for details
necessary for design.

6-24. Application

Facility operations such as munitions loading, maintenance, modification,
renovation, or demilitarization must be analyzed to determine which operations
involve potentially catastrophic (CAT I or II, MIL STD 882A) hazards in the
event of an inadvertent ignition or detonation. Where the hazard analysis
shows such a potential, the facility design must provide adequate safety for
those operations. The alternatives presented to the designer of the facility
are varied and may include the utilization of conventional protective barri-
cades with appropriate separation distances, reinforced concrete or steel
structures, suppressive shields, or isolation of a particular operation from
the rest of the facility by the appropriate quantity-distance. The decision
as to which alternative system to use is based primarily on economic factors,

provided all safety considerations are equal. The facility, availability of
real estate, and equipment costs to include maintenance, operation, useful
life, replacement, and modification or renovation must be analyzed foe each
alternative method of protection. Costs will be estimated and compared over
the facility life to determine the most economical mode of protection.

A major factor which is paramount in the determination of which form of pro-
tection to use is the requirement for approval of the facility by the Depart-
ment of Defense Explosives Safety Board. If the designer can, based on econo-
mic factors, adapt suppressive shields in the design and support the adapta-
tio'n witni proven accepted analytical techniques, he should begin development
of a facility concept which employs suppressive shields using those shields
which have been safety approved.
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6-24.1. Safety Approved Suppressive Shields

There are eight suppressive shield design groups that have been developed to
various stages of definition. These shield groups are summarized in Table 6-4
and illustrated schematically in Figure 6-19. Of the design groups illus-
trated, five had been safety approved by the Department of Defense Explosive
Safety Board in 1977.

The fi-e suppressive shield group designs approved by the DoD Explosive Safety
Board (Groups 3, 4, 5, 6, and 81 mm) have been designed to meet the require-
ments for most applications to ammunition load, assembly, pack (LAP) in the
Munitions Productiou Base Modernization and Expansion Program. However, spe-
cific shield requirements will vary with other applications and, even with LAP
applications, design details will vary from plant to plant and between muni-
tions or different operations on the line. It will, therefore, frequently be
necessary to modify the approved shields to adapt them to the operation under
consideration.

Chapter II and Appendix A of HNDM 1110-1-2 describes the safety approved
shield group designs, provides guidance concerning acceptable modifications,
recommends procedures for securing safety approval of new shield designs, and
provides summary information on overall dimensions of the shield structure,
charge capacity, rated overpressure, fragment stopping wall thickness, and
type of construction of the five approved basic shield groups.

6-24.2. New Shield Design

ln exceptional cases where a safety approved shield cannot be made to fit a
desired application, a new shield can be designed. The guidance needed to de'.
sign a new shield and the procedures for obtaining the safety approval for the
new design are ouf-lined in HNDM 1110-1-2.

6-24.2.1. Hazardous Environments

Considering that the hazardous environments normally associated with suppres-
sive shielding involves explosives and/or explosive ordnance, Chapter III of
HNDM 1110-1-2 presents information relative to internal and external air
blast, fragmentation, and fireball phenomena. This information can b3 used in
support of blast and fragment methods in this manual to determine venting
requirements, air blast loads on the structure, and protection required to
defeat fragments. Some graphs and prediction methods in Chapter 2 of this
manual are taken directly from the suppressive shields manual.

6-24.2.2. Structural Behavior

Suppressive shields can be subjected to large, high pressure loads applied
very rapidly. The allowance of inelastic behavior of the shield material
structural elements enables much more efficient use of the structural material
and does not impair the function of the shield provided, of course, that the
inelastic behavior is maintained within acceptable limits.

The structural materials of primary interest in suppressive shielding are
1V:• steel and reinforced concrete. Chapter IV of HNDM 1110-1-2 discusses ':he

behavior and properties of these structural materials under static ard dynamic
loading. Additionally, ductility ratios as they apply to suppressive shield
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application are covered. Some of the information provided will duplicate
K material in chapters of this manual. In case of a conflict, this manual takes

6-24.2.3. Structural Design and Analysis

Chapter V of HNDM 1110-1-2 describes techniques which are sufficiently
accurate for preliminary designs in all cases, and in most cases, adequate for
final designs. These methods deal primarily with the dynamic loadings imposed
by internal explosions. The design methods supplement material presented in
chapters of this manual. Again, in case of conflict, this manual takes
precedence.

6-24.2.4. Structural Details

Each suppressive shield used for amnlurtitiori manufacturing and other hazardous
1' operations will have specific requirements for utility penetrations, and doors

for personnel, equipment, and products. Guidance on the provision of accept-
able structural. details such as these is presented in Chapter VI of HNDM 1110-
1-2 along with information on structural details which have been successfully
proof-tested.

6-24.2.5. Economic Analysis

The design of a facility entails the need to ascertain the most cost effective
configuration from among a set of workable design alternatives. All will be
designed to provide the desired level of reliability and safety, and the
selection of one over another will be based primarily on dollar costs. The
economic analysis of alternative facility design is a complex process unique
to each facility. Chapter VII of HNDM 1110-1-2 illustrates the many factors
that must be considered.

6-24.2.6. Assuring Structural Quality

In the design of suppressive shields, specifications for the quality of the
basic material is paramount. The strength of welds and concrete components
are also determining factors in the overall strength of the structure.
Chapter VIII of HNDM 1110-1-2 provides the guidance which outlines a quality
assurance program for suppressive shield design packages.

Included in Appendix A of HNDM 1110-1-2 is a detailed description of the
safety approved suppressive shields and guidance concerning acceptable
modifications. Copies of the fabrication drawings for each approved shield
design are included along with direction for ordering full-sýiize copies.
Appendix B of that manual includes response charts for use in preliminary
design. The charts are based on the combined short duration shock load and
infinite duration quasi-static load, along with an undamped elastic-plastic
responding structure.

6-25. Design Criteria

Design criteria for use of suppressive shields, or suppressive shielding
panels, are very dependent on specific applications in protective structures.
These criteria may include complete suppression of fragmentation effects, both
primary and secondary; attenuation of blast overpressures and impulses to
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specified levels of specific distances from the shield or shield panels;
attenuation of fireball radiation; or even essentially complete suppression of
all of these effects.

Suppressive shields may or may not present reasonable or cost effective
solutions to specific design problems in protective structures. Generally,
they have appeared attractive when fragment hazards are severe and when
potentially explosive sources are rather concentrated. The safety-approved
shields protect against effects as limited as small trays of detonators, and
as severe as a large melt kettle in a HE melt-pour operation containing
several thousand pounds of explosive. The designer should consider their use,
and use the methods presented in HNDM 1110-1-2 to evaluate their efficacy,
compared to other types of protective structures discussed in this manual.

No general design criteria can be given here because the criteria for differ-
ent operations or plants, and available real estate, differ too widely. In
each specific protection design contract, the AE should be provided with quite
detailed design criteria, in addition to general regulations which fix safety
criteria such as AMCR 385-100. Both the specific and more general criteria
must be evaluated when deciding whether or not suppressive shields will be
useful in the facility design.

6-26. Design Procedures

6-26.1. Space Requirements

Once the operation requiring suppressive shields has been identified, consid-
eration must be given to the size and shape of the equipment needed to perform
the operation and the work space required inside the shield. These factors
necessarily provide the designer with an estimate of the size and shape of the
shield required. Additionally, space available on the line or in the building
will place limitations on the overall shield base dimensions and height.

6-26.2. Charge Parameters

A principal factor in the selection of a shield which will govern the shield
requirements is the establishment of the charge parameters for any specific
application. The charge parameters are: charge weight (W). shape, confine-
ment, and composition; ratio of charge weight to shield internal chapter
(W/V); and scaled distance (Z) from the charge to the nearest wall or roof of
the shield. (Z - R/WI/ 3 ), where R is the distance from the center of the
charge to the nearest wall or roof in feet and W is the charge weight in
pounds. These parameters for approved shield groups are sumnmarized in Table
6-5. New shield designs can be developed -or individual needs.

6-26.3. Fragment Parameters

Another key factor in the procedure a designer follows in the selection of an
approved design or the design of a new concept is the suppression of primary
and secondary fragments generated by the detonation of explosives or muni-
tions. Much of the material in HNDM 1110-1-2 for fragment perforation of
spaced plates has been adapted to Chapter 5 of this manual.
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AdM 6-26.4. Structural Details

Suppressive shields used for ammunition manufacturing and other hazardous
operations require provisions for gaining access to the operation being
protected. Personnel must be able to enter the shield to accomplish routine
and emergency maintenance and clean-up and other essential operations. An
opening of sufficient size must be provided to enable the installation or
removal of equipment in realistically large subassemblies. Openings for
conveyors and chutes must also be provided and properly configured to prevent
excessive pressure and fragments from escaping. Provisions must be made to
provide all utilities and satisfy all environmental conditioning needs which
may be essential to the operations inside the shield.

Utility penetrations, ventilating and air-conditioning ducts, and vacuum lines
must not diminish the overall protective capability of tihe shield. They must
not alter the basic mode of structural failure of the suppressive shield and
should be small compared to the general size of the shield.

Operations that produce explosive dust may require the use of liners both
inside and outside the shield to prevent the accumulation of dust within
shield panels. With configurations such as the Group 5 shield, which is
primarily designed for use with propellants or pyrotechnic materials, liners
must nct inhibit the venting characteristics of the shield.

Utility lines passing through suppressive shields are vulnerable to both air
blast and fragment hazards. The air blast could push unprotected utility
"penetrations through the walls of the shield and create secondary fragments.
Fragments from an accidental explosion could perforate the thin walls of an
unprotected utility pipe and escape from the shield. To eliminate the threat
of air blast and fragments, a protective box is used to cover the area where
the utility lines pass through the shield wall. The box is configured to rest
on the inside surface of the shield and is welded to the shield. The size of
the wall penetrations is limited to that required for the utilities. Each
pipe is bent at a right angle inside the shield within the protective box.
The penetrations of the shield wall are reinforced with a sleeve or box
section welded to the shield panel through which the utility liDe passes. The
penetration box is designed to maintain the structural integrity of the shield
area penetrated. A typical protective box design is shown in Figure 6-20.

Tile cover plate thickness is selected to stop the worst case fragment.

Typical penetrations for approved safety design suppressive shields are
illustrated in Figures 6-21 and 6-22, and a vacuum line penetration is
illustrated in Figure 6-23.

6-26.5, Access Penetrations

In the munitions plant environment, suppressive shields are designed to
protect Category I or II hazardous operations as defined in MIL STD 882A.
Remote operation may be required so personnel will not be inside the shield
duting operations. However, personnel access is required to allow for
maintenance, repair, and inspection. Further, these doors must provide large
openings to enable most equipment to be installed or removed in large subas-
semblies.
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Access is also required for munitions components, explosives, and assembled
munitions to pass through the suppressive shield. In the case of conveyor
transporting systems, consid~ration must be given to the proper pass-through
of the conveyor. Requirements for this type of access depend on the configu-
ration of the munitions product, transporting pallets, and conveyors, as well
as production rates and other factors unique to each operation. For these
reasons, definition of specific design requirements is not possible.

6-26.5.1. Personnel Door

Three different types of doors have been developed for use in suppressivo
shields: sliding, hinged, and double leaf. The hinged door was designed to
swing inward. This feature reduces the usahle space inside the shield. A
sliding door is preferred for personnel acceý:," to munitions operations.
Figure 6-24 illustrates a typical sliding door. This type door is used with
the Group 4, 5, and Milan 81 mm shields. The sliding door consists of an
entire shield panel suspended from a monorail system. The panel is inside the
shield and is not rigidly attached to the column members. Special consider-
ation was given to the air gap between the door panel and the column to assure
that excessive pressure leakage would not occur and that fragments could not
pass through the gap.

The cylindrical Group 3 shield contains a two-leaf door, hinged at each side.
It swings inward as shown in Figure 6-25. The door is curved to match the

shield wall contour and is fabricated from S5 x 10 1-beams. Pressure loading
restraint is provided by the door bearing on the external support rings of the
shield at the top and bottom of the door. Ai external latch provides re-
straint during rebound of the door.

6-26.5.2. Product Door

Only one type of product door has been developed conceptually for use in
suppressive shields. It is the rotary, three lobed configuration shown in

Figure 6-26. The design procedure for this door is described to illustrate
the type of analysis required. It can be used as a guide for analysis of
similar alternate design concepts for product doors.

The air blast will most severely load the rotating product door when the
munitions opening is coincident with the pocket in the rotary door. A non-
overriding clutch prevents the door from counter-rotating. The angular
impulsive load is:

Ti ir Ad rd 6-38

where
Ti - angular impulsive load

r - reflected impulse
Ad- door area
rd - radius from center of impulse load to the center of door

rotation

Assuming the product door to be initially at rest, the rotational velocity
impart~ed to the door is given by:

wi - Tn /1 6-39

jj 6-60



TM 5-1300/NAVFAC P.397/An. 88-22

where

- angular velocity

-M mass moment of inertia of the door about. shaft axis

V The kinetic energy imparted to the door is given by:

Im Z2 Ti 2

KE - - -- 6-4.0

2 21

The strain energy absorbed by a circular shaft is given by:

us L'(rT,)2 6-41
4G

where

us strain energy
Ls W length of the shaft

C shear modulus of the shaft material
r.- radius of the shaft
Ts- maximum shear stress in the shaft

Equating the kinetic energy of the rotating door to the strain energy in the
shaft and solving for the shear stress yields:

- - - 6-42

The computed shear stress in the shaft must be less than the dynamic shear
stress of the shaft material, i.e.,:

s < 0.5 fdy 6-43
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Table 6-4 Summary of Suppressive Shield Groups

HAZARD PARAMETER
REPRESENTATIVE

SHIELD GROUP BLAST FRAGMENTATION APPLICATIONS LEVEL OF PROTECTION *

1 High Severe Porcupine Melter Reduce blast pressure
(2000 ibs) plus at intraline distance
two pour units 250 by 50 percent
lbs each

2 High Severe HE Bulk (750 lb) Reduce blast pressure
Minute melter at intraline distance

by 50 percent

3 High Moderate HE Bulk (37 lb) Category I hazard
Detonators, fuses 6.2 feet from shield

4 Medium Severe HE Bulk (91b) Category I hazard
Processing rounds 19 feet from shield

5 Low Light 30 lb Illhiiinant Cacegory I hazard
Igniter slurry mix- 3.7 feet from shield
ing HE processing
(1.84 lb)

6 Very Light Laboratory, Category I hazard
High handling, and at 1 foot from shield

transportation

7 Medium Moderate Flame/fireball Category I hazard
attenuation at 5 feet from shield

81 mm High Moderate 81 mm mortar drill- Category I hazard
and-face and/or at 3 feet from shield
cast-finishing
operation

* All shield groups contain all fragments
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Table 6-5 Charge Parameters for Safety Approved Shields

MINIMbjM Z (ft/lh
1 /3)

MAXIMUM W/V
SHIELD GROUP WALL ROOF (lb/f t)

3 1.63 1.45 0.04157

4 2.23 2.19 0.00762

5 4.14 6.79 0.00215

6A 1.01 N/A 0.22970

6B 1.22 N/A 0.13200

Prototype 81 mmn 3.62 3.21 0.00340

Milan 81 mm~ 4.23 3.75 0.00280

*See Figure 6-19
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BLAST RESISTANT WINDOWS

6-27. Introduction

Historical records of explosion effects demonstrate that blast-propelled glass
fragments from failed windows are a major cause of injuries from accidental
explosions. Also, failed window glazing often leads to additional injuries as
blast pressure can enter interior building spaces and subject personnel to
high pressure jetting, incident overpressure, secondary debris impact, and
thrown body impact. These risks are heightened in modern facilities, which
often have large areas of glass.

Guidelines are presented for both the design, evaluation, and certification of
windows to safely survive a prescribed blast envirornent described by a
triangular-shaped pressure-time curve. Window designs using monolithic
(unlaminated) thermally tempered glass based on these guidelines can be
expected to provide a probability of failure equivalent to that provided by
current safety standards for safely resisting wind loads.

Guidelines are presented in the form of load criteria for the design of both
the glass panes and framing system for the window. The criteria account fox
both the bending and membrane stresses and their effect on maximum principle
stresses and the nonlinear behavior of glass panes. The criteria cover a
broad range of design parameters for rectangular-shaped glass panes. Design
charts are prosented for monolithic thermally tempered glazing with blast
overpressuLe capacity up to 100 psi, an aspect ratio of 1.00 5 a/b : 4.00,
pane area 1.0 5 ab S 25 ft , and nominal glass thickness 1/4 5 t • 3/4 inches.
An alternate method for blast capacity evaluation by calculation is also
presented. This can be used to evaluate the blast capacity of glass when
interpolation between charts is unadvisable, when design parameters are
outside the limits of the chart, and to calculate rebound loads. Presently,
the design criteria are for blast-resistant windows with thermally treated,
monolithic tempered glass. Further research is required to extend these
design criteria to laminated tempered glass.

6-28 . Background

The design criteria cover monolithic tempered glass meeting the requirements
of Federal Specifications DD-G-1403B and DDG-451d. Additionally, thermally
tempered glass must meet the winimum fragmcnt weight requirements of ANSI
Z97,1-1984, Section 5.1.3(2).

Annealed glass is the most comnon form of glass available today. Depending on
manufacturing techniques, it is also known as plate, float or sheet glass.
During manufacture, it is cooled slowly. The process results in very little,
if any, residual compressive surface stress. Consequently, annealed glass is

of relatively low strength when compared to tempered glass. It has large
"variations in strength and fractures into dagger-shaped, razor-sharp frag-
ments. For these reasons, annealed glass is not recommended for use in blast
resistant windows.

Thermally tempered glass is the most readily available tempered glass on the
market. It is manufactured from annealed glars by heating to a high uniform
temperature and then applying con,-rolled rapid cooling. As the internal
temperature profile relaxes towards uniformity, internal stresses are created.
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The outer layers, which cool and contract first, are set in compression, while
internal layers are set in tension. As it is rare for flaws, which act as
stress magnifiers, to exist in the interior of tempered glass sheets, the
internal tensile stress is of relatively minimal consequence. As failure
originates from tensile stresses exciting surface flaws in the glass, precom-
pression permits a larger load to be carried before the net tensile strength
of the tempered glass pane is exceeded. Tempered glass is typically four to
five times stronger than annealed glass.

The fracture characteristics of tempered glass are superior to those of
annealed glass. Due to the high strain energy stored by the prestress,
tempered glass will eventually fracture into small cubical-shaped fragments
instead of the razor-sharp, dagger-shaped fragments associated with the
fracture of annealed glass. Breakage patterns of side and rear windows in
American automobiles are a good example of the failure mode of thermally or
heat-treated tempered glass.

Semi-tempered glass is often marketed as safety or heat-treated glass.
However, it exhibits neither the dicing characteristics upon breakage nor the
higher tensile strength associated with fully tempered glass, and, therefore,
it is not recommended for blast resistant windows.

Another common glazing material is wire-reinforced glass, annealed glass with
an embedded layer of wire mesh. Its only use is as a fire-resistant barrier.
Wire glass has the fracture and low strength characteristics of annealed glass
and, although the wire binds fragments, it contributes metal fragments as an
additional hazard. Wire glass is never recommended for blast resistant
windows.

6-29. Design Criteria for Glazing

6-29.1. Specified Glazing

The design of blast-resistant windows is currently restricted to heat-treated,
fully-tempered glass in fixed or non-openable frames meeting both Federal
Specification DD-G1403B and ANSI Z97.1-1984. Tempered glass meeting only DD-
G-1403B may possess a surface precompression of only 10,000 psi. At this
level of precompression, the fracture pattern is similar to arnealed and semi-
tempered glass. Tempered glass meeting the minimum fragment specifications of
ANSI Z97.1-1984 (Section 5.1.3(2)) has a higher surface precompression level
and tensile strength, which improves the capacity of blast-resistant windows
and results in smaller, cubical-shaped fragments on failure.

Although thermally tempered glass exhibits the safest failure mode of any
glass, failure under blast loading still presents a significant health hazard.
Results from blast tests reveal that on failure, tempered glass fragments may
be propelled in cohesive clumps that only fragment on impact into smaller
rock-salt-shaped fragments. Even if the tempered glass initially breaks into
small fragments, sufficient velocities may still be imparted by the blast
loading to cause severe hazards to personnel. Because the expected geometry
of glass fragments involve multiple, potentially sharp corners, a high
probability of injury would result from application of the 58 ft-lb criterion
for acceptable kinetic energy. Because of these hazards to personnel, blast-
resistant glazing should be designed to survive expei:ted loads.
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. 6-29.2. Design Streaces

The design stress, the maximum principal tensile stress allowed for the
glazing, fu, is set at 16000 psi. This correlates with a probability of
failure equal to or less than 0.001. The design stress Zor blast-rssistant
glazing is slightly higher than that commonly used in the design of one-minutc
wind loads, but, it is justified because of the expected, significantly
shorter, duration of loading.

6-29.3. Dynamic Response to Blast Load

An analytical model was used to predict the blast load capacity of annealed
and tempered glazings. Characteristic parameters of the model are illustrated
in Figure 6-27.

The glazing is a rectangular, fully thermally tempered glass plate having a
long dimension, a; a short dimension, b; a thickness, t; a poisson ratio, v -
0.22; and an elastic modulus, E - I x 106 psi. The plate is simply supported
along all four edges, with no inplane and rotational restraints at the edges.
The bending stiffness of the support elements is assumed to be infinite
relative to the pane. Recent static and blast load tests indicate that the
allowable frame member deflections of 1/264-th of the span will not signifi-
cantly reduce pane resistance from that predicted for aix infinitely stiff
frame.

The blast pressure loading is described by i peak Lriangular-shaped pressure-
! ime curve as shoin in Figure 6-27. The blast pressure rises instantaneously
to a peak blast pressure, B, and then decays linearly with a blast pressure
duration, T. The pressure is uniformly distributed over the surface of the
pane and applied normal to the pane.

The resistance function, r(X) (static uniform load, r as a function of center
deflection, X) for the plate accounts for both bending and membrane stresses.
The effects of membrane stresses produce a nonlinear stiffness of the resis-
tance-deflection function (Figure 6-27). The design deflection, Xu is defined
as the center deflection where the maximum principle tensile stress at any
point in the glass first reaches the design stress, fun, of 16,000 psi.
Typically, as the deflection of the plate exceeds a third of its thickness,
the points of maximum stress will migrate from the center and toward the
corners of the plate.

The model, illustrated in Figure 6-27, uses a single-degree-of-freedom system
to simulate the dynamic response of the plate. To be conservative, no damping
of the window pane is assumed. The model calculates the peak blast pressures
required to exceed the prescribed probability of failure. The model assumes
that failure occurs when the maximum deflection exceeds ten times the glazing
thickness. This restricts solutions to the valid range of the Von Karmen
plate equations while preventing edge disengagement of the plate.

6-29.4. Design Charts

Charts are prescnted in Figures 6-28 to 6-48 and Tables 6-6 to 6-12 for the
design and evaluation of glazing to survive a prescribed blast loading with a
probability of failure no greater than 0.001. The charts relate the peak
blast overpressure capacity of thermally tempered glazing to all combinations

6-75



TM 5-1300/NAVFAC P-397/AFR 88-22

of the following design parameters: a/b - 1.00, 1.25, 1.50, 1.75 2.00, 3.00,
and 4.00; 1.00 : ab 5 25 ft ; 12 - b • 60 inches; 2 • T • 1,000 msec; and t
1/4, 5/16, 3/8, 1/2, 5/8, and 3/4 inches (nominal). Thermally tempered glass
up to 3/4 inch thick can easily be purchased in the United States. Th.•'sk-Less
greater than 3/4 inch can only be obtained by lamination, but, research and
blast load testing are required to develop approved designs for laminated
glass.

The charts are based on the minimum thickness of fabricated glass allowed by
Federal Specification DD-G-451d (see Table 6-7). They are created by numeri-
cally integrating the equations of motion of a single-degree-of-freedom system
as modeled in Figure 6-27. A Wilson-Theta technique was employed with a time
step corresponding limited to 1/25th of each of the five increasing linear
resistances used to model the resistance function.

6-29.5. qlternate Design Procedure

Design procedures in this section can be used to evaluate the blast capacity
of monolithic tempered glass when inttrpolatioxL between charts is unadvisable,
when design parameters are outside the limits of the chart, or to calculate
rebound loads. It is recommnended that the design charts be used for initial
guesses of required glass thickness.

Procedures to calculate resistance, ru, (Table 6-6) deflection, •, effective
static resistance, reff, effective pane stiff,.ess, K., and the period of
vibration, TN follow. The response charts can be used with these parameters
to determine dynamic response. Table 6-11 reports the fundamental period of
vibration and Table 6-12 reports the effective elastic, static resistance for
most dimensions of glass panes. In many cases these values and Lhe single
equation in Step 10 below can be used to directly compute blast overpressure
capacity.

Step_ .. Determine if the glass pane will behave as a linearly responding
plate under the design load. If the ratio of the short side of the plate, b,
to its actual (not nominal) thickness is less than the maximum in the second
column of Table 6-8, then simple formulas can be used for parameters needed to
use the response charts. Only glass panes above and to the left of the
steeped line in Table 6-6 will qualify. If the glass pane has a b/t-ratio
less than that specified in Table 6-8, the glass will behave in a nonlinear
manner with the membrane stresses induced by straining of the neutral plane or
axis of the plate. Proceed to steps 2-9 to determine key parameters for this
nonlinear plate behavior.

For glass plates that respond linearly, the design static resistance and the
effective elastic resistance are:

reff - ru - Cr(t/b) 2 psi 6-44a

The center deflection is:

2
Xu- CD (b2/t) 6-44b

Coefficients for computing the effective resistance, Cr, and the center

deflection, CD, are listed in Table 6-8.
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The fundamental period of vibration is

TN - CT (b 2 /t) 6-45

Coefficient CT is reported in the last column of Table 6-8. Pioceed to Step
10 to determine blast capacity.

SaFor nonlinear behavior with the b/t-ratio greater than specified
in column 2 of Table 6-8, determine the nondimensional design stress, SSD, as:

SND - 0.0183 (b/t) 2  6-46

where; b - short span of glass measured between center lines of the

gaskets (inches), and

t - actual thickness of glass, from Table 6-7 (inches)

For values of a/b greater than 4, use a/b - 4.

•Q•eL.• Enter Figure 6-49 with the values of SND and a/b to determine the
nondimensional design load, TbD'

Step4 Compute static design resistance as:

ru - 876,000 (LND)(t/b)'4 psi 6-47

Af Use this value for frame design calculations other than those for rebound.
Use reff defined in Step 7 for the rebound phase.

S-tela' q Use a/b and LND in Figure 6-50 to obtain the nondimensional
deflection, X/t. If X/t exceeds 10, use the value of LND corresponding to an
X/t of 10 and recalculate ru using Figure 6-49.

Sj.te_ Determine center deflection of the glass pane as:

Xu - (X/t)t, inches 6-48

Step 7 Determine the effective elastic, static design resistance as:

reff - 0.4 (r, + r 2 + r 3 + r 4 + 0.5ru) psi 6-49

where: rI - resistance at 0.2 Xu
r2 - resistance at 0.4 Xu
r3 - resistance at 0.6 Xu
r4 - resistance at 0.8 Xu
ru obtained in Step 4
Xu obtained in Step 6

Figures 6-49 and 6-50 should be used for rI through r 4 . The equivalent static
dksign load is the resistance that a linearly responding plate would exhibit
at the same strain energy as the nonlinearly responding plate at the design
center deflection Xu. It is always less than ru. By this technique, the
linear response charts can be used with reasonable accuracy.
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g 8 Determine effective stiffness as:

KE - reff/X~d, psi/in 6-50

Se 9 Determine the fundamental period of vibration as:

TN - 27f (KLM m / KE) 1 / 2 , msec 6-51

where: KLM - 0.63 + 0.16(a/b - 1) 1 _< a/1) < 2
KLM- 0.79 a/b _> 2

The unit mass, m, of the glass is:

m - 233t, lb-ms 2/in3

Step 10 Use Figure 3-49 of Chapter 3 with the ratio of load duration to
period of vibration, T/TN, to obtain the dynamic load factor, DLF. The blast
overpressure capacity of the glass pane is:

B - reff/DLF 6-52

For T/TN-ratios greater than 10, set DLF equal to 2. For ratios less than
0.05, set DLF equal to 0.3.

6-.30. Design Criteria for Frames

6-30.1. Sealants, Gaskets, and Beads

All gaskets or beads must be at least 3/8 inch wide with a Shore "A" durometer
hardness of 50 and conform to ASTM Specification C509-84 (Cellular Elastomerih
Preformed Gasket Sealing Material). The bead and sealant must: form a weather-
proof seal.

6-30.2. Glazing Setting

Minimum frame edge clearances, face clearance, and bite (Figure 6-51) are
specified in Table 6-7.

6-30.3. Frame Loads

The window frame must develop the static design strength, ru of the glass pane
(Table 6-6). Otherwise, failure will occur at less than the predicted blast
pressure capacity of the window pane. This results from the frame deflections
"which induce higher principal tensile stresses in the pane, thus reducing the
strain energy capacity available to resist the blast loading.

In addition to the load transferred to the frame by the glass, frame members
must also resist the static design load, r,,, applied to all exposed members.
Maximum allowable limits for frame design are:

1. flecti Relative displacements of frame members shall be
the smallest of 1/264th of itsc. span or 1/8 inch.
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2. Stress: The maximum stress in any member shall not ex-
ceed fm/1 . 6 5 , where fm is the yield stress of
the members material.

3. Fasteners: The maximum stress in any fastener shall not exceed
fin/ 2 .00.

The design load& for the glazing are based on large deflection theory, but the
resulting design loads transferred to the frame are based on small deflection
theory for normally loaded plates. Analysis indicates this approach to be
considerably simpler and more conservative than using the frame loading based
exclusively on large deflection plate behavilor, characteristic of window
panes. The effect of the static design load, ru, applied directly to the
exposed frame members of width, w, should also be considered.

The design load, ru, produces a line shear, Vx, applied by the long side. a,

equal to:

VX - Cx ru b sin (7Tx/a) 4. ru w, lb/in 6-53

The desigrn load, ru, produces a line shear, Vy, applied by the short side, b,
equal to :

V - C r b sin (7ry/a) + ru w, lb/in 6-54Y y

The design load also produces a corner concentrated load, R, tending to uplift
the carners of the window pane equal to:

R - CR ru b 2 , lb 6-55

Distribution of these forces are illustrated in Figure 6-52. Table 6-9
presents design coefficients, Cx, Cy, and CR for practical aspect ratios.
Linear interpolation can be used for aspect ratios not shown.

Although frames with mullions are included in the design criteria, it is
recommended that single pane frames be used. Experience indicates that
mullions complicate the design and reduce the reliability of blast-resistant
frames. If mullions are used, the certification test must be conducted as the
complexity of the mullion cross sections may cause some of the assumptions to
be unconservative for local shear and stress concentrations. Also, economic
analysis indicates that generally thicker glass will be more cost effective
than the more complex mullion frame. If mullions are used, the loads from
Equations 6-55 to 6-57 should be used to check the frame mullions and fasten-
ers for compliance with deflection and stress criteria. Note that the design
load for mullions is twice the load given by Equations 6-53 to 6-55 to account
for the effects of two panes supported by a common mullion.

Special design considerations should be taken to assure that deflection of the
building wall will not impose deflections on the frame greater than 1/264th of
the length of the panes edge. When insufficient wall rigidity is provided, it
is recommended that the frames be pinned at the corners to provide isolation
from the walls rotation.
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6-30.4. Rebound

Response to the dynamic loading will cause the window to rebound (outward
deflection) after its initial positive (inward) deflection. The outward pane
displacement and the stresses produced by the negative deflection must be
safely resisted by the window while positive pressures act on the window.
Otherwise, the window which safely resists stresses caused by inward deflec-
tions may fail in rebound while the positive pressure still acts. This can
propel glass fragments into the structure. However, if the window fails in
rebound during the negative phase of blast loading, glass fragments will be
drawn away from the structure. Rebound will occur during the negative loading
phase if the effective blast duration is no greater than one half of the
natural period of vibration, T of the glass pane. For T 1 10 TN, signifi-
cant rebound does not occur during the positive blast loading, so, for this
situation, design for rebound is not required. For 0.5 : T/TN • 10, the frame
must be designed for the peak negative pressure acting during the positive
overpressure phase. Table 6-11 reports TN for practical glass pane dimen-
sions.

As the rebound chart, Figure 3-268 of Chapter 3, can be unconservative for
predicting maximum rebound (for glass panes), dynamic analysis using numerical
integration or a more conservative simplified analysis is required. In lieu
of a numerical analysis, it is conservative to set the maximum rebound load,
r , to the static design load, ru. The resistance function for this analysis
can be generated by the Alternate Design Procedure. If the pane has a b/t
ratio lass than specified in Table 6-8, the pane will behave as a linear plate
and Equations 6-44 can be used to determine ru, Xu, and the resistance
function. If the pane has a b/u ratio larger than specified in Table 6-8, use
Steps 2 through 7 to define the resistance function. The negative resistance
function is a mirror image of the positive resistance function.

The portion of the frame outboard of the glass must re:;ist the rebound load,

r-. Use Equations 6-53 to 6-55 to apply the rebound load to the frame

members. In some design situations the resistance built into the member
outboard of the glass to resist the corner concentrated force, R (Equation 6-
55), during deflections of the pane inward will provide enough strength to
resist rebound.

6-31. Acceptance Test Specification

Certification tests of the entire window assembly are required unless analysis
demonstrates that the window design is consistent with the design criteria.
All window assembly designs using mullions must be tested. The certification
tests consist of applying static uniform loads on at least two sample window
assemblies until failure occurs in either the glass or frame. Although at
least two static uniform load failure tests are required, the acceptance
criteria presented below encourages a larger number of test samples. All
testing should be performed by an independent testing laboratory certified by
the contracting officer.

6-31.1. Test Procedure - Window Assembly Test

The test windows (glass panes plus support frames) shall be identical in type,
size, sealant, and construction to those furnished. The test frame assembly
shall be secured tc simulate the adjoining walls. Using either a vz.cuum or a
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liquid-filled bladder, an increasing uniform load shall be applied to the
entire window assembly (glass and frame) until failure occurs in either the
glass or frame. Failure Ghall be defined as either breaking of glass or loss
of frame resistance. The failure load shall be recorded to three significant
figures. The load should be applied at a rate of 0.5 ru per minute which
corre!sponds to approximately one minute of significant stress duration until
failure. Table 6-6 presents the static ultimate resistance of old tempered
glass, correlated with a probability of failure, equal to 0.001 and a load
duration of 1 second, whereas this criteria is for a load duration of 1
minute. This longer duration will weaken the glass by ceramic fatigue, but
new glass should tend to be stronger than old glass. To account for these
effects the certified static load capacity, r., of a glass pane is to be rated
as:

r. - 0.876 ru 6-56

6-31.2. Acceptance Criteria

The window assembly (frame and glazing) are considered acceptable when the
arithmetic mean of all the samples tested, r, is such that:

r ru + s a 6-57

where
ru - star.ic ultimate resistance of the glass pane
s - sample standard deviation
a- acceptance coefficient

For n test samples, r is defined as:

n
Z ri

i-I

r 6-58
n

where ri is the recorded failure load of the ith test sample. The standard
sample deviation, s, is defined as:

n 2 1/2

s - K-[ri- 1 6-59

(n-1)

The minimiui value of the sample standard deviation, s, permitted to be
employed in equation 6-47 is:

Smin - 0.145 ru 6-60

This assures a sample standard deviation which is no better than the ideal.
tempered glass in ideal frames.
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The acceptance coefficient, a, is tabulated in Table 6-I0 in terms of the
number of samples tested.

The following equation is presenced to aid in determining if additional test
samples are justified, If:

r u ru + s 6-61

then with 90% confidence, the design will not prove to be adequate with
additional testing. The rejection coefficient, B, is frorl Table 6-10.

9 6-31.3. Certification for Rebound

Acceptance testing shall be performed for rebound unless analysis demonstrates
that the frame meets rebound criteria. All frames with mullions must be
tested. Testing is performed with the load applied to the inboard surface of
the window assembly. The equivalent static rebound load, r, is substituted
for the design load, rU.

6-32. Installation Inspection

A survey of glazing failures due to wind load indicates that improper instal-
lation of setting blocks, gaskets, or lateral shims, or poor edge bite is a
significant cause of the failures experienced.
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C -face clearance

Figure 6-51 Udg, face, and bite requirements.
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Table 6-6 Static Design Strength ru (psi), for Tempered Glass* [a - long
dimension of glass pane (in.); b - short dimension of glass pane
(in.)]

ASPECT RATIO - 1.00F Glasu Static Design Strength (psi) Zoi a Window Thickness, t, of --
Sizs,
b x a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.
(in,)

18X12 206 141 $7.7 40.3 27.5 20.2
13x13 176 120 74.7 42.8 23.9 17.6
14x14 151 103 64.5 36.9 21.1 15.5
15X15 132 9011 56.1 32.2 18.7 14.2
16x16 116 79.2 49.3 28.3 16.7 13,4

17x17 103 70.1 43.7 25.5 15,1 12.7
18x18 91,6 62.5 39.0 23.1 14.1 12.6
19=19 82.2 56,1 35.0 21.0 13.5 12.1

20x20 74.2 50.7 31.6 19,2 12.9 11.0
21x21 67.A 46.0 28.6 17,7 12.7 10.0
22x22 61.3 41.9 26.4 16.3 12.6 9.20
23x23 56.1 38.3 24.4 15.1 11.8 8.52
24x24 51.5 35,2 22,7 14.3 10.9 7.91
25x25 47,5 32.4 21.2 13.6 10.1 7.43

26x26 43.9 30.0 19,7 13.4 9.39 7.00
27x27 40.7 27.9 18,5 12,9 8.80 6.62
28x28 37.9 26.2 17.4 12.8 8.26 6,22
29x29 35.3 24.6 16.4 12.6 7.78 5,86
30x30 33.0 23.2 15.4 12,6 7.39 5.53
31x31 30.9 21.9 14.6 12.0 7.04 5.22
32x32 29.0 20.8 14.2 11.3 6.71 4.94

33x33 27.4 19.7 13.8 10.6 6.39 4,69
34x34 26.0 18.7 13.5 10.0 6.07 4,45
35x35 24.8 27.8 13.2 9,50 5.77 4.23
36x36 23.6 17.0 12!1 9.05 5.50 4.04
37x37 22,5 16.2 12.7 8.63 5.24 3.86
38x38 21.5 15.4 12.7 8.24 5.01 3.69

39x39 20.5 14.8 12.6 7.68 4.79 3.53
40x40 19.7 14.4 12.5 7.57 4.58 3.39
41x41 18.8 14.1 11.9 7.30 4.39 3.25
42x42 18.1 13.8 11.4 7,04 4.21 3.12
43x43 17.3 13.5 10.9 6.80 4.05 3.00
44x44 16.7 13.2 10.4 6.56 3.90 2.89
45x45 16.0 13.0 9.99 6.32 3.75 2.78
46x46 15.4 12.9 9.59 6.08 3.62 2.68
47x47 14.9 12.8 9.24 5.86 3.49 2.58
48x48 14.5 12.7 8.91 5.65 3,37 2.49
49x49 14.2 12.6 8.59 5.45 3.25 2.41
50x50 14,0 12.6 8.10 5.27 3.15 2.33
51x51 13.7 12.4 8.02 1.09 3.04 2.25
52x52 13.5 11.9 7.76 4,92 2.95 2.18
53x53 13.3 11.5 7.54 4.76 2.85 2.11
54x54 13,1 11.1 7.33 4.61 2.77 2.05
55x55 12.9 10.7 7.13 4.47 2.68 1.Q9
56X56 12.8 10.3 6.94 4.33 2.60 1.93
57x57 12.7 9.99 6.76 4.21 2.53 1.87
58x58 12.7 9.66 6.59 4.08 2.45 1.82
59K59 12.6 9.38 6.40 3.97 2.38 1.77
60x60 12.6 9.11 6.22 3.85 2.32 1.72

* Panes to the right and below the stepped dividing line behave

according to large deflection plate theory.
(conthitued)
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Table 6-6 Static Design Strength ru (psi), for Tempered Glass* [a -long

dimension of glass pane (in.); b - short dimension of glass pane
(Li.)] (Continued)

ASPECT RATIO - 1.25

Glass Static Design Strength (psi) for a Window thickness, t, of -

Size

b x a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.]
(in.)
12x15 154 105 65.5 17.5 20.5 15.4
13x16.25 131 89.5 55.8 32.0 17.9 13.5

14xl7.5 113 77.2 48.1 27.6 15.8 12.3
15xl8.75 98.5 67.2 41.9 24.0 14,Z 11.1
16x20 86.6 59.1 36.8 21.1 13,0 10.2
17x23..25 76.7 52.4 32.6 19.0 12.0 9.866
l8x22.5 68.4 46.7 29.1 17.2 11.1 9.78

19x23.75 61.4 41.9 26.1 15.8 10.3 9.72
20x-'5 55.4 37.8 23.6 14.6 9.96 9.54
21x26.25 50.3 34.3 21.4 13.6 9.79 8.69
22x27.5 45.8 31.3 19.7 12.8 9.78 7.95

23x28.75 41.9 28.6 18.2 12.0 9.70 7.30
24x30 38.5 26.3 17,0 11.3 9.49 6.75
25x31.25 35.5 24.2 15.9 10.7 83.77 6.27
26032.5 32.8 22.4 14.9 10.2 8.14 5.83
27x33.75 30.4 20.8 14.1 9.98 7.57 5.45
28x35 28.3 19.5 13.4 9.80 7.07 5.12

29x36.25 26.4 18.4 12.8 9.79 6.63 4.811
30037.5 24.6 17.4 12.3 9.77 6.23 4.54
3lx38.75 23.1 16.4 11.7 9.71 5.87 4.31
32x40 21.7 15.6 11.2 9.65 5.54 4.09
33x41.25 20.4 14.9 10.7 9.22 5-115 3.90
34x42.5 19.4 14.2 10.3 6.71 4.98 3.71
35x43.75 18.5 13.6 10.1 8.24 4.74 3.53
36x45 17.6 13.1 I 9.93 7.81 4.52 3.36
37x46.25 16.8 12.7J 9.81j 7.41 4.32 3.20

38x47.5 16.1 12.3 9.79 7.05 4.14 3.06
39x48.75 15.5 1.1.8 9.78 6.72 3.97 2.92
40x50 14.8 11.4 9.75 6.42 3.82 2.60
41x5.1. 25 14.3 11.0 9.71 6.13 3.66 2.68
42x52.5 13,8 10.6 9.66 5.87 3.51 2.57
43x53./5 '3.4 10.3 9.47 5.63 3.37 2.47
44x55 13.0 10.2 9.06 5.40 3.24 2.37

45x56.25 12.6 10.0 8.68 5.19 3.11 2.28
46x57.5 12.3 9.87 8.32 5.00 3.00 2.19
47-058.75 11.9 9.60 7.99 4.81 2.89 2.11
48x60 11.5 9.79 7.67 4.64 2.78 2.03
49x61,25 11.2 9.78 7.37 4.49 2.68 1.96
5nx62.5 10.9 9.77 7.11 4.34 2.59 1.89
51x6'3.75 10.!, 9.74 6.85 4.21 2.50 1.83
52x65 10.3 9.70 6.61 4.08 2.42 1.77
53x66.25 10.2 9.67 6.38 3.96 2.34 1.71

'1' Para~s to thr. right and below the stepp(ed dividing line behave
0 according to large defleccion plate theory.

(continueed)

6-110



TM 5-1300/NAVFAC P-397/AFR 88-22

Table 6-6 Static Design Strength ru (psi), for Tempered Class* [a - long
dimension of glass pane (in.); b - short dimension of glass pane

(in.)] (Continued)

ASPECT RATIO - 1.50

Glass Static Design Strength (psi) for a Window thickness, t, of --
Size,
b x a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.
(in.)

12x18 123 83,8 52.3 29.9 16.3 11.9
13x19.5 105 71,4 44.5 25.5 13.9 10.5
14x21 ýY.2 61.6 38.4 22.0 12.3 9.43

15x22.5 78.6 53.6 33.4 19.2 11.1 8.88
16x24 69.1 4'.2 29.4 16.8 10.0 8.26
17x25.5 61.2 41.8 26.0 14.9 9.31 8.14
18727 54.6 37.3 23.2 13.3 8.85 8.02
19x28.5 49.0 33.4 20.8 12.3 8.84 7.90

20x30 44.2 30.2 18.8 11.4 7.83 7.78
21x31.5 40.1 27.4 17.1 10.6 7.81 7.62
22x33 36.5 24.9 15.6 9.86 7.80 7.03
23x34.5 33.4 22.8 14.2 9.32 7.77 6,45

24x36 30.1 21.0 13.1 8.98 7.77 5.95
25x37.5 28.3 19.3 12.4 8.64 7.63 5.50
26x39 26.2 17.9 11.7 8.24 7.19 5.10
27x40.5 24.3 16.6 11.0 7.86 6.69 4.74
28x42 22.6 15.4 10.4 7.85 6.24 4.42
29x43.5 21.0 14.4 9.39 7.85 5,83 4.14
30x45 19.7 13.4 9.42 7.84 5.47 3.88

31x46.5 18.4 12.8 9.16 7.83 5.13 3,64
32x48 17,3 12.2 8.91 7.82 4.83 3.43
33x49.: 16.2 11.6 8.65 7.72 4.55 S.27
34x51 15.3 11.1 3.34 7.62 4.30 3,13
35x52.5 14.4 10,6 8.05 7.28 4.07 3.00
36x54 13.6 10.2 8.02 6.90 3.85 2.87
37x55.5 13.0 9.78 7.99 6.55 3.66 2.7438x57 12.5 9.42 7.96 6.22 3.47 2.61
39x58.5 12.0 9.21 7.93 5.92 3.33 2.50

40x6C 11.6 9.01 7.91 3.64 3.21 2.39
41x61.5 11.2 8.82 7.88 5.38 3.09 2.29
42x63 10.8 0.60 7.85 5.13 2.98 2.19
43x64.5 10.4 8.35 7.77 4.91 2.88 2.10
44x66 10.1 8.12 7.69 '.70 2.77 2.02
45x67.5 9.71 7.90 7.62 4.50 2.66 1.94
46x69 9.42 7.60 7.35 4.31 2.56 1.86
47x70.5 9.25 7.62 7.06 4.14 2.47 1.79

48x72 F 9.08 7.55 6.78 3.97 2.38 1.73

Panes to the right and below the stepped dividing line behave

according to large deflection plate theory.

(continued)
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Table 6-6 Static Design Strength ru (p.,si), for Tempered Glass* [a -long

dimension of glass pane (in.); b - short dimension of glass pane

(in.)] (Continued)

ASPECT RAT:O - 1.75

Glass Static Design Strergth (psi) for a Window thickness, t, of
Size,
b x a 3/4 in, 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12x2l 109 74.2 46.3 26.5 14.4 10.2
13x22.75 92.6 63.2 39.4 22.6 12.3 8.91

*14x24.5 79.9 54.5 34.0 19.5 10.6 8.01
15x26.2-' 69.6 47.5 29.6 17.0 9.46 7.3Z

16x28 61.2 41.7 26.0 14.9 8.52 6,83
17x29.75 54.2 37.0 23.0 13.2 7.85 6.36
18401.5 48.3 33.0 20.6 11.8 7.30 5.93
19x33.25 43.4 29.6 18.5 10.6 6.88 5.76
20x35 39.1 26.7 16.7 9.71 6.49 5.73

21x36.75 35.5 24.2 15.1 8.96 f .2 5.70
22x38.5 32.4 22.1 13.8 8.36 5.84 5.68
23x40.25 29.6 20.2 12.6 7.87 5.73 5.57
24x42 27.2 18.6 11.6 7.43 ] 5.71 5.27

25x43.75 25.1 17.1 10.7 7.11 5.70 5.00
26x45.5 23.2 15.8 9.97 6.81 5.69 4.67ii27x47.25 21.5 14.7 9.17 6.52 5.66 4.35
28x49 20.0 13.6 8.83 6.24 5.45 4.05
29x50.75 18.6 12.7 8.38 5.98 5.21 3.79
31x52.25 16.3 11.1 7.66 5.82 4.70 3.56
31x542.5 17.4 11.9 8.01 5.82 4.98 3.56

33x57,75 144 99 7.1 57 4.7 30
34x59.5 13.5 9.46 6.89 5.70 3.94 2.85
35x61.25 12.8 9.02 6.67 5.69 3.73 2.72
36x63 12.1 8.62 6.45 5.67 3.54 2.60
37x64.75 11.4 8.30 6.24 5.63 3.37 2.49
38x66.5 10.8 8.00 6.04 5.44 3.21 2.37
39x68.25 10.3 7.73 5.87 5.26 3.06 2.26
40x70 9.91 7.47 5.80 5.09 2.93 2.16
41x71.75 9.52 7.26 5.74 4.93 2.82 2.06

42x73.5 9.15 7 .0 7 5.72 4.71 2.71 1.97
43x75.25 8.81 6.9 0 5.70 4.50 2.61 1.89

44x 850 6.73 5.69 4.0 2.51 1.81
45x78.7" 8.24 6 .5 5 5.70 4.12 2.42 1.74

*Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.

(continued)
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Table 6-6 Static Design Strength ru (psi), for Tempered Glass* [a - long

dimension of glass pane (in.); b - short dimension of glass pane

(in.)] (Continued)

ASPECT RATIO - 2.00

Glass Static Design Strength (psi) for a Window thickness, t, of -
Size,
b x a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.
(in.)

12x24 97.6 66.6 41.5 23.8 13.0 9.05
13x26 83.1 56.7 35.4 20.3 11.0 7.81
14X28 71.7 48.9 30.5 17,5 9.52 6.87
15x30 62.4 42.6 26.6 15.2 8.31 6.29
16x32 54.9 37.5 23.4 13.3 7.43 5.81

17x34 48.6 33.2 20.7 11.9 6.72 5.40
18x36 43.4 29.6 18.5 10.6 6.26 5.03
19x38 38.9 26.6 16.6 9.49 5.86 4.71
20x40 35.1 24.0 14.9 8.56 5.51 4.56
21x42 3t.9 21.7 13.6 7.85 5.19 4.46

22x44 29.0 19.8 12.4 7.25 4.90 4.42
23x46 26.6 18.1 11.3 6.73 4.64 4.39
24x48 24.4 16.6 10.4 6.39 4.55 4.37
25x50 22.5 15.3 9.56 6.08 4.47 4.32
26x52 20.8 14.2 8.84 5.79 4.40 4.24

27x54 39.3 13.2 8.23 5.53 4.39 4.01
28x56 3.7.9 12.2 7.73 5.29 4.38 3.74
29x58 3.6.7 11.4 7.27 5.07 4.37 3.50
30x60 3.5.( 10.7 6.86 4.86 4.31 3.28
31x62 14.6 9.98 6.57 4.67 4.25 3.09
32x64 13.7 9.36 6.32 4.58 4.08 2,93
33x66 12.9 8.80 6.08 4.52 3.85 2.78

34x68 12.2 8.31 5.87 4.47 j.64 2.64
35x70 11.5 7.91 5.66 4.41 3.'4 2.51
36x72 10.8 7.53 5.47 4.40 3.26 2.39
37x74 10.3 7.18 5.29 4.39 3.11 2.28
38x76 9.73 6.86 5.12 4.38 2.97 2.18
39x78 9.24 6.62 4.96 4.37 2.84 2.08
40x80 8.78 6.42 4.81 4.34 2.72 1.98
41x82 8.37 6.23 4.67 4.30 2.60 1.89
42x84 8.03 6.05 4.60 4.25 2.50 1.80

Panes to the right and below the stepped dividing line behave

according to large deflection plate theory.
(continued)
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Table 6-6 Static Design Strength ru (psi), for Tempered Glass* [a - lrng
dimeusion of glass pane (in.); b - short dimension of glass pane
(tn.)] (Continued)

ASPECT RATIO - 3.00

Glass Static Design Strangth -psi) for a Wiudow thickness, t, of'- 7
Size,
h x 1 3/4 in. 5/8 irs. 1/2 in. 3/8 in. 5/16 in. 1/4 :n,
(in.

12036 81.1 55.4 34.5 19.8 10.8 7.53
13x39 69.1 47.2 29.4 16.9 9.18 6.41
14x42 59.C 40.7 25.4 14.5 7.92 5.57
15x45 51.9 35.4 22.1 12.7 6.90 4.94
16x48 45.6 31.2 19.4 11.1 6.06 4,42
17x5l 40,4 27.6 17.2 9,6 5.43 3.98
18x34 36,1 24.6 15.3 8.79 4.92 3.61

19x5T 32,4 22,1 13.8 7.89 4,48 3,29
20x60 29.2 19.9 12.4 7.12 4.10 3i.AJ
21x63 26.5 18.1 11.3 6.46 3.77 ?.81
22x66 24.1 16.5 1U.3 5.bd 3.48 2.61
23x69 22.1 15.1 9.40 5.44 3.2? 2.44
24x72 20.3 13.8 8.63 5.06 3 .00 j 2.29

25x75 18.! 12.8 7.95 4.71 2.82 2.15
26x78 17.3 11.8 7.35 4.40 2. 6 2.06
2 x81 16.0 10.9 6.82 4.13 2.51 2.01
28x84 14.9 10.2 6.34 3.88 2.38 1,95
29x87 13.9 9.48 5.91 3.65 2.26 1.89

30x90 13.0 8.86 5.56 3.44 2.14 1.83
31x93 12.2 8.30 5.26 3.25 2.08 1.SL
32x96 11.4 7.79 4.98 3.08 2.03 1.78
33x99 LO.7 7.32 4.72 2.93 1.97 1.76
34x102 10.1 6.90 4.48 2.80 1.92 1.77

L _ __________.

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
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Table 6-6 Static Design Strength ru (psi), for Tempered Glass* [a - long
dimension of glass pane (in.); b - short dimension of glass pane
(in.)] (Continued)

ASPECT RATIO - 4.00

Glass Static Design Strength (psi) for a Window thickness, t, of --
Size,
b x a 3/4 in. 5/8 in. 1/2 in. J/8 in. 5/16 in. 1/4 in.
(in.)

12x48 75.7 51.7 32.2 18.5 10.1 7.02
13x52 64.5 44.0 27.5 15.7 8.57 5.99
14x56 55.6 38.0 23.7 13.6 7.39 5.16
15x60 48.5 33.1 20.6 11.8 6.43 4.52
16x64 42.6 29.1 18.1 10.4 5.66 3,99
17x68 37.7 25.8 16.1 9.20 5.01 3.56
18x72 33.7 23,0 14.3 8.20 4.49 3.19
19x76 30.2 20.6 12.9 7.36 4.05 2,87

20x80 21.3 18.6 11.6 6.65 3.67 2.60
21x84 24.7 16.9 10.5 6.03 3.34 2.37
22x88 22.5 15.4 9.59 5.49 3.06 2.18
23x92 20.6 14.1 8.77 5.03 2.81 2.02
24x96 18.9 12.9 8.05 4.63 2.59 1.88
25xi00 17.5 11.9 7.42 4.28 2.39 1.76
26x104 16.1 11.0 6.86 3.97 2.23 1.66

27x108 15.0 10.2 6.36 3.70 2,09 1,57
28xi12 13.9 9.49 5.92 3,45 1.96 1.49
29x]16 13.0 8.85 5.52 3.22 1.84 1.41
30x120 12.1 0.27 5.15 3.02 1.75 .34

*Panus to the right and below the stepped dividing line behave
according to large deflection plate theory.
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Table 6-7 M~inimum Design Thickness, Clearances, and Bite Requirements

Gl.ass Actual Glass "A"l 1BV licit
Thickness Thickness For Minimum Nominal Minimum
(Nominal) Design, t Edge Bite Face

in n (in) Clearance (in) Clearance
(in) (in)

5/32 4.0 0.149 3/16 1/2 1/8

3/16 5.0 0.180 3/16 1/2 1/8

1/4 6.0 0.219 1/4 1/2 1/8

3/8 10.0 0.355 5/16 1/2 3/16

1/2 1.2.0 0.469 3/8 1/2 1/4

5/8 16,0 0.594 3/8 1/2 1/4

3/4 19.0 0.719 3/8 1/2 5/16

Af
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Table 6-8 Maximum (b/t) Ratio for Linear Plate Behavior Under Blast Load and
Coefficients for Resistance and Deflection and Fundamental Period
of Simply Supported Glass Flatea Based on Small Deflection Theory
(No Tensile Membrane Behavior)

Design Coefficients

Aspect Maximum I Fndamental -

Ratio, (b/t) Design Design Period of
a/b Ratio Resistance, Deflection, Výpibration,

Cr D 0T

1.0 53.6 5.79 x 10~ 2.58 x 1io4 5.21 x 1-

1.2 59.0 4.42 x 10 2.72 x 10"4 6.30 x 10-3

1.4 63.9 3.68 x 104 .3 0 7.21 x 1-

1.5 66.2 3.36 x 104 2.88 x 10"4 7.60 x 10,3

1.6 67.9 3.22 x 104 2.91 x 10-4 7.99 x 10,3

1.8 71.3 2.91 x 10~ 2.98 x 10~ 8.65 X 10,3
2.0 74.7 2.72 x 104 -42x o 9 23 x 0-

3.0 84.3 2.32 x 10~ 3.12 x 10-4 10.12 X 10-3

4.0 89.4 2.24 x 10~ 3.15 x 10-4 10.36 X 10-3

0089.4 2.24 x 1a 3.54 o 10.44 x 10-3
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Table 6-9 Coefficients for Frame Loading

a/b CR Cx

1.00 0.065 0.495 0.495

1.10 0.070 0.516 0.516

1.20 0.074 0.535 0.533

1.30 0.079 0.554 0.551

1.40 0.083 0.570 0.562

1.50 0.085 0.581 0.574

1.60 0.086 0.590 0.583

1.70 0.088 0.600 0.591

1.80 0.090 0.609 0.600

1.90 0.091 0.616 0.607

2.00 0.092 0.623 0.614.

3.00 0.093 0.644 0.655

4.00 0.094 0.687 0.685
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Table 6-10 Statistical Acceptance and Rejection Coefficients

Numb er o f Acceptance Rejection
Window Assemblies Coefficient Coefficient

n £

2 4.14 .546
3 3.05 .871
4 2.78 1.14
5 2.65 1.27

6 2.56 1.36
7 2.50 1.42
8 2.46 1.48
9 2.42 1.49

10 2.39 1.52

11 2.37 1.54
12 2.35 1.57
13 2.33 1.58
14 2.32 1.60
15 2.31 1.61

16 2.30 1.62
17 2.28 1.64
18 2.27 1.65
19 2.27 1.65
20 2.26 1.66

21 2,25 1.67
22 2.24 1.68
23 2.24 1.68
24 2.23 1.69
25 2.22 1.70

30 2.19 1.72

40 2.17 1.75

50 2.14 1.77
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Table 6-11 Fundamental Period of Vibration, Tn, for Monolithic Tempered Glass

Arpect Ratio - 1.00

Glasj Pundamental Poriod of Vibration (msec) for Window
Dimensions Thickneas, L, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in, 1/4 in.

rI. 12 1.05 1.27 1.61 2.13 2.83 3.38
13 13 1.23 1.49 1.89 2.50 3.29 3.95
14 14 1.43 1,73 2.19 2.89 3.76 4.50
15 15 1.64 1.99 2.52 3,30 4.39 5.09
16 16 1.87 2.26 2.87 3.72 4,95 5.68
17 17 2.11 2.55 3.23 4.17 5,53 6.27
18 18 2.37 2,86 3.63 4.63 6.12 6.84
19 19 2.64 3.19 4.02 5.10 6.71 7.42
20 20 2.92 3.54 4.43 5.77 7.30 8.08
21 21 3.22 3,90 4.86 6.32 7.89 8.76
22 22 3.53 4.28 5.30 6.89 8.44 9.45
23 23 3.86 4.68 5.75 7.48 9.06 10.2
24 24 4.21 5.07 6.23 8.07 9.72 10.9
25 25 4.56 5.47 6.70 8.65 10.4 11.6
26 26 4.94 5.89 7.40 9.25 11.1 12.3
27 27 5.32 6.33 7.94 9.84 11.8 13.1
28 28 5.72 6.77 8.50 10.4 12.5 13,8
29 29 6.12 7.23 9.07 11.0 13.2 14.6
30 30 6.52 7.70 9.65 11.5 14.0 15.3
31 31 6.93 8.17 10.3 12.2 14.7 16.1
32 32 7 36 8.64 10.8 12.8 15.4 16.9
33 33 7.80 9.41 11.4 13.5 16.1 17.8
34 34 8.24 9.95 12.0 14.2 16.9 18.6
35 35 8.70 10.5 12.6 14.9 1.7.7 19.4
36 36 9.17 11.1 13.2 15.6 18.4 20.2
37 37 9.64 11.6 13,8 16.3 19.2 21.0
38 38 10.1 12.2 14.3 17.0 20.0 21.9
39 39 11,0 12.8 14.9 17.7 20.9 22.8
40 40 11.4 13.4 15.5 18.5 21.7 23.6
41 41 12.0 14.0 16.1 19.2 22.5 24.5
42 42 12.5 14.6 16.8 19.9 23.3 25.4
43 43 13.1 15.2 17.4 20.6 24.1 26.3
44 44 13.6 15.8 18.1 21.3 25.0 27.A
45 45 14,2 16.4 18.8 22.1 25.8 28.1
46 46 14,8 16.9 19.5 22.0 26.7 29.0
47 47 15,4 17.5 20.2 23.6 27.5 30.8
48 48 16.0 18.1 20.9 24.4 28.4 31.7
49 49 16.6 18.7 21.6 25.2 29.3 32.6
50 50 17.2 19.2 22.3 26.0 30.2 33.5
51 51 17.7 19.8 23.0 26.8 31.1 34.4
52 52 18.3 20.4 23.8 27.6 32.0 32.4
53 53 19.0 21.1 74.5 28.4 32.9 35.4
54 54 19.5 21.8 25.2 29.2 33.7 36.3
55 55 20.1 22.4 26.0 30.0 34.6 37.3
56 56 20.7 23,1 26.7 30.8 35.5 38.2
57 57 21.3 23.8 27.4 31.6 36.4 39.2
58 58 21.8 24.5 28.1 32.5 37.3 401.
59 59 22.4 25.2 28.8 33.3 38.2 41.1
60 60 23.0 25.9 29.6 34.1 39.2 42.1
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Tabie 6-11 Fundamental Period of Vibration, Tn, for Monolithic Tempered Glass
(Continued)

Aspect Ratio - 1.25

Glass Fundamental Period of Vibration (mscc) for Window
Dimensions Thickness, t, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 15 1.40 1.69 2.14 2.83 3.82 4.39
13 16.25 1.64 1.99 2.52 3.32 4.41 5.04
14 17.5 1.90 2.30 2.92 3.85 5.03 5.99
15 18.75 2.18 2.64 3.35 4.42 5.68 6.77
16 20 2.49 3.01 3.81 5.03 6.61 7.37
17 21.25 2.81 3.40 4.30 5.61 7.36 8.34
18 22.5 3.15 3.81 4.82 6.21 8.14 9.08
19 23.75 3.50 4.24 5.37 6.83 8.94 9.82
20 25 3.88 4.70 5.95 7.48 9.72 10.6
21 26.25 4.28 5.18 6.56 8.12 10.5 11.5
22 27.5 4.70 5.69 7.14 9.19 11.2 12.4
U3 28.7! 5.14 S.22 7.73 9.95 12.0 13.3
24 30 5.59 6.77 8.34 10.7 12.7 14.3
25 31.25 6.07 7.34 8,96 11.5 13.6 15.2
26 32.5 6.56 7.94 9.60 12.3 14.5 16.2
27 33.75 7.08 8.56 10.3 13.1 15.5 17.2
28 35 7.61 9.13 10.9 13.9 16.4 18.2
29 36.25 8.16 9.71 12.1 14.6 17.3 19.2
30 37.5 8.74 10.3 12.9 15.3 18.3 20.2
31 38.75 9.33 11.0 13.6 16.1 19.3 21.2
32 40 9.94 11.6 14.4 16.8 20.3 22.3
33 41.25 10.5 12.2 15.2 17.7 21.3 23.3
34 42,5 11.1 12.9 16.0 13.6 22.3 24.4
35 43.75 11.7 13.5 16.8 19.5 23.3 25.5
36 45 12.3 14.8 17.6 20.4 24.3 26.6
37 46.25 12.9 15.5 18.3 21.3 25.3 27.7
38 47.5 13.5 16.3 19.1 22.3 26.3 28.8
39 48.75 14.2 17.0 19.8 23.2 27.4 29.9
40 50 14.8 17.8 20.5 24.2 28.4 31.0
41 51.25 15.5 18.6 21.3 25.1 29.5 32.2
42 52.5 16.1 19.4 22.0 26.1 30.6 33.4
43 53.7S 16.8 20.2 22,8 27.1 31.7 34.6
44 55 18.2 21.0 23.7 28.1 32.8 35.7
65 56.25 .8.9 21.8 24.6 29.1 33.9 37.0
46 57.5 19.7 22.5 25.5 30.1 35.0 38.2
47 58.75 20.5 23.3 26.4 31.1 36.2 39.4
48 60 21.2 24.0 27.4 32.1 37.3 40.6
49 61.25 22.0 24.8 28.3 33.1 38.5 41.8
50 62.5 22.8 d5.5 29.2 34.1 39.6 43.1
fl 63.75 23.6 26.2 30.2 35.2 40.8 44,3
52 65 24.4 27.0 31.1 36.2 42.0 45.6
53 66.25 n5.2 27.8 32.1 37.2 43.2 46.8
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Table 6-11 Fundamental Period of Virto, Tn. for Monolithic Tempered Class
(Continued)

Aspect R~atio - 1.50

Glass Fundamental Period of Vibration (msec) for Window
Dimensions Thickness, t, of --

(in.)

b a in. 5/8 in. 1/2 in, 3/8 il. 5/16 in. 1/4 in.

12 18 1.59 1.92 2.43 3.22 4.36 5.09
13 19.5 1.86 2.26 2.86 3.78 5.12 5.83
14 21 2.16 2.62 3.31 4.38 5.84 6.61
15 22.5 2.48 3.00 3.80 5.03 6.56 7.79
16 24 2.82 3.42 4.33 5.72 7.32 8.70
17 25.5 3.19 3.86 4.89 6.46 8.09 9.63
18 27 3.57 4.33 5.48 7.23 9.37 10.5
19 28.5 3.98 4.82 6.10 7,93 10.3 11.3
20 30 4.41 5.34 6.76 8.65 11.2 12.1
21 31.5 4.86 5.89 7.46 9.40 12.1 13.0
22 33 5.34 6.46 8.18 10.2 t3.0 14.1
Z3 34.5 5.83 7.06 8.94 10.9 ý3.8 15.1
24 36 6.35 7.69 9.71 12.4 1.,6 16.2
25 37.5 6.89 8.34 10.4 13.3 1i.5 17.3
26 39 7.46 9.02 11.1 14.2 16.5 18.4
27 40.5 8.04 9.73 11.9 15.1 17.6 19.6
28 42 8.65 10.5 12.6 16.0 18.6 20.7
29 43.5 9.28 11.2 13.4 16.9 19.7 21.9
30 45 9.93 12.0 14.2 17.8 20.8 23,1
31 46.5 10.6 12.7 14,9 18.5 21.9 24.3
32 48 11,3 13.4 16.6 19.3 23.1 25.5
33 49.5 12.0 14.1 17.5 20.2 24.2 26.7
34 51 12.8 14.9 18.4 21.1 25.4 27.8
35 52.5 13.5 15.6 19.3 22.1 26.6 29.0
36 54 14.3 16.4 20.2 23.2 27.8 30.3
37 55.5 15.0 17.2 21.2 24.3 28.9 31.5
38 57 15,7 18.0 22.1 25.3 30.2 32.8
39 58.5 1A 4 18.7 22.9 26.4 31.3 34.1
4#0 60 '7'. 20.5 23.6 27.5 32.5 35.4
41 61.5 11.9 21.4 24.5 28.6 33,7 36.7
42 63 18,6 22.3 25.3 29.7 34.9 38.1
43 64.5 19,4 23.2 26.2 30.8 36.1 39.4
44 66 20.2 24.2 27.1 32.0 37.4 40.8
45 67.5 21.0 25.1 28.0 33.1 38.7 42.2
46 69 21.. 26.0 29.0 34.3 40.0 43.6
47 70.5 22.4 26.9 30.0 35.5 41.3 45.0
48 72 24.5 27.8 31.1 36.7 42.6 46.4
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Table 6-1I Fundamental Period of Vibration, Tn, for Monolithic Tempered Glass
(Continued)

Aspect Ratio - 1.75

Glass Fondamental Period of Vibration (msec) for Window
Dimonsions ThIcknasa, t, of --

(tn.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 21 1.69 2.04 2.59 3.42 4.63 5.52
13 22.75 1.98 2,40 3.04 4.01 5.44 6.37
14 24.5 2.30 2.78 3.52 4.65 6.30 7,27
15 26.25 2.64 3.19 4.04 5.34 7.15 8.20
16 28 3.00 3.63 4,60 6.00 8.02 ý.52
17 29.75 3.39 4.10 5.19 6.86 8.93 10.6
18 31.5 3.80 4.60 5.82 7.69 9.85 11.7
19 33.25 4.23 5.12 6.49 8.57 11.2 12.8
20 35 4.69 5.68 7.19 9.41 12.3 13.8
21 36.75 5.17 6.26 7.92 10.3 13.4 14.0
22 38.5 5.67 6.87 8.70 11.2 14.5 15.8
23 40.25 6.20 7.51 9.51 12.1 15.6 16.8
24 42 6.75 8.17 10,4 13.0 16.6 18.0
25 43.75 7.33 8.87 11.2 13.9 17,6 19.1
26 45.5 7.92 9.59 12.1 15.5 18.6 20.3
27 47.25 8.54 10.3 12.9 16.6 19.6 21.b
28 49 9.19 11.1 13.8 17.7 20.7 22.9
29 50.75 9.86 11,9 14.? 18.8 21.8 24.2
30 52.5 10.6 12.8 15.6 19.8 23.0 25.5
31 54.25 11.3 13.6 16.5 20.9 24.2 26.9
32 56 12.0 14.5 17.5 22A0 25.4 28.2
33 57.75 12.8 15.4 18.3 22.9 26.7 29.6
34 59.5 13.6 16.2 20.1 23.9 28.0 30.9
35 61.25 14.4 17.1 21.2 24.9 29.4 32.3
36 63 15.2 17.9 22.3 25.9 30.7 33.6
37 64.75 16.1 18.8 23.3 27.0 32.0 35.0
.8 66.5 16.9 19.8 24.4 28.1 33.4 36.5

39 68.25 17.8 20.7 25.5 29.3 34.7 38.0
40 70 18.6 21.6 26.6 30.4 36.1 39.5
41 71.75 19.5 22.5 27.7 31.5 37.4 40.9
42 73.5 20.3 24.4 28.7 32.8 38.8 42.5
43 75.25 21.2 25.4 29.7 34.0 40,2 44.0
44 77 22.1 26.5 30.7 35.3 41.6 45.5
45 78.75 23.0 27.6 31.7 36.6 43.0 47.1
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Table 6-11 Fundamental Period of Vibration, TnI for Monolithic Tempered C-lass
(Continued)

Aspect Ratio - 2.00

Glass Fundamental Period of Vibration (msec) for Window
Dimensions Thickness, t, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 24 1.78 2.16 2,73 3.61 4.89 5.85
13 26 2,09 2.53 3.21 4.24 5.74 6.82
14 28 2.43 2.94 3.72 4.91 6.66 7.84
15 30 2.78 3.37 4.27 5 .64 7.63 8.89
16 32 3.17 3.83 4,86 6.42 8.61 9.96
17 34 3,58 4.33 5.48 7.24 9.64 11.4
18 36 4.02. 4.85 6.15 8.12 10.7 12.7
19 38 4.47 5.41 6,85 9.05 11.8 13.9
20 40 4.95 5.99 7.59 10.0 13.3 15.2 AM
21 42 5.46 6.61 8.37 11.09 14.5 16.4do

22 44 5.99 7.25 9.18 12.0 15.7 17.6
23 46 6.55 7.92 10.0 L1. .0 17.0 18.8
24 48 7.13 8.63 10.9 14.1 18.'3 19.9
25 50 7.73 9.36 11.9 15.2 19.5 21.11
26 52 8.37 10.1 12.8 16.2 20.7 22.2
27 54 9.02 10.9 13,8 17.9 21.9 23.5
28 56 9.70 11.7 14.8 19.1 23.0 24.9
29 58 10.4 12.6 15.8 20.3 24.1 26.4
so 60 11.1 13.5 16.8 21.6 25.3 27.9
31 62 11.c' 14.4 17.8 22.9 26.4 29.3
32 64 12.7 15.3 18.9 24.1 27.7 30.8
33 66 13,5 16.3 20.0 25,3 29.1 32.3
34 68 14.3 17.3 21.17 26.6 30.5 33.8
35 70 15.2 18.3 22.1 27.8 32.0 35.3
36 72 16.0 19.2 24.0 28.9 33.5 36.8
37 74 16.9 20.3 25.2 30.1 35.0 38.4
38 76 17.9 21.3 26.5 31.2 36.5 40.0
39 78 18.8 22.3 27.7 32.4 37.9 41.6
40 80 19.8 23.4 29.0 133,5 39.4 43.2
41 82 20.8 24.5 30.3 34.7 40.9 44.9
42 84 21.7 25.6 31.5 35.8 42.4 46.6
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Table 6-11 Fundamental Period of Vibration, T., for Monolithic Temwered Glass
(Continued)

Aspect Ratio - 3.00

Glass Fundamental Pariod of Vibration (msoc) for Window
Oi.nenp ions Thickness, t, of

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 36 2.02 2.,•5 3.10 4.10 5.55 6,64
1. 39 2.37 2.87 3.64 4,81 6.51 7.79
14 42 2.75 3.33 4.22 5,58 7.55 9.02
15 45 3.16 3.83 4.84 6.40 8.67 10.3
16 48 3.60 4.35 5.51 7.28 9.87 11.6
17 51 4.0 i 4.91 6.22 8.22 11.1 13.1
18 54 4-55 5,51 6.98 9.22 12.4 14.5
19 57 5,07 6.14 7.77 10.3 13.7 16.4
20 60 5.62 6.80 8.61 11.4 15.1 18.1
21 63 6.19 7.50 9.50 12.6 16.6 1.9.8
22 66 6.80 8.23 10,4 13.8 18.1 21.6
23 69 7.43 8.99 11.4 15.0 20.1 23.4
24 72 8.09 9.79 12.4 16.3 21.7 25.3
25 75 8.78 10.6 13,5 17.6 23.5 27.2
26 78 9.49 11.5 14.6 19,0 25.3 29.1
27 61 10.2 12.4 15.7 20.4 27.1 31.0
28 84 11.0 13.3 16.9 21.8 28.9 32.9
29 87 11.8 14.3 . 1,I 23.3 30.8 34.9
30 90 12.6 15.3 19.3 24.8 32.8 36.8
3I 93 13.5 16.3 20.6 26.9 34.7 38,7
32 96 14.4 17.4 21.9 28.6 36.5 40.5
33 99 15.3 18.5 23.2 30.3 38.4 42.3
34 102 16.2 19.7 24.6 32.0 40.4 44.1
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¼®

Table 6-3.1 Fundamenta3 Period of Vibration, Tn, for Monolithic Tempered Glass
(Continued)

Aspect Ratio - 4.00

Glass Fundamental Period of Vibration (mnec) for Window
Dimensione Thickness, t, of --

(in.)

b C 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in, 1/4 in.

12 48 2.09 2,53 3.21 4.24 5.75 6.87

13 52 2.46 2.97 3.77 4.98 6.74 8.07
14 56 2.15 3.45 4.37 5.77 7.82 9,36
15 60 3.27 3.96 5.02 6.63 8,98 10.7
16 64 3.72 4.51 5.71 7.54 10.2 12.2
17 68 4.20 5.09 6.44 8.51 11.5 13.7
18 72 4.71 5.70 7.22 9.54 12.9 15.3
19 76 5.25 6.35 8.05 10.6 14.3 17.0
20 80 5.82 7.04 8.92 11,8 15.9 18.9
21 84 6.41 7.76 9.83 13.1 17.4 20.8
22 88 7.04 8,52 10.6 14.3 19.1 22.8
23 92 7.69 9.31 11.8 15.6 20.8 24.8
24 96 8.37 10.1 12.8 16.9 22.8 26.9
25 100 9.09 11.0 13.9 18.3 24.7 29.1
26 104 9.83 11,9 15.1 19.8 26.6 31.3
"7 108 10.6 12.8 16.3 21.3 28.6 33.5

.8 112 11.4 13.8 17.5 22.9 30.7 35.8
29 116 12.2 14.8 18.8 24.5 32.8 38.2
30 120 13,1 15.8 20.1 26.2 35.0 40.6
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Table 6-12 Effective Elastic Static Resistance, reff

Aspect Ratio - I

Glass Effective Elastic Static Resistance (psi) for
Dimensions Class Thickness, t, of --

(in.)

b a 3/4 in, 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 12 206. 140, 87.7 50.3 27.5 19.1
13 13 175. 119. 74.7 42.8 23.9 16.3
14 14 151. 103, 64.5 36.9 21.1 14.2
15 15 1.31. 90.1 56.1 32.2 17.5 12.7
16 16 115. 79.2 49.3 28.3 15.5 11.6
17 17 102. 70.1 43.7 25.5 13.8 10.7
16 18 91.6 62.5 39.0 23.1 12,6 10.3
19 19 82.2 56.1 35.0 21.0 11.7 9.75
20 20 74.2 50,7 31.6 18.0 11.0 8.76
21 21 67.3 46.0 28.6 16.4 10.4 7.93
22 22 61.3 41.9 26.4 15.1. 10.2 7.20
23 23 56.1 38.3 24.4 13.9 9,51 6,57
24 24 51.5 35.2 22.7 12.9 8.71 6.01
25 25 47.5 32.4 21.2 12.2 8.01 5.56
26 26 43.9 23.0 18.6 11.5 7.39 5.19
27 27 40.7 27.9 17.3 11.0 6.83 4.87
28 28 37.9 26.2 16.2 10.5 6.33 4.55
29 29 35.3 24.6 15.1 10.3 5.89 A.25
30 30 33.0 23.2 14.2 10.2 5.53 3.98
31 31 30.9 21.9 13.4 9.61 5.22 3.74
32 32 29.0 20.8 12.8 9.00 4.95 3.51
33 .3 27.4 18.5 12.2 8.45 4.68 5,31
34 34 26.0 17.5 1.1.7 7.95 4.42 3.14
35 35 24.8 16.6 11.3 7.49 4.18 2.98
36 36 23.6 15.7 10.9 7.06 3.96 2.82
37 37 22.5 14.9 10.5 6.67 3.75 2.67
38 33 21,5 14.2 10.4 6.31 3.57 2.54
39 39 19.4 13.5 10.3 5.98 3.39 2,42
40 40 18.5 13.0 10.1 5.70 3.24 2.30
41 41 17.6 12.6 9.59 5.45 3.09 2.19
42 42 16.8 12.1 9.12 5.22 2.96 2.09
43 43 16.1 11.7 8.69 5.02 2.83 2.00
44 44 15.4 11.4 8,29 4.83 2.70 1.92
45 45 14.8 11.1. 7.92 4.63 -. 59 1,84
46 46 14.2 10.6 7.57 4,43 2.48 1.77
47 47 .13.6 10.5 7.24 4.25 2.7 6 1.70
48 48 13.2 10.4 6.93 4.08 2.29 1.64
49 49 12.8 10,3 6.64 3.92 2.20 1.56
50 50 12.4 10.2 6.37 3.77 2.11 1.52
51 51 12.1 9.96 6.11. 3.63 2.04 1.47
52 52 11.7 9.56 5.87 3.50 1.96 1.42
53 53 11.4 9.19 5.67 3.37 1.90 ).38
54 54 11.2 8.84 5.48 3.26 1.83 1 33
55 55 10.9 8.52 5.30 3.15 1.77 1.29
56 56 10.7 8.21 5.14 3.05 1.72 1.25
57 57 1.0.5 7.92 4.99 2.95 1.66 1.21
58 58 10.I 7.64 4.85 2.85 1.61 1.17
59 59 10.3 7.40 4.70 2.76 1.56 1.14
60 60 10,2 7.10 4.55 2.67 1.52 1.11
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Table 6..12 Effective Elastic Static Resistance, reff (Continued)

Aspact Ratio - 1.25

Gasns •.Zfective Elastic Static Resistance (psi) for
DimQnsions Glass Thickneas, t, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 15 154. 105. 65.5 37.5 20.5 15.2
13 16.25 131. 89.5 55.8 32,0 17.9 13.5
14 17.5 113. 77.2 48.1 27.6 15.8 11.0
15 18.75 98.5 67.2 41.9 24.0 14.2 9,84
16 20 86.6 59.1 36.8 21.1 11.9 8.93.
17 21.25 76.7 52.4 32.6 19.0 10.8 8.36
18 22.5 68.4 46.7 29.1 17.2 9.79 8.12
19 23.75 61.4 41.9 26.1 15.8 8,99 7.86
20 25 55.4 37.8 23.6 14.6 8.50 7.49
21 26.25 50.3 34.3 21.4 13.6 8.19 6.73
22 27.5 45.8 31.3 19.7 11.6 8.07 6.11
23 28.75 41.9 28.6 18.2 10.8 7.79 5.57
24 30 38.5 26.3 17.0 1.0.1 7.44 5.09
25 31.25 35.5 24.2 15.9 9.40 6.81 4.68
26 32.5 32.8 22.4 14.9 8.89 6.27 4,31
27 33.75 30.4 20.8 14.1 8.53 5.79 4,00
28 35 28.3 19.5 13.4 8.25 5.37 3.73
29 36.25 26.4 18.4 11.7 8.14 4.99 3.49
30 37.5 24.6 17.4 11.0 8.04 4.65 3.28
31 38.75 23.1 16.4 10.4 7.82 4.34 3.09
32 40 21.7 15.6 9.91 7.62 4.07 2.92
33 41.25 20.4 14.9 9.41 7.21 3.84 2.76
34 42.5 19.4 14.2 8.99 6.75 3.62 2.61
35 43.75 18.5 13.6 8.70 6.35 3.43 2.47
36 45 17.6 12.0 8.45 5.99 3.26 2.34
37 46.25 16.8 11.5 8.25 5.66 3.10 2.22
38 47.5 16.1 11.0 8.16 5.35 2.96 2.12
39 48.75 15.5 10.6 8.09 5.07 2.82 2.01
40 50 14.8 10.1 7.98 4.81 2.69 1.91
41 51.25 14.3 9.72 7.81 4.57 2.57 1.82
42 52.5 13.8 9.34 7.66 4.34 2.45 1.74
43 53.75 13.4 9.01 7.43 4.14 2.34 1.66
44 55 11.8 8.78 7.06 3.96 2,25 1.59
45 56.25 11.4 8.57 6.72 3.79 2.16 1.52
46 57.5 11.0 8.38 6.42 3.63 2,07 1.46
47 58.75 10.6 8.24 6.14 3.49 1.98 1.40
48 60 10.3 8.17 5.88 3.36 1.90 1.34
49 61.25 9.93 8.11 5.63 3.23 1.83 1.29
50 62.5 9.60 8.06 5.39 3.12 1.76 1.25
51 63.75 9.29 7.93 5.18 3.01 1.69 1.20
52 65 9.02 7.80 4.97 2.90 1.63 1.16
53 66.25 8.82 7.68 4.78 2.80 1.57 1.12L. _ __ _ _ _ __ - -
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Table 6-12 Effective Elastic Static Resistance, reff (Continued)

Aspect Ratio - 1.50

Glass Effective Elatic Static Resistance (psi) Zor
Dimensions Glass Thickness, t, of --

(in.)

b a 3/4 in. 5/1 in, 1/2 i1. 3/8 in, 5/16 in. 1/4 in,

12 10 123. 83,8 52.3 21.9 16.3 11.9
13 19.5 105. 71,.4 44.5 25.5 13.9 10.5
14 21 90,2 61.6 38.4 22.0 12.3 9,43
15 22.5 78.6 53.6 33.4 19.2 11.1 7.86
16 24 69.1 47,2 29.4 16.8 10.1 7.16
17 25,5 61.2 41,8 26.0 14.9 9.31 6.56
18 27 54.6 37.3 23.2 13.3 7.83 6.25
19 28.5 49.0 33.4 20.8 12.3 7.24 6.3U
20 30 44.2 30.2 18.8 11,4 6,71 6.23
21 31.5 40.1 27.4 17.1 10.6 6,37 5.91
22 33 36.5 24.9 .15.6 9,86 6.16 5.36
23 34.5 33,4 22.8 14.23 9,32 6.35 4.86
24 36 30.7 21,0 13,1 7.99 6.21 4.44
25 37.5 28.3 19,3 12.4 7.56 5,94 4.0U
26 39 26.2 17.9 11,7 7.13 5.51 3.75
27 40.5 24.3 16.6 11,0 6.75 5.06 3,47
28 42 22.6 15.4 1.0.4 6,46 4.68 3.21
29 43.5 21.0 14.4 9.8ý 6.28 4.35 2.99
30 45 19.7 13.4 9.42 6.18 4.05 2,79
31 46.5 18.4 12.8 9,16 6.33 3,78 2.61
32 48 17.3 12 2 7.90 6.32 3.54 2.45
33 49.5 16.2 11,6 7.57 6.11 3.32 2.33
34 51 15.3 11.1 7.24 5.92 3.12 2.21
35 52.5 14.4 10.6 6.94 5.59 2.93 2.1.0
36 54 13.6 10.2 6.66 5.24 2.77 2,00
37 55.5 13.0 9.78 6.46 4.94 2.62 1.90
38 57 12.5 9.42 6.32 4.67 2.49 1,81
39 58.5 12.0 9.21 6.20 4.42 2.38 1.72
40 60 11.6 8,03 6.22 4.19 2.28 1,64
41 61,5 11.2 7.78 6.33 3,98 2.18 1,57
42 63 10.8 7.52 6.36 3.78 2,09 1,49
43 64.5 10.4 7.26 6,20 3.60 2.01 1.42
44 66 10.1 7,02 6.05 3.43 1.92 1,36
45 67.5 9.71 6,79 5.91 3.27 1,84 1,3n
46 69 9.42 6.57 5,65 3,13 1.77 1,25
47 70.5 9.25 6.45 5.39 2.99 1.70 1.20
48 72 8.12 6,33 5.i4 2.86 1,63 1.15
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Table 6-12 Effective Elastic Static Resistance, reff (Continued)

Aspect Ratio - 1,75

Glass Effective Elastic Static Rtsistanq (psi) for
Dimensions Glass Thickness, t, of.

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 21 109. 74.2 46.3 26.5 14.4 10.2
13 22.75 92.6 63.2 39.4 22.6 12.3 8.91
14 24.5 79.9 54.5 34.0 19.5 10.6 8.01
15 26.25 69.6 47.5 29.6 17.0 9.46 7.32
16 28 61.2 41.7 26.0 14,9 8.52 6.20
17 29.75 54.2 37.0 23.1 13,2 7.85 5.65
18 31.5 48.3 33.0 20.6 11.7 7.30 5.19
19 33.25 43.4 29.6 18.5 10.67 6.27 4.89
20 35 39.1 26.7 16.7 9.71 5.79 4,70
21 36,75 35.5 24,2 15.1 8.96 5.38 4.64
22 38.5 32.4 22.1 13.8 8.36 5,05 4.50
23 40.25 29.6 20.2 12.6 7.87 4.84 4.31
24 42 27.2 18.6 11.6 7.43 4.70 4.02
25 43.75 25.1 17.1 10,7 7.11 4.65 3,79
26 45.5 23.2 15.8 9.97 6.17 4.54 3.51
27 47.25 21,5 14.7 9.37 5.82 4.41 3.24
28 49 20.0 13.6 8.83 5.52 4.19 3.00
29 50.75 18.6 12.7 8.38 5.23 3.96 2.78
30 52.5 17.4 11.9 8.01 5.02 3.77 2.60
31 54.25 16.3 11.1 7.66 4.86 3.53 2.43
32 56 15.3 10.4 7.35 4.73 3.30 2.29
33 57.75 14.4 9.93 7.11 4.68 3.09 2.16
34 59.5 13.5 9.46 6.27 4,64 2.90 2.05
35 61.25 12.8 9.02 6.00 4.56 2.73 1.94
36 63 12.1 8.62 5.74 4.46 2.58 1.85
37 64.75 11.4 8.30 5.51 4.36 2.44 1.76
38 66.5 10.8 8.00 5.30 4.18 2.32 1.67
39 68.25 10.3 7.73 5.10 4,01 2.21 1.59
40 70 9.91 7.47 4.97 3.86 2.11 1.51
41 71.75 9.52 7.26 4.85 3.72 2.02 1.44
42 73.5 9.15 6.51 4.75 3,53 1.93 1.38
43 75.25 8.81 6.29 4.70 3.36 1.85 1.32
44 77 8.50 6.07 4.67 3.20 1.78 1.26
45 78.75 8.24 5.86 4.64 3.05 1.71 1.20
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Table 6-12 Effective Elastic Static Fesistance, reff (Continued)

Aspect Ratio 2.00

GIAZA Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 24 97.6 66.6 41.5 23.8 13.0 9.05
13 26 83.1 56.7 35.4 20.3 11.0 7.81
14 28 71.7 48.9 30.5 17.5 9.52 6.87
15 30 62.4 42.6 26.6 15.2 8.31 6.29
16 32 54.9 37.5 23.4 13.4 7.43 5.81
17 34 48.6 33.2 20.7 11.9 6.72 4.98
18 36 43.4 29.6 18.5 10.6 6.26 4.54
19 38 38.9 26.6 16.6 9.49 5.86 4.19
20 40 35.1 24.0 14.9 8.56 5.12 3.93
21 42 31.9 21.7 13.6 7.65 4.72 3.74
22 44 29.0 19.8 12.4 7.25 4.40 3.59
23 46 26.6 18.1 11,3 6.73 4.11 3.48
24 48 24.4 16.6 10.4 6,39 3.92 3.42
25 so 22.5 15.3 9.56 6.08 3.75 3.33
26 52 20,8 14.2 8.84 5.79 3.62 3.24
27 54 19.3 13.2 8.23 5.15 3.51 3.04
28 56 17.9 12.2. 7.73 4.85 3.45 2.81
29 58 16,7 11.4 7.27 4.58 3.40 2.61
30 60 15.6 10.7 6.86 4.36 3.32 2.42
31 62 14.6 9.98 6.57 4.15 3,25 2.27
32 64 13.7 9.36 6.32 3.99 3.10 2.14
33 66 12.9 8.80 6.08 3.86 2.90 2.02
34 68 12.2 8.31 5,87 3,74 2.72 1.91
35 70 11.5 7.91 5.66 3.64 2.56 1.81
36 72 10.8 7.53 5.07 3.56 2.41 1.72
37 74 10.3 7.18 4.84 3.49 2.28 1.63
38 76 9.73 6.86 4.64 3.45 2.17 1.56
39 78 9.24 6.62 4.46. 3.41 2.06 1.48
40 80 8.70 6.42 4.30 3.36 1.97 1.41
41 82 8.37 6.23 4.14 3.30 1.88 1.34
42 04 8.03 6.05 4.02 3.25 1.80 1.28
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Table 6-12 Effective Elastic Static Resistance, reff (Continued)

Aspect Rati-) - 3.00

Glass 1Zffectivs Elasstic Static Resistance (psi) fmr
Dimensions Glass Thickness, t, of --

(in,)

b a 3/4 in. 5/8 in, 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 36 131.1 55.4 34.5 19.8 10.8 7.53
13 39 49.1 47.2 29.4 16.9 9.18 6.41
Ji4 42 .59.6 40.7 25.4 14.5 7.92 5.57

415 45 51.9 35.4 22.1 12.7 6.90 4.94
16 48 45.6 31.2 19.4 11.1 6.06 4.42
17 51 40.4 27.6 17.2 9.86 5,43 3.98
1s 54 36.1 24.6 15.3 8.79 4.92 3.61
19 57 32.4 22.1 13.8 7.89 4.48 3.15
20 60 ý29.2 19.9 12.4 7.12 4.10 2.86
21 63 26.5 18.1 11.3 6.46 3.77 2.64
22 66 2S.1 16.5 10.3 5.88 .5.48 2.45
23 69 22.1 15.1 9.40 5.44 3,08 2.25

P24 72 20.3 13.8 8,63 5.06 2.84 2.08
25 75 18.7 12.8 7.95 4.71 2.66 1,92
26 78 17.3 11.8 7.35 4.40 2.49 1.82
27 81 16.0 10.9 6.82 4.13 2.34 1.74

I28 84 14.9 10.2 6.34 3.88 2.18 1,66
19 87 13.9 9,8 5.91 3.52.04 1.58
30 90 13.0 8.86 5.56 3.44 1.91 1.51
31 93 12.2 8.30 5,26 3.11 1,83 1.47
32 96 11.4 7.79 4.98 2.93 1.76 1.43
33 99 10.7 7.32 4.72 2.78 1.70 1.41
34 102 10.1 6.90 4.48 2.64 1.63 1.39
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Table 6-12 Effective Elastic Static Resistance, reff (Continued)

Aspect Ratio - 4.00

Glass Effective Elastic Static Resistan•e (psi) for
Dimensions Glass Thickness, t, of --

(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.

12 48 75.7 51.7 32.2 18.5 10.1 7,02
13 52 64.5 44.0 27.5 15,7 8.57 5.99
14 56 55.6 38.0 23.7 13.6 7-39 5.16
15 60 48.5 33.1 20.6 11.8 6.43 4.52
16 64 42,6 29.1 18,1 10.4 5.f6 3.99
17 68 37.7 25,8 16.1 9.20 5.01 3.56
18 72 33.7 23.0 14.3 8.20 4.49 3.19
19 76 30.2 20.6 12.9 7.36 4.05 2.87
20 80 27.3 18.6 11.6 6.65 3.67 2.54
21 84 24.7 16.9 10.5 6.03 3.34 2.30
22 88 22.5 15.4 9.59 5.49 3.06 2.10
23 92 20.6 14.1 8.77 5.03 2.81 1.94
24 96 18.9 12.9 8.05 4.63 2.52 1.79
25 100 17.5 11.9 7.42 4.28 2.32 1.67
26 104 16.1 11,0 6.86 3.97 2.15 1.56
27 1C8 15.0 10.2 6.36 3.70 2.00 1.46
28 112 13.9 9.49 5.92 3.45 1.88 1.38
29 116 13.0 8.85 5.52 3.22 1.76 1.30
30 120 12.1 0.27 5.15 3.02 1.66 1.23
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UNDERGROUND STRUCTURES

6-33. Introduction

Underground structures are not usually used for production and handling of
explosives since access for both personnel and explosives is more difficult
than for an aboveground structure. However, an explosion may result in severe
hazards from which an aboveground structure can not provide adequate protec-
tion and a buried structure will be required. An example might be a manned
control building at a test site which must be located very close to a high-
hazard operation involving a relatively large quantity of explosives.

There is limited test data available to predict the pressures acting on an
underground structure. What test data that is available was developed for use
in the design of protective structures to resist the effects of an attack with
conventional weapons. The results of this data and the design procedures
developed from it are given in the technical manual, "Fundamentals of Protec-
tive Design for Conventional Weapons," TM 5-855-1. The data presented may be
expanded to include the design of structures subjected to accidental explo-
sions. The pertinent sections are briefly summarized below.

A typical underground structure used to resist conventional weapons attack is
shown in Figure 6-53. The burster slab prevents a weapon from penetrating
through the soil and detonating adjacent to the structure. A burster slab is
not mandatory, but if it is not used the structure will have to be buried much
deeper. The burster slab must extend far enough beyond the edge of the
building to form at least a 45 degree angle with the bottom edge of the
building. It may have to be extended further, though, if it: is possible for a
bomb to penetrate at a very shallow angle, travel beneath the burster slab and
detonate adjacent to the structure (see Figure 6-53). Sand is used as
backfill because materials with high volume of air-filled voids and low
relative densities are poor transmitters of ground shock. In addition, sand
resists penetration better than soil.

6-34. Destgn Loads for Underground Structures

6-34.1. General

The pressure-time relationships for roof panels and exterior walls are
determined separately. For the roof anel, an overhead burst produces the
most critical loading while for an exterior wall a sideburst is critical. A
general description of the procedure for determining the peak pressures and
their durations is given below. For a more detailed description, including
the required equations, see TM 5-855-1.

The magnitude of the ground shock is affected by:

1. The size of the explosive charge and its distance from the struc-
ture;

2. The mechanical properties of the soil, rock, and/or concrete
between the detonation point and the structure; and

3. The depth of penetration at the time of detination.
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The stresses and ground motions are greatly enhanced as the depth of the
ý' explosion increases. To account for this effect a coupling factor is used.

The coupling factor is defined as the ratio of the ground shock magnitude from
a near surface burst to thai of a fully buried burst. A single coupling
factor applies to a01I ground, shock parameters and depends on the depth of the
explosion and whethe.r detonation occurs in soil, concrete or air.

6-34.2. Roof Loads

A typical roof load (shown in Figure 6-54) consists of a free-field pressure
P0 and a reflected pressure Pr" The reflected pressure occurs when the free--
field pressure impinges on the roof panel and is instantly increased to a
higher pressure. The amount of increase is a function of the pressure in the
free-field wave and the augle formed between the rigid vurface and the plane
of the pressure front. However, TM 5-855-1 suggests that an average reflec-
tion factor of 1 5 is reasonable.

The pressures on th3 roof of an underground structure are not uniform across
the panel, especially if the depth of the explosion is shallow. However, in
order to use a single-degree-of-freedom analysis, a uniform load is required
and hence an average uniform pressure must be determined. TM 5-855-1 presents
figures that give the ratio peak pressures at the center of a roof panel to
the average pressure across the entire panel. This ratio is a function of the
support conditions and aspect ratio of the panel and the height of the burst
above the roof.

For the most severe roof load the explosive is positioned directly over the
center of the panel. The average free-field and average reflected pressures
are 2alculated as described above. The duration of the pressure pulse also
varies across the roof panel and a fictitious average duration to must be
determined, TM 5-855-1 recommends calculating the duration of the peak free--
field pressure pulse at a point located one quarter of the way along the short
span and at the center of the long span. This duration is then used as the
average duration of the entire panel. The peak free-field pressure and
impulse are calculated using equations given in TM 5-1'55-i. The duration is
found by assuming a triangular pressure-time relationship. The duration of
the average reflected pressure tr is given in TM 5-855-1 as a function of
either the thickness of the structural element or the distance to the nearest
free edge of the structure. The smaller of the two nunbers should be used in
analysis.

6-34.3. Wall Loads

The design loads on an exterior wall are determined using the procedures
described in Section 6-34.2 for roof loads. However, in addition to the
pressure wave traveling directly from the explosion, the wall may be subject
to a pressure wave reflected off the ground surface or burster slab and/or a
pressure wave reflected off a lower rock layer or water table.

The parameters of each wave ( 1verage reflected pressure, average free-field
pressure, durations and time of arrival) are determined separately using
procedures very similar to those described in Section 6-34.2. The total
pressure-time history is equal to the superposition of the three waves as
shown in Figure 6-55. The superposition results in a very complicated load
shape. The response charts of Chapter 3 are not applicable for such a shape,
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therefore the load must be idealized. The actual load is transformed into a
triangular load having the same total impulse (area under the actual load
curve equal to the sum of the areas of the direct and reflected waves). The
maximum pressure of the idealized load is equal to the maximum pressure of the
actual load neglecting the short reflected peaks. The duration is then
established as a function of the total impulse and maximum pressure (Figure 6-
55). For an exact solution, the actual load curve is used in a single-
degree-of-freedom computer program analysis or numerical analysis as given in
Section 3-19.2.

6-35. Structural Design

6-35.1. Wall and Roof Slabs

The structural design of underground structures is very similar to the design
of aboveground structures as described in Chapter 4. The effect of the soil
is to modify the response of the structural components. The dead load of the
soil reduces the resistance available to resist blast. At the same time a
portion of the soil acts with the structural elements to increase the natural
period of vibration. In the case of a wall, it is assumed that the mass of
two (2) feet of soil acts with the mass of the wall. Whereas for a roof, the
entire masb of the soil supported by the roof, or a depth of soil equal to one
quarter of the roof span (short span for a two-way panel) whichever is
smaller, Is added to the mass of the roof.

The dynamic response of underground structures must obviously be limited to
comparatively small deformations to prevent collapse of the structure due to
earth loads. A protective structure subjected to conventional weaponi attack
should be designed for a ductility ratio of 5.0, as recommended by TM 5-855-1.
This ratio may be increased to 10 if special provisions are taken. A maximum
deflection corresponding to a support rotation of one (1) degree or a ductili-
ty ratio of 10.0 is permitted for underground structures subjected to acciden-
tal explosions.

Spalling iv the ejection of material from the back face of a slab or beam. It
results from high-intensity, close-in explosions. Fragment shields or backing
plates, as shown in Figure 6-56, are of some value in protecting personnel and
equipment. These steel plates must be securely anchored to the inside face of
the concrete member. Tests have shown that the shock of a deep penetrating
detonation to be enough to cause inadequate welds to fail over a large area,
adding the whole s:eel plate to the concrete spall. A strongly attached plate
adds about 10 percent to the perforation resistance of a concrete slab. For a
further discussion of backing plates, see Chapter 4.

6-35.2. Burster Sl.ab

For protective structures, a burster slab prevents a weapon from penetrating
through the soil and detonating adjacent to the structure. Its thickness and
length may have to be determined by a trial. and error procedure in order to
limit pressures on the structure to a given valuL. However, the mirimum
dimensions are shown in Figure 6-53. The minimum reinforcement is 0.1 percent
in each face, in each direction or a total of 0.4 percent. In the design of
structures subject to accidental explosions, the ground floor slab of the
donor building serves a purpose similar to that of a burster slab. The floor
slab helps to prevent fragment penetration and to attenuate the load.

6-136



TM 5-1300/NAVFAC P-397/AFR 88-22

6-36. Structure Motions

6-36.1. Shock Spectra

TM 5-855-1 gives equations for acceleration, velocity and displacements for
underground structures. These simplified methods take into account the
attenuation of the pressure wave as it transverses the structure. For a
sideburst, the vertical acceleration, velocity and displacements are 20
percent of the horizontal values. The horizontal motions are uniform ove.r the
entire floor while vertical motions at the leading edge are twice those at
midspan.

Once the peak in-structure acceleration, velocity ard displacements have been
determined an in-structure shock spectra can be developed using the principles
of Chapter 2 of this manual.

6-36.2. Shock Isolation Systems

Chapter 1 presents the upper limits of the shock environment that personnel
and equipment can tolerate. If the shock environment exceeds human tolerances
and/or equipment "fragility levels" then shock isolation systems are required
to protect personnel and sensitive equipment. Using the shock spectra
developed as described above, shock isolation systems are designed as outlined
in Sections 6-43 through 6-49.
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RETENTION OF SCAB MATERIAL

Figure 6-56 Spall plate
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EARTH-COVERED ARCH-TYPE MAGAZINES

6-37. General

Certain types of earth-covered concrete-arch and steel-arch magazines have
been approved and standardized for use by the Department of Defense Explosives
Safety Board. These magazines provide definite advantages over other types of
magazines. Among these advantages are:

1. Less real estate per magazine is required because of the decreased
intermagazine separations permitted when approved magazines are used.

2. An almost infinite numbet of storage situations exists because
magazines can be designed to any length.

3. Because of the reduced separation distances, less roads, fences,
utilities, etc., are required.

Unlike the other structures discussed elsewhere in this manual, an earth-
covered magazine is not designed to resist the damaging effects of its
exploding contents. It is accepted that the magazine will be demolished if an
internal explosion occurs. During such an incident, the inside of a large-
span arch might experience initial blast pressures considerably in excess of
10,000 psi. Less than 100 psi could lift the arch completely out of the
ground; therefore, the major portion of the protection is provided by the
receiver magazinas irather than the donor magazine.

Earth-covered magazines are utilized primarily to prevent propagation of
explosion. These structures may also be used for operating buildings and can
provide personnel protection. In such cases, separation distances greater
than those required to prevent propagation of explosions will be necessary.
In addition, a special evaluation of the structure is requirp.d. This evalua-
tion must include the leakage of blast pressures into the protected area, the
strength and attachment of easily damaged or lightly supported accessories
which may become hazardous debris, the trannission of shock to personnel
through the walls or floors, and overall movement of the magazines.

6-38. Description of Earth-Covered Arch-Type Magazines

A typical earth-covered arch-type magazine used for storing explosives has the
following features:

A semicircular or oval arch constructed of reinforced concrete or
corrugated steel used to form roof and sides.

2. A reinforced concrete floor slab, sloped for drainage.

3. A reinforced concrete rear wall.

4. A reinforced concrete headwall that extends at least 2-1/2 feet
above the crown of thi arch.

5. Reinforced concrete wingwalls on either side of the headwall. The

wingwalls may slope co the ground or may adjoin wingwalls from adjacent
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magazines. The wingwalls may be either monolithic or separated by expansion
joints from the headwall.

6. Heavy steel doors in the headwall (either manually operated and/or
motorized).

7. An optional gravity ventilation system.

8. Earth cover over the top, sides and rear of the structure. This
cover must be at least 2 feet thick at the crown of the arch. The earth above
the structure (within the spring line of each arch and between the head and
rear walls) is sloped for drainage while beyond the outline of the structure
the earth is sloped 2 horizontal to 1 vertical.

9. Its own built-in lightning protection and grounding systems.

A typical earth-covered steel arch magazine is illustrated in Figure 6-57.

6-39. Separation Distances of Standard Magazines

Numerous full scale tests of standard magazines have been performed over a
period of several years. As a result magazine separation formulae have been
established, which will prevent magazine-to-magazine propagation of explo-
sions. All possible right angle arrangements have been considered, i.e.,
side-to-side, rear-to-rear, front-to-rear, etc. The standard magazines, which
are at least equivalent in strength to those.tested, are listed in the DoD
Standard, "DoD Ammunition and Explosives Safety Standards, 6055.9-STD." The
required separation distances, as a function of the quantity of explosives
stored in the structure are also given in the DoD Standard. A possible
magazine arrangement is shown in Figure 6-58.

6-40. Design

Protection of magazines adjacent to a donor magazine is accomplished by
combining the following factors:

1. The intensity of the pressure front moving from the donor
magazine to receiver magazines diminishes rapidly as the distance traveled
increases.

2. The earth cover over and around the donor magazine provides

some confinement and tends to directionalize the explosive force both upward
and outward from the door end of the magazine.

3. The earth around and over receiver magazines resists fragment
penetrations and provides mass to the arch to resist the blast pressures.

4. The arch of receiver magazines is capable of resisting blast
loads considerably in excess of the dead loads normally imposed on it.

Design of presently used magazines is essentially conventional except for two
features, which are doors and arch. The doors are designed to withstand the
dynamic forces from an explosion in a nearby magazine if the siting is in
accordance with Figure 6-58. However, they provide almost no resistance to
the effects of an explosion within the magazine. Also, the capacity of the
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doors to resist elastic rebound and negative phase pressures may be less than
their capacity to resist positive phase ptessures. Therefore, where personnel
are concerned, all doors should be analyzed to determine their ultimate
capacity to resist all the loadings involved. The arches used for the
standard earth-covered magazines are the same as those used in the test
structures to establish the required separation distances. These arches have
not been dynamically designed for the blast loads and may be in excess of that
required.

6-41. Construction

Effectiveness of earth-covered magazines is largely determined by the quality
of construction. A few of the construction details that could be sources for
problems in this type of structure are discussed below,

Moisture proofing of any earth-covered structure is usually difficult. This
difficulty is increased with a steel-arch structure because of the many lineal
feet of joints available for introducing moisture. For example, a large 26-
by 80-foot magazine contains approximately 1,050 feet of edges. A sealant
tape must be used that will not deteriorate or excessively deform under any
anticipated environmental or structural condition.

Earthfill material should be clean, cohesive, and free from large stones. A
minimum earth cover of two feet must be maintained. Surface preparation of
the fill is usually required to prevent erosion of the 2-foot cover.

Restricting granular size of material reduces throwout of fragments in case of
an accidental explosion and creates a more uniform energy absorbent over the
top of the magazine.

Lightning protection is rather easily obtained in a steel-arch structure. All
sections of steel-arch plate must be interconnected so that they become
electrically continuo,'-. In a concrete-arch magazine, the reinforcing steel
must be interconnectec. In effect, a "cage" is created about the magazine
contents. Probably the most critical point for lightning protection is the
optional ventilator stack which projects above the surrounding earth cover.

6-42. Non-Standard Magazines

Non-standard earth-covered magazines, that is magazines not listed in DoD
Standard 6055.9-STD may also be used for explosire storage. However, if a
"non-standard" earth-covered magazine or an aboveground magazine is used the
separation distances must be increased. The DoD Standard 6055.9-STI) incl.udes
the increased separation distances, as well as other criteria, for "non..
standard" earth-covered and abovegrouna magazines.
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BLAST VALVES

6-43. General

6-43.1. Applications

A prime concern of blast resistant structures is to reqtrict the flow of high
pressures into or out of a structure. For donor structures pressures released
may have to be restricted in order to limit pressures acting on adjacent
structures to tolerable levels. Also, pressures leaking into acceptor
structures must be limited to prevent pressure buildup beyond acceptable
levels. In either case openings may have to be completely sealed to prevent
the diffusion of contaminants.

The simplest, most economical way of limiting leakage pressure into or out of
a protective structure is to restrict the number and size of air intake and
exhaust openings. In a donor structure the leakage pressures may be further
reduced by venting them through a stack. The stack increases the distance
from the point of release of the pressure to the acceptor structure thereby
attenuating the blast loading. Methods for predicting the pressures leaking
out of a building and the pressure buildup within a building are discussed in
Chapter 2. If the leakage pressure can not be reduced to acceptable levels or
if contaminants are released during an explosion, the openings must be sealed
with either blast valves or other protective closure device.

Blast valves may be either remote-actuated (closed mechanically by remote
sensors) or blast-actuated (closed by the pressure wave itself). Both types
can be non-latching or latching. A non-latching valve will open under
negative pressures. A latching valve Is one that can only be reopened
manually. In addition, a blast-actuated valve can be double-acting. A
double-acting valve will seal against the positive blast pressure, move in the
opposite direction to seal against uegative pressures and ther. reopen when
pressures return to normal.

6-43.2. Remote-Actuated valves

Remote-actuated valves are dependent on external sensing devices which trigger
the closure mechanism and close the valve before arrival of the blast wave.
Actuating devices have been developed that are sensitive tG the blast pressure
of an explosion and react electrically to trigger protective closure systems.
Other actuating devices sensitive to flash and thermal radiation are also
available. The pressure sensing device is placed on a circtunferunce at a
predetermined radius from the valve (closer tc ground zero) in order to
compensate for time delays of electrical and mechanical control equipment and
to permit valve closure before the blast arrives. Thermal sensors are
designed to detect the characteristic pulse emitted by an explosion to prevent
actuation by other sources such as lightning, fires, etc., which may occur
with flash sensors. Remote-actuated valves present problems of protection
against multibursts and button-up time for combustion-type equipment installed
within the structure. In addition to problems of hardenability of the exposed
sensor and suitability for multiburst operation, it is often necessary for
sensors to initiate reopening of the valves as soon as dangerous pressures
have subsided. In general, remote-actuated valves can not close fast enough
to be effective during an H. E. explosion.
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6-43.3. Blast-Actuated Valves)m
Self-acting blast-actuated valves, which close under the action of the blast
pressure, overcome some of the disadvantages described above and present other
factors to be considered. Since the valves are closed by pressure, they are
not dependent upon sensing devices for operation. They can be automatically
reopened after passage of the positive phase or latched closed during the
negative phase if this is required. Double-acting valves automatically seal
the opening during the negative phase. Since blast-actuated valves are closed
by the blast, there is an inherent leakage problem to be considered due to the
finite closing time. Although this is in the order of milliseconds for most
valves, sufficient flow to cause damage may pass the port openings for certain
valve designs and pressure levels. Effectiveness of closing at both high- and
low-pressure ranges must be checked. The amount of blast entering depends on
the closing time of the valve which, in turn, depends on the mass of the
moving parts, disk diameter, and the distribution of pressures on both faces
of the disk.

Ideally, a blast-actuated valve should possess the following characteristics:
instantaneous closure or no leakage beyond the valve during and after closure,
no rebound of moving parts, equal efficiency i: all pressures below the design
pressure, operational and structural reliabil. y, minimum of moving parts,
low-pressure drop through the valve at normal ventilation or combustion air
flows, multiple detonation capability, durability, and easy maintenance.

Although instantaneous closure is not physically possible, the closing time
can be reduced sufficiently to reduce the leskage to insignificant values.
This may be accomplished by increasing the activating pressure-force-to--
moving-mass ratio, decreasing the length of travel, permitting no deceleration
during closure, and other methods.

6-43.4. Plenums

Blast valves, especially blast-actuated valves, will allow some pressure
leakage. While the leakage pressure may nit significantly increase the
ambient pressure at some distance from the valve, there might be a "Jetting
effect" causing very high pressures in the immediate vicinity. A plenum may
be used to protect against these high pressures. Two examples of plenums are,
a plenum chamber and a plenum constructed of hardened duct work. A plenum
chamber Is a room where pressures attenuate by expansion. A hardened duct
work plenum reduces the pressures by increasing the distance traveled (similar
to the stack discussed in Section 6-43.1). For a donor structure, a plenum
would only be necessary if contaminants are released during an explosion and
the air must be filtered before being vented to the exterior. In that case, a
plenum would be used to lower the pressures and prevent damage to the filters.
A plenum in an acceptor structure would be used to prevent high leakage
pressuren from directly entering the building's air duct system and possibly
causing local failure of the system,

Plenum chambers should be designed to avoid a buildup of interior pressure
which would impede closing of the valve. The ratio of the area of the chamber
cross section to that of the valve outlet should be preferably greater than
4:1 so as to diffuse leakage flow as quickly as possible. A chamber which has
the prescribed necessary volume but has little change in area would act like a
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tunnel wherein intering pressures would encounter little attenuation in the

length provided.

6-43.5. Fragment Protection

To ensure that blast valves functioLi properly, they must be protected from
fragments that may perforate the valves or jam Uhem in an open position. One
of severpi methods of accomplishing the rsquired protection is by offsetting
the opening from the blast valve by means of a blast-resistant duct or tunnel
wl'ich would prevent the propagation of fragments to the blast valve. Another
method is to enclose the blast valve in a concrete chimney. Other methods
include using a debris pit or steel shields or debris cover attached directly
to the blast valves.

6-44, Types of Blast Valves

6-44.1. Coneral

Vatlous types of blast valves have been developed and many of tbhm are
available commercially from suppliers both here and overseas (see Table 6-13).
For present designs, air flow rates from about 300 cfm to 35.00C cfm can be
obtained. Some valve designs are available in more than one size and can be
either blast or remote-actuated. Tho pressure loss across the valve at the
rated air flow is, in most cases, less than one inch of water.

The maximum incident pressuvre capability of available valves is above 50 psi
and generally at least 100 Psi. For shelter purposes, these valves may be
overdesigned since the protection level for many shelters will be less than 50
psi. Except for cost factors, using a 100-psi valve for a 10-psi shelter
design should not necessarily present technical problems since a valve must
operate k:& all pressures below the maximum design level.

The best type of actuati-n (blast or remote) depends partly on the design
presst.re as previously discussed with regard to reacticn time and operational
considerations. For long arrival times (low pressure). a remote-actuated
device can close the valve before the blast arrival whereas leakage may occur
for a blast-actuated valve. At a high pressure (short arrival time),the
closing time for the remote-actuated valve may be longer than the arrival
time.

6-44.2. Blast Shield

If it can be assumed that the ventilation system can be clos.d off during a
hazardous operation and kept closed until there is no danger of further blast,
a relatively simple structural closure (blast shield), such as a steel plate
can be utilized. This type of closure is enpecially useful for an exterior
opening which would only be opened periodically, such as maintenance facili-
ties where the release of toxic fumes from within the structure is required.

6-44.3. Sand Filter

In shelters where normal operational air requirements are *amill, sand filters

are useful in the attenuation of leakage pressures. With this type of filter
the pressures continue to increase throughout the positive phase. Thus this
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filter is good only for loads with a relatively short duration. A sketch of a
300-cfm sand filter is shown in Figure 6-59.

6-44.4. Blast Resistant Louvers

The blast resistant louvex shown in Figure 6-60 is blast actuated and has a
rated flow of 600 cfm at less than 1 inch water (gage) pressure drop. If a
larger volume of air is required the louvers can be set into a frame and used
in series (see Figure 6-61). Louvers can be used in acceptor structures
subject up to 50 psi. A major drawback of the louvers is that there may be as
much as 40 percent leakage across the valve, especially at lower pressures.

6-44.5. Poppet Valve3

6-44.5.1. Applications

A poppet valve has many advantages. It has few moving.parts which might need
repair. It can be blast or remote-actuated, latching, non-latching, or
double-acting and is available in sizes from 600 to 5,000 cfm. A blast-
actuated poppet valve has a very fast closing time, approximately 20 millisec-
onds, making it the only valve that reacts fast enough to be used in a
containment cell.

A typical blast-actuated poppet valve is shown in Figure 6-62. The valve
consists of an actuating plate, a valve seat, a backing plate that supports
the actuating plate, and a spring which holds the valve open during normal.
operations. The normal air flow is around the actuating plate. A blast load
will compress the spring and move the actuating plate against the valve seat
thereby sealing the opening. As the blast pressure moves the actuating plate,
some pressure will flow around the plate while it is closing.

The leakage pressures can be completely prevented by using a valve similar to
the one schematically illustrated in Figure 6-63. In this valve the normal
air flow is around the actuating plate through a length of duct. When the
valve is subjected to a blast load, the pressure starts moving the actuating
plate while at the same time flowing through the duct. The length of the d'.ct
must be long enough to ensure that the time it takes the blast pressures to
flow through the duct (delay path) will be longer than the time required for
the actuating plate to seal the valve. As an alternate to the long duct, an
expaiision chamber may be used. to delay the blast.

6-44.5.2 Recommended Specification for Poppet Valves

Presented below is an example specification for the design, testing and
construction of a poppet valve, but it may be adapted for other types of blast
valves. This example specification is presented using the Construction
Specification Institute (CSI) format and shall contain as a minimum the
following:

1. APPLICABLE PUBLICATIONS: Except as otherwise stated herein all
materials and work furnished in accordance with this specification shall
comply with the following codes and standards.

1.1 Federal Speci~ication (Fed. Spec.)
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TT-P-37D Paint, Alkyd Resin; Exterior
Trim, Deep Colors

TT-P-645A Primer, Paint Zinc Chromate
Alkyd Type

TT-P-860 Paint, Red- Lead-Base, Ready
Mixed

1.2 American Society for Testing and Materials (ASTM)

A 53-81a Pipe, Steel Black, and Hot-
hipped, Zinc-Coated, Welded
and Seamless

D 2000-80 Rubber Products in Automotive
Applications, Classification
System For

E-709-80 Magnetic Particlh Examination

1.3 American Institute of Steel Construction (AISC)

Specification for the Design, Fabrication and Erection of
Structural Steel for Buildings
(Eighth Edition) with commentary

1.4 American Iron and Steel Institute (AISI)
304 17-7th

1.5 Anericap Welding Society (AWS)
D.l.1 Structural Welding Code(latest edition)

2. SUBMITTALS: The following information shall be submitted for
approval. Materials shall not be delivered to the site until approved shop
drawings have been returned to the Contractor. Partial submittals, or
submittals for less than the whole of any system made up of interdependent
components will not be aicepted. Submittals for manufactured items shall be
manufacturer's descriptive literature, shop drawings, and catalog cuts that
include the manufacturer's dimensions, capacity, specification reference, and
all other information necessary to establish contract compliance.

2.1 Qualifications: The Contractor shall submit for approval,
data to support the qualifications of the manufacturer and installer. A list
of previously successfully completed jobs of a similar nature, indicating the
name and address of the owner of the installation shall be included with the
information.

2.2 Manufacturer's Data: Before executing any fabrication work,
a completely marked and coordinated package of documents sufficient to assure
full compliance with the drawings and specifications shall be submitted. The

Af submittal shall include a complete technical evaluation of the capacity of
each valve aa described below. The drawings shall include: detailed fabrica-
tion and equipment drawings; assembly showing the complete installation,
including methods for supporting the valves, subframes and frames; a listing
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of all materials and material specifications; surface finishes; fabrication,
assembly and installation tolerances; locking devices and locking device
release mechanisms: and a detailed sequence for installation of valves and
frames in conjunction with other phases of construction. Structural fabrica-
tion drawings shall conform to the requirements of AISC and welding shall
conform to AWS. Assembly and Installatlon shall be based on field established
conditions and shall be fully coordinated with architectural, structural, and
mechanical systems. All aspects of any work developed in connection with the
development of these valves shall be fully documented and become the property
of the Government.

2.2.1 Standard Compliance: Where equipment or materials are
specified to conform to requirements of the standards of organizations such as
ANSI, NFPA, UL, etc., which use a label or listing as a method of indicating
compliance, proof of such conformance shall be submitted for approval. The
label or listing of the specified organization will be acceptable evidence.
In lieu of the label or listin,.,, the Contractor shall submit a notarized
certificate from a nationally recognized testing organization adequately
equipped and competent to perform such services, and approved by the Contract-
ing Officer stating that the items have been tested with the specified
organization's methods and that the item conforms to the specified organiza-
tion's standards.

2.3 Preliminary Hydraulic Characteristics: Prior to Construc-
tion, submit with shop drawings an estimate of the hydraulic characteristics
of each valve, under actual operating conditions. Ratings shall be based on
tests or test data. All necessary corrections and adjustments shall be
clearly identified. Corrections shall be established for actual altitude and
air flow directions as shown on the drawings as well as hydraulic effects
produced by mounting and/or connection of the valve.

2.4 Tests and Test Reports: Except as noted otherwise, the
testing requirements for materials stated herein or incorpora'ted in referenced
documents, will be waived, provided certified copies of reports of tests from
approved laboratories performed on previously manufactured materials are
submitted and approved. Test reports shall be accompanied by notarized
certificates from the manufacturer certifying that the previously tested
material is of ths same type, quality and manufacture as that furnished for
this project.

2.5 Blast pressure analysis calculations and/or resi'.lts of
approved tests shall be submitted, for both the blast valve and subframe, for
approval and shall conform to the requirement of the paragraph entitled, BLAST
VALVE TESTS. The calculations and/or test results shall include all coinpo-
nents of the valves and subframe subjected to the blast pressures. Calcula-
tions are not required for the frame embedded in the concrete. This frame
shall conform to that shown on the drawings. However, the fabrications of the
blast valve and associated subframe and embedded frame shall be the responsi-
bility of the blast valve manufacturer. This manufacturer shall also be
responsible for installation of this equipment.

2.6 Qualification of Welders: Before assigning any welder to
work covered by this •ection of the specification, the Contractor shall submit
the names of the welders to be employed on the work together with cevtifica-
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tion that each of these welders has passed the qualification test using
procedures covered in AWS Standard Dl.1.

2.7 Operatfinal and Maintenance Manual: Operation and mainte-
nance manuals shall be furnished by the Contractor. Complete manuals shall be
furnished prior to the time of installation. The manual shall have a table of
contents and shall be assembled to conform to the table of contents with tab
sheets placed before instructions covering the subject,

2.8 Shop Test Reports: The Contractor shall furnish copies of

shop inspection and test results of fabrication welding.

3. MATERIALS:

3.1 Structural steel pipe used for bWast valve constructiL..
shall %.3nform to ASTM A 53 seamless pipe.

3.2 All structural steel plate components of the valve shall
consist of stainless steel and shall conform to AISI 304.

3.3 Spring type components shall consist of stainless steel and
conform to AISI 17-7th, Condition C.

3.4 Blast Sea]. Material: Seals for blast valves shall conform to
ASTM D 2000.

4. BLAST VALVE REQUIREMENTS: All blast valves shall be poppet type
and shall have the following characteristics.

4.1 Pressure capacity: Each valve shall be capable of withstand-
ing a sustained blast -ressure of 100 psi as well as the impact force produced
by the closing of the valve. The valve shall be designed to sustain elastic
deformation when subjected to the above loads. The blast valve shall be
capable of closing under a force of 15 pounds.

4.2 Temperature Capacity: Each valve shall be capable of
satisfactory operation over a temperature range of 350 to 3000 F.

4.3 Valve Actuation: Each valve shall be actuated by the blast
overpressure. The valve shall be in the closed position 20 milliseconds after
the onset of the blast front. The blast pressures are given on the drawings.

4.4 Valve Parameters: A minimum of 12-inch diameter blast valve
shall be used. After the valve is closed by the blast overpressure, it shall

'T remain in the closed position until manually opened. This shall require that
the valve be equipped with a locking device which shall be located at the
exterior side of the valve. A release mechanism for the locking devices shall
be provided which shall be operated from a position inunediately adjacent to
the interior of the valve. Any penetration through the valve or the structure
must be capable of being sealed against blast leakage through the penetration.
The air flow capacity of the valves shall be 1500 SCFM (1710 ACFM) for the
supply and return valves and 880 SCFM (1000 ACFM) for the exhaust valve.
Total actual pressure drop across the valve with air movement in either
direction shall not exceed one inch of water (gage). The valve and its
operating parts shall be designed for a 20-year life and shall have an
operating frequency of 10,000.
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4.5 Blast Seals: Blast seals shall be provided between the face
of each valve and subframe and between the subframe and the frame to provide a
pressure tight condition. Seals shall be adjustable and easily replaceable.
The seal shall be designed to be leakproof with a pressure differential across
the seal of 100 psi.

4.5.1 Blast Seal Material: Seal material shall conform to
ASTM D 2000. Four sets of blast seals shall be -Furnished with each valve.
Three sets of the seals shall be packaged for long term storage.

4.5.2 Adhesive: Adhesive for blast seals shall be as
recommended by the manufacturer of the seals. Sufficient adhesive shall be
provided for installation of the packaged seals at a later date.

4.6 Field Removal: Blast valves shall have the capabilities of
being completely field removed and disassembled.

5. FABRICATION:

5.1 Qualification of Manufacturer: The manufacture and installation of
blast valves and frames shall be performed by the blast valve manufacturer who
shall be fully responsible for valve operation. The manufacturer shall have
complete facilities, equipment and technical personnel for the design,
fabrication, installation and tssting of Cnmplete blast valve assemblies.

5.2 General: The drawings indicate the location of the blast valves in
the structure. The manufacturer shall carefully investigate the drawings and
finished conditions affecting his work ana shall design the units to meet the
job condition and the dynamic loads. The blast valves shall be complete with
gaskets, fasteners, anchors, mechanical operators, and all other equipment and
accessories as required for complete installation.

5.3 Metalwork: Except as modified herein, fabrication shall be at a
minimum, in accordance with the AISC Specification for the Design, Fabrication
and Erection of Structural Steel for Buildings. Welding of steel shall be in
accordance with the requirements for AWS Specification Dl.1, A welding
sequence to reduce distortion and locked-up stresses to a minimum shall be
used. All welded units shall be stress relieved. All welded members shall be
post weld straightened free of twist and wind. Fabricated steel shall be well
formed to shape and size, with sharp lines and angles. Exposed welds shall be
ground smooth. Exposed surface of work, in place, shall have a smooth finish.
Where tight fits are required joints shall be milled to a close fit. Corner
joint shall be coped or mitered, well formed, and in true alignment. Perma-
nent connections for all assemblies and components, except those requiring
removal for installation and maintenance, shall be welded. Each valve and
subframe shall be removable from the embedded frame.

5.3.1 Machining: Parts and assemblies shall be machine finished
wherever necessary to insure proper fit of the parts and the satisfactory
performance of the valves.

5.3.2 Weld Details: The types of edge preparation used for welds
shall be chosen by the manufacturer to be the most suitable for the joint and
position of welding. Where required, all groove welds shall be complete
penetration welds with complete joint fusion. Groove weld edge preparations
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shall be accurately and neatly made. All full penetration groove J oints shall
be back-chipped and back welded where both sides are accessible. Mhere both
sides are not accessible, backing strips not exposed to view may bc. left in
place unless removal is required for clearance. Backing strip not removed
shall be made continuous by welding ends and junctions.

5.3.3 Weld Tests: Inspection and tests of welds shall be as
specified in AWS SpecificatiDn Dl.l. All welding shall bei subjected to normal
continuous inspection.

5.3.3.1 Nondestructive dye penetrator terting shell be
performed for all welding in accordance with Method B of ASTM E 165 or ASTM E
709. Allowable defects shall conform to AWS Specification Dl.l.

5.3.3.2 Penetration Welds: All full or partial penetra-
tion corners, tees and inaccessible butt joints shall be subjectOd -to 100
percent ultrasonic examination. All penetration joints shall be co-eAisdered to
be tension joints. All tests shall be performed by a testing laboratory
approved by the Contracting Officer. The testing laboratory shall be respon-
sible for interpretation of the testing, which shall be certified adid sub-
mitted in a written report for each test. In addition to the weld exatnination
performed by the Contractor, the Contracting Officer reserves the right to
perform independent examination of any welds at any time. The cost of all
Govertuaent reexamination will be borne by the Government.

5.3.3.3 Correction of Defective Welds: Welds conta-idug
defects exceeding the allowable which have been revealed by the abova testing
shall be chipped or ground out for full depth and rewoldad. This ccorroctiou
of the defected weld area and retest shall be at the Contractor's expensa.

5.4 Metal Cleaning and Painting:

5.4.1 Cleaning: Except as modified herein, surfaces shall be
cleaned to bare metal by an approved blasting process. Any surface that may
be damaged by blasting shall be cleaned to bare metal by powered wire brushing
or other mechanical means. Cleaned surfaceo which become containinatzed with
rust, dirt, oil, grease, or other contaminants shall be washed with solvents
until thoroughly clean.

5.4.2 Pretreatment: Except as modified herein, immediately after
cleaning, steel surfaces shall be given a crystalline phosphate base coating;
the phosphate base coating shall be applied only to blast cleaned, hare metal
surfaces.

5.4.3 Priming: Treated surfaces shall be primed as soon as
practicable after the pretreatment coating has dried. Except as modifiid
herein, the primer shall be a coat of zinc chromate primer conforming to Fed.
Spec. TT-P-645, or a coat. of red lead paint, Type I or Type III conformuing to
Fed. Spec. TT-P-86G, applied to a minimum dry film thickness of 1.0 mil.
Surfaces that will be concealed after construction and will require Lo
overpainting for appearAnce may be primed with a coat of asphalt varvish,
applied to a minimum dry film thickness of 1.0 mil. Damage to prized surfaces
shall be repai-.ed with the primer.
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5.4.4 Painting: Shop painting shall be provided for all metalwork,
except for non-ferrous metals and corrosion resistant metals and surfaces to
be embedded in concrete. Surfaces to be welded shall not be coated within
three inches of the weld, prior to welding. All machined surfaces in contact
with outer surfaces and bearing surfaces snail not be painted. These surfaces
shall be corrosion protected by the application of a corrosion preventive
compound. Surfaces to receive adhesives for gaskets shall not be painted.
Surfaces shall be thoroughly dry and clean when the paint is applied. No
painting shall be done in freezing or wet weather except under cover; the
temperature shall be above 45' F but not over 90' F. Paint shall be applied
in a workmanlike manner and all joints and crevices shall be coated thorough-
ly. Surfaces which will be concealed or inaccessible after assembly shall be
painted prior to assembly. Paint shall conform to Fed. Spec. TT-P37D.

6. BLAST VALVE TESTS:

6.1 Response Tests: The following static and dynamic response
shall be performed to demonstrate the blast resistant capabilities of the
blast value design. These tests shall be witnessed by the Contracting
Officer.

6.1.1 Closure Time Test: Prior to shipment to the site, the
Contractor shall perform a test to demonstrate that the closure of the blast
valve will not exceed the 20 milliseconds specified. A suggested method for
recording the valve closure is with the use of a high speed camera.

6.1.2 Static Pressure Test: Prior to shipment to the site,
the Contractor shall perform a pneumatic test to demonstrate the static
capacity of the blast valve design. The valve must sustain the pressure of
100 psi for a minimum of two hours. The total pressure loss during that
period shall not exceed 1. psi.

6.1.3 Dynamic Pressure Test: Prior to shipment to the site,
the Contractor shall perform a test to demonstrate the dynamic capacity of the
blast valve design. This test shall simulate the combined effects of impact
forces produced by the valve closure system and the blast load. This test may
be replaced by design analyses which demonstrate that the head and frame of
the valve shall have the capability to resist the stresses produced by the
above forces. The blast load as indicated on the drawings shall be used for
this analysis.

6.1.4 Blast Tests: If the effects of one or more of the
above blast valve tests have been demonstrated by prior blast valve tests on
similar valves, then the results of these tests shall be submitted for review;
and the above test performances may not be required.

6.2 Test: After installation, a trip test shall be performed
and demonstrated to the operating personnel.

6.3 Hydraulic Characteristics: Prior to shipment to the site,
the Contractor shall perform a final test to establish the hydraulic charac-
teristics of each valve and provide the necessary corrections and adjustments AML
as stated previously.
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Table 6-13 Blast valvws

Blast
Characteristics

Closing Locking Flow

Type Pressure Time Mach- Rates
Raos' oz Valvs (Actuatud) (psi) (me) anisms (cfw) Tested

Cheaical Corps Blast 100 * Yes 300 Field

U. S. AMy ,Shok tube
Chogulcal Corps Bleat so * yes 600 and
E19R1RI field

Ofia~ 12"0 100 yo 6 00

Civil I 16"0 and 50 50 yes 1,200 Field
Defense Remote -- -

24"0 50 yea 2,500

Office of Corps Bleast and a 20 Yea 5,000 Shock tube
of Enginwers Remot~e

Bureau of Yards 2,200
and Docks Rcaote 5o0 yes to

30,000

2,250
Teneat USA, Inc. Blast 100 20 Yas to Shock tube

1 3,700

40 150

Jaern and 80 280 *600 Field
F'lat -,5

1Technical 10___ ,5
Fascilities Remote * 5,000 a
WS-107 A.2

Ameuicrn Macbiine Bloat 100 0 yes so '

Lmwx Blast 115 t~o 2 NIo 450 Shock tube

1 160

Sut'fiaid
Exparirmantsl B1-sat 4to 20 C

stational _____

N~ew Naval brechenxidse 100 * No 600
Civil ____- -- - - Compresued
Engineer~- Bay1es-Dornny Keast. 5 to 100 ~' No 180 Air
in& LabK-

Stephenson 5 t7o 1ý 0 No 125

Artes Hachin.,::Y Blast 100N
Sand Filtered1) i jao 30 Field

*Unknown

6-163



*• TM 5-1300/NAVFAC P-397/AFR 88-22

SHOCK ISOLATION SYSTEMS

6-45. Introduction

Previous sections have presented methods for the prediction of blast and
fragment effects associated with the detonation of explosives and the design
or analysis of structures to withstand these effects. In the design of
shelters, an important part of the design process is to insure the survival of
personnel and equipment. It is possible that the structure could withstand
the air blast and ground shock effects but the contents be so severely damaged
by structure motions that the facility could not accomplish its intended
function. A similar problem is in the design of shelter type structures that
houses sensitive explosivez. These explosives must be protected from struc-
ture motions since these motions could result in initiation of the explosive.
This section deals with tha protection of vulnerable components from structure
motions due to air blast and ground shock.

6-46. Objectives

The objective of shock isolation in protective design applications is to
reduce the magnitude of motions transmitted by a vibrating structure to
personnel or shock sensitive equipment. These motions must be attenuated to
levels tolerable to personnel and to be various pieces of equipment used in
the facility. A second consideration in some cases is to reduce the magnitude
of motions transmitted by vibrating equipment to its supports. These latter
motions can be significant for equipment mounted on shock isolated platforms.

The general functional objectives of a shock isolation system are:

1. Reduce input motions to acceptable levels.

2. Minimize rattlc space requizements consistent with system effec-
tiveness and cost.

3. Minimize coupling of horizontal and vertical motions,

4. Accommodate a spectrum of inputs of uncertain waveforms.

5. Limit the number of cycles of motion of the isolated body.

6. Support the system under normal operating conditions without
objectionable motions.

7. Maintain constant attitude under normal operating conditions.

8. Accommodate changes in load and load distribution.

9. Maintain system vibration characteristics over long periods of
time.

10. Interface properly with other components or parts.

11. Require minimum maintenance

6-164



TM 51300/NAVFAC P-397/AFR 88-22

6-47. Structure Motions

Ground shock results from the energy which is imparted to the ground by an
explosion. Some of this energy is transmitted through the air in the form of
air-blast-induced ground shock and some is transmitted through the ground as
direct-induced ground shock. Both of these forms of ground shock when
imparted to a structure will cause the structure to move in both a vertical
and horizontal direction. Movement of the structure imparts motions to items
attached to the structure's interior. Motion of interior items is obtained
from a response spectrum. This is a plot giving the maximum responses (in
terms of displacement, velocity, and acceleration) of all possible linear
single-degree-of-freedom systems which may be attached to the structure due to
a given input motion. Therefore, having the spectra for the structure and
given input motion, the maximum response of any item within the structure is
obtained based on the natural frequency of the item. Methods for preparing
response shock spectra are presented in Chapter 2 of this manual.

In addition to motion of the structure as a whole, the exterior walls and roof
respond to the direct application of the blast load. Methods for calculating
the response of these elements are given in Chapter 3 of this manual using the
parameters given in Chapter 4 and 5 for concrete and steel, respectively.
Maximum displacoments, velocities, and accelerations of these elements can be
determined in a straightforward mariner. These quantities can be used to
determine effects on items attached or located near walls or roofs.

6-48. Shock Tolerance oi Personnel and Equipment

The requirement for shock isolation is based upon the shock tolerance of
personnel and/or critical items of equipment contained within the protective
structure. If the predicted shock input exceeds the shock tolerance of
personnel, a shock isolation system is required. If the shock input exceeds
the shock tolerance of equipment, the equipine t can either be ruggedized to
increase its shock tolerance or it can be shock isolated. There are practical
limits to ruggedization and the costs may exceed those of an isolation system.
If the input does not exceed the shock tolerance of the equipment, it can be
hard-mounted to the struct a.

6-48.1. Persoonel

The effects of structural motions on personnel depend on the magnitude,
duration, frequency, and direction of the motion, as well as their position at
the time of thn loading. The shock tolerance of personnel is presented in
Chapter 1 of this manual.

6-48.2. Equipment

In many cases, the need for shock isolation of equipment must be established
before detailed characteristics of the system components are established.
Further, because of the constraints of procurement procedures, shock isolation
systems must be designed and built prior to specific knowledge of the equip-
ment to be installed. In such instances, the choice lies between specifying
minimum acceptable shock tolerances for the new equipment or using whatever
data is available for similar types of equipment.
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The most practical means of determining the shock tolerance of a particular
item of equipment is by testing. However, even experimental data can be of
questionable value if the test input motion characteristics differ greatly
from those that would actually be experienced by the equipment. Since testing
of equipment may not be practical in many cases due to the amount of time
allotted from the inception of a project to its completion, procurement
procedures, and cost limitations, it is often necessary to rely on data
obtained from shock tests of similar items. The shock capacity of various
types of equipment is presented in Chapter 1 of this manual.

6-49. Shock Isolation Principles

6-49.1. General Concepts

A full treatment of the problem of shock isolation systems is not possible in
this manual. The following discussion provides an introduction to the subject
and presents some of the important characteristics of shock isolation systems.

In general, the analytical treatment of shock isolation systems is based upon
the principles of dynamic analysis presented in Chapter 3. In most cases, the
actual system can be represented by a simplified mathematical model consisting
of a rigid mass connected by a spring and dash pot as shown in Figure 6-64.
The figure represents the simplest case, that of a single-degree-of-freedom
system restrained to move in only one direction. Actually, an isolation
system would have at least six degrees of freedom, i.e., three displacements
and three rotations. Under certain conditions, these six modes can be
uncoupled and the system analyzed as six single-degree-of-freedom systems.

The single-degree-of-freedom system shown in Figure 6-64 can be used to
illustrate the importance of some of the parameters affecting the effective-
ness of shock isolation systems in general. The isolator is represented by
the linear spring and viscous damping device enclosed within the dotted
square. The suspended mass is taken to be a rigid body. It is assumed that
the base of the system is subjected to a periodic sinusoidal motion whose
frequency is f. The undamped natural frequency of the system is fn and is
given by:

1 386'4 K
fn " 6-62

27r W

where

f - natural frequency of vibration

K - unit stiffness of spring

W - weight supported by spring

When the frequency of the disturbing motion f is small compared to the natural
frequency fn of the single-degree-of-freedom system, the displacement of the
iiass is approximately equal to the displacement of the base. When the M
frequency of the base motion is several times that of the system, the motion
of the mass is a small fraction of the base motion. When the ratio of
frequencies become large (20 to 30). the system can not respond to the base
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motion to any significant degree. At frequency ratios near one, large motions
of the mass are possible and the magnitude is strongly affected by the amount
of damping in the system.

One obvious shock isolation approach is to use a low frequency suspension
system so that the ratio of frequencies is always large. However, low
frequency (referred to as soft) systems possess the undesirable characteristic
of larger static and dynamic displacements and greater probability of coupling
between modes of vibration. Although soft systems may be acceptable under
some conditions, the obvious constraint that will preclude their use is a
limit on the relative motion between the suspended mass and its supports or
adjacent parts of the facility. This relative motion determines the amount of
rattle space that must be provided to avoid impact between the mass and other
fixed or moving parts of the facility.

The acceleration of the mass is a function of the forces applied to the mass
by the spring and damping devices. In the case of a linear undamped spring,
the force is a function of the relative displacement between the mass and its
support. In viscous damping devices, the damping force is a function of the
percent damping and the relative velocity between the mass and its supports.
Acceleration limits for the critical items will impose restraints on spring
stiffness and the amount of damping in the isolation system. In practice, a
compromise combination of spring stiffness and damping is necessary to
minimize input motions to the mass for a specified allowable rattle space or
to minimize the rattle space required for specified allowable motions of the
mass.

The need to avoid resonance (ratio of the frequency of the base motion to the
natural frequency of the isolation system equal to one) is obvious. The
structural motions resulting from an explosion are not steady-state sinusoidal
in nature. However, these motions are of an oscillatory type and the dis-
placement-frequency relationships discussed above are applicable.

A more detailed discussion of the effects of load duration, nonlinear springs,
damping, and system frequency on response can be obtained from publications
listed in the bibliography.

The basic objective in shock isolation is to select a combination of isolation
system properties which will reduce the input motions to the desired level.
In design, it is a straightforward process. System properties are assumed and
an analysis is performed to determine its response to the input motions. If
the shock tolerance and rattle space criteria are not satisfiee, the system
must be altered and the analysis repeated until the criteria aie satisfied.

6-49.2. Single-Mass Dynamic Systems

A single mass system can have six degrees of freedom, that is, translation in
three orthogonal axes and three rotations. The system can also be classified
as coupled or uncoupled.

A coupled system is one in which forces or displacements in one mode will
affect or cause a response in another mode. For example, a vertical displace-
ment of a single rigid mass might also cause rotation of the mass. An
uncoupled system, on the other hand, is one where forces or displacements in
one mode do not generate a response in another mode. If the system is
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completely uncoupled, base translations in any one of the three orthogonai.
directions will cause translations of the mass in that direction only.
Similarly, a pure rotation of the base about any one of the three orthogonal
principal inertia axes with their origin through the mass center, will cause
only pure rotations of the body about that axis. The principal inertia axes
are those about which the products of inertia vanish. The principal elastic
axes of a resilient element (isolator) are those axes for which an uncon-
strained element will experience a displacement collinear with the direction
of the applied force. If the principal elastic axes and the principal inertia
axes of the shock isolation system coincide with the origin or point of
intersection of both sets of axes at the center of gravity of the mass, the
modes of vibration are uncoupled. Such a system is also referred to as a
balanced system.

In Figure 6-65, if all the springs have the same elastic stiffness, the
elastic center will be located at point A, which, in this case, is at the
center of the individual springs. If the suspended mass is of uniform
density, its center of gravity is also located at A, and the system is
uncoupled for motion input through the springs. Some systems may be uncoupled
only for motions in a particular direction. If point B in Figure 6-65 is the
center of gravity of the mass, a horizontal motion in the direction parallel
to the X-axis of the structure would cause only a horizontal motion of the
mass. A vertical motion of the structure would cause both a vertical and
rotational motion of the mass. In this case, the vertical and rotational
modes are coupled. If the center of gravity were located at point C, then
vertical, horizontal and rotational modes are coupled. If the characteristics
of the mass and shock isolation system are such that: the modes of vibration
can be uncoupled, the system can be analyzed as a series of independent
single-degree-of-freedom systems. The response of each of these systems can
be determined on the basis of input motions and isolator properties in a
direction parallel to or about one of the principal inertia axes. The
response in each one of these modes can be summed in various ways to obtain
the total response of the system. The sum of the maximum responses would
neglect differences in phasing and should represent an upper limit of the
actual motions. It is recomiuended that the square root of the sum of the
squares of the maximums (root mean square values) be used to represent a
realistic maximum response since it is unlikely that response will occur
simultaneously in all modes. Superposition of modal response is appropriate
for elastic systems only.

A dynamically balanced shock isolation system offers advantages other than a
simplification of the computation effort. A balanced system results in
reduced motions during oscillation. As a result of the absence of coupling of
modes in a balanced system and the usually small, if any, rotational inputs to
the system in protective construction applications, rotational motions of the
shock isolated mass will be minimized. This is particularly important for
large masses where small angles of rotation can result in large displacements
at locations far from the center of gravity.

Because oi the advantages of a dynomically balanced system, various approaches
are take,ý to minimize coupling of modes. One criterion is that frequencies in
the six nmodes should be separated sufficiently to avoid resonance between
modes. Because of the importance of minimizing rotational modes of response,
it is suggested that extremely low stiffnesses in these modes should be
avoided. For the analysis of multiple degrees of freedom, single-mass systems
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where the various modes of response are coupled, the modal method of analysis
or numeri..,!. integration techniques can be utilized. The modal method of
analysis requires solution cf simultaneous equations of motion to determine
charaL.eristic shapes and frequencies of each mode and is limited to the
elastic case. The numerical techniques do not require prediction of mode
shap(;,, and frequencies and will handle both elastic and inelastic response.
If the dynamic system is also a multiple mass system, the above methods can be
utilized to analyze the system. While an in-depth discussion is beyond the
scope of this manual, a complete discussion of these methods can be found in
publications listed in the bibliography.

6-49.3. Shock Isolation Arrangements

6-49.3.1. Individual versus Group Mounting

The two basic approaches to shock isolation in protective construction are to
provide individually tailored systems for each component and to group together
two or more items on a common platform. In the latter case, the system is
selected to satisfy tha requirements of the most critical item. In some
cases, where the shock tolerance of the various items differs greatly, a
combination of the two approaches may be the most effective solution.
Although the relative location or size of some items may make individual
mounts the more practical approach in certain cases, group mounting will
generally be as reliable and the least costly solution.

Where peLsunnel must be protected, a platform is the most practical solution.
Alfh Except for extremely sensitive equipment, the shock tolerance of the personnel

will govern the design of the system. The combination of personnel and
equipment on the same platform will permit the personnel to move freely
(however cautiously) between items of equipment. Where personnel are not
required to be mobile, but rather may be able to temain seated while operating
the equipment during hazardous periods, the shock tolerance of the personnel
are greatly increased. This increased tolerance will reduce the shock
isolation requirements while at the same time affording a higher degree of
protection for personnel since they are protected from the unknown conse-
quences of falling.

There are several advantages of group mounted systems. A group mounted system
is less sensitive to variations in weights of individual items of equipment
because of the larger combined weight of all items and the platform. With a
number of items there is a greater flexibility of controlling the center of
gravity of the total mass. In fact, ballast may be added to the platform to
align the center of gravity with the principal axis to form a balanced system.
A group mounted system generally requires less rattle space than several
independently mounted items. Also, the interconnections between components is
greatly simplified if they are all mounted on a single platform. Finally, an
important advantage of group systems is cost. Individual mounts will require
a large number of isolator units. Although larger, more costly, units are
required for the group mounting system, fewer units are required and the cost
per pound of supported load will be much lower.
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6-49.3.2. Platform Characteristics

A platform for group mounted systems offers great flexibility in controlling
the center of gravity of the supported masses to produce a balanced system
where modes of vibration are uncoupled. Ballast may be securely anchored to
the platform at locations which would move the center of gravity of the tot-al
mass to coincide with the elastic center of the isolation system. The
determination of the weight and location of this ballast can be greatly
simplified by uncoupling the effect of adding weight in the x and y directions
of the principle elastic axes. This uncoupling can be accomplished by

F locating the ballast symmetrically about the x axis when moving the location
of the center of gravity in the y direction. In this manner, the location of
the center of gravity may be altered independently about the elastic center in
the x and y directions. If for practical reasons the ballast cannot be

V located symmetrically about a principle axis, then the two directions must be
considered simultaneously.

Providing additional ballast in excess of that required to balance the plat-
form provides for future changes in equipment or the addition of new equipment
without actually changing the isolation uystem. The springs will not require
replacement nor will the structural members of the platform need to be in-
creased in size. Additional equipment is placed on the platform and ballast
is removed and/or relocated to balance the new equipment arrangement. To pro-
vide for future equipment changes, it is suggested that additional ballast
equal -to 25 percent of the weight of the equipment and the required ballast: be
distributed on the platform. The location of this ballast must not change the
center of gravity of the existing balanced system. If future needs have been
established, the platform and isolators would be designed for the future
equipment. However, ballast would be provided to compensate for the weight of
the future equipment and balance the system for the existing equipment.

The stiffness of the platform must be large enough to insure that the platform
and associated group mounted equipment can be treated as a rigid body. This
criterion is usually satisfied if the lowest natural frequency of any member
of the platform is at least five (5) times the natural fr'equency of the spring
mass system. When la-rge, heavy items of equipment are involved, platforms
Iweeting this stiffness criteria may not be practical. In such cases, the

platform equipment configuration should be treated as a.multil-mass system.

6-49.3.3. Isolator Arrangements

There are many ways to support a shock isolated item. Some desirable features
have been discussed previously in connection with dynamically balanced
systems'. The isolators may be positioned in many ways. The more important
factors affecting the selection of an is~olator arrangement are:

1. The size, weignt, shape and location of the center of gravity of
the suspended mass;

2. The direction and magnitude of the input motions;

3. Rotation of the lines of action of the devices should be small
over the full range of displacements of the system to avoid system
nonlinearities;
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4. Coupling of modes should be minimized;

5. Static and dynamic instability must be prevented;

6. It is desirable in most cases, and necessary in some, that the
system return to its nominal position;

7. Space available for the isolation system; and type of isolation
devices used.

Some of the more common isolator arrangements are shown in Figures 6 67 and 6-
68. The systems shown are assumted to have the same arrangements of isolators
in a plane through the center of gravity (c.g.) and perpendicular to the
surface of the page. The dynamically balanced system (intersection of the
elastic axes and the principal inertia axes located at point A) shown in
Figure 6-65, is probably the least common of all suspension systems.

6-49.3.4. Base-Mounted Isolation Systems

In Figure 6-66a, the mass is supported on four (4) isolators. These isolators
must provide horizontal, vertical and rotational stiffnesses in order for the
system to be stable under all possible motions. There will be co-ipling
between horizontal displacements and rotations about horizontal axes. This
arrangement and that shown in Figure 6-66b are appropriate in those cases
where there are no convenient supports for horizontal isolators.

The arrangement of Figure 6-66b is preferred since the line of action of the
isolators can be directed towards the e.g. of the mass to allow decoupling of
some modes. As in the case of Figure 6-66a, the isolators must possess
adequate stiffness in axial and lateral directions to insure stability under
static and dynamic conditions.

In Figure 6-66c, the isolators are oriented parallel to the three orthogonal
system axes. This arrangement provides system stability even when the
isolators possess only axial stiffness. If the c.g. of the suspended mass is
located as shown, decoupling of modes is possible. While the lines of action
of the isolators pass through the c.g. under static conditions, response of
the system to base motions will obviously alter its geometry. When the line
of action of the isolators is changed due to displacement of the mass relative
to its supports, coupling of the modes of vibration will be introduced. The
degree of coupling is affected by the magnitude of the displacements and the
length of the isolators. Consequently, isolator properties and arrangement
should be selected so as to minimize the effects of displacements.

6-49.3.5. Overhead Pendulum Systems Using Platforms

Two arrangements of overhead pendulum shock isolation devices using platforms
to support the sensitive components are shown in Figure 6-67. In both cases,
the center of gravity of the suspended mass is relatively low. These types of
suspension systems have been used extensively in protective structures for
various conditions including individual small and large items, multiple items
of various sizes as well. as a combination of personnel and equipment supported
on various sized platforms. The overhead pendulum system normally uses swivel
joints at the points of attachment so that the system may swing freely.
Horizontal input motions cause the pendulum to swing. Gravity provides the
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horizontal restoring force or stiffness. This force is a function of the
total weight of the suspended mass. The natural frequency of vibration of the
p)endulum is a function of the length of the pendulum and is given by:

f 1 386.4 1266fn " F-11/2 6-63
21T L

where

fn natural frequency of vibration
L - length of pendulum

Each pendulum arm includas an isolator which establishes the stiffness of the
system in the vertical direction. These isolatorn can introduce nonlineari-
ties and coupling between the pendulum and vertical spring modes. The system
ia liiear for small angular displacements, that is, %.nen the angular change 8
of the pendulum arm from the vertical position is approximately equal to the
sine of the angle (0 - sin 0). The oystam can be considered uncoupled if t.16
pendulum frequency is not near one half of the vertical spring frequency. If
the pandulum frequency is in the vicinity uf oie half the vertical frequency,
the interchange of energy butween the modea can load to pendulum motions
greatly exceeding those predicted by linear assumptions,

In a shook spectra maximum displacements occur ac low frequencies, maximum
velocities at intermediate frequencies, and maxdium accelerations at high
frequenciea, Since most pendulum systems have low natural froqueancies, they
are displacement sensitive. These systems attain maximum displacements and
minimum accelerations. Consequently, they will nmrmally require greater
rattle spacs than other systems while a. the same time providing maximum
protection against horizontal accelerations at minimum cost&. It should be
realized that for explosions, maximui displacements are comparatively small
and can be accommodated. One of the main advantages of overhead pendulum
zystems is that they do not require horizontal stiffness elements. Their
attractiveness is greatly diminished in those cases requiring horizontal
damping because of large motions.

The swivel joint attaching the pendulum arm to the platform determines the
location of the horizontal elastic axis of the system. Figure 6-58b illus-
trates two ways of varying the point of attachment of the pendulum arm to the
platform. The horizontal elastic axis is raised to coincide with the center
of gravity of the suspended mass at the equilibrium position and help minimize
coupling between modes of response. At the left side of the platform the
isolator is contained in a housing rigidly attached to the platform. At the
right side, a structural member is rigidly attached to the platform and the
isolator is included in the pendulum arm. In addition to supporting personnel
and equipment, overhead pendulum systems can be used to shock-isolate building
utilities. Individual utility runs may be isolated or several different
utilities may be supported on a single platform. A single platform may cover
an entire room and all building services may be supported. They wot.ld include
a hung ceiling, lighting fixtures, utility piping, HVAC ducts, electrical
cables and process piping. Of course, flexible connections must be used when
connecting the services to the building or equipment.
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6-50. Shock Isolation Devices

6-50.1. Introduction

A fundamental element of every shock isolation system is some sort of energy
storage or energy dissipative device. These devices must be capable of
supporLing the items to be isolated under static and dynamic conditions and,
at the same time, prevent transmission of any harmful shock loads to the
items. In most cases, the isolator must have elastic force-displacement
characteristics so that the system will return to a nominal equilibrium
position after the dynamic loads have been applied. The desirable features of
these devices include:

1. The dynamic force-displacement relationship of the isolator should
be predictable for all directions in which it is required to
provide stiffness.

2. The isolator should have low mass in order to minimize transmis-
sion of high frequency motions to the supported mass.

3. The frequency of the isolator should remain constant with changes
in load, that is, its stiffness should vary in direct proportion
to the load it supports. This allows the system to remain dynami-
cally balanced throughout changes in the position of the supported
mass.

4. The static position of the isolator should be adjustable so that
the system can be leveled and returned to its nominal position
should the suspended load change.

5. The isolator should have high reliability, long service life and
low cost.

The various types of isolators used in most protective construction applica-
tions possess these characteristics in varying degrees. Any real isolator has
some mass, and in some applications, the mass can be quite large and must be
considered in the final analysis. Nonlinear force-displacement characteris-
tics are often accepted to gain some other advantage. In energy dissipative
systems, it may be necessary to provide other means of restoring the system to
its original position. In general, most devices are some compromise combina-
tion of the desirable features which best suit the particular design situa-
tion.

The inclusion of energy dissipative (damping) devices in the isolation system

offers several significant advantages, that is, damping can:

1. Reduce the severity of output motion response;

2. Reduce the effect of coupling between modes, thus reducing rattle
space requirements;

3. Restore the system to an equilibrium position more quickly;

4. Decrease the sensitivity of the system to variations in input
motions.
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Damping can be provided internally in some isolation devices such as in liquid
springs, but must be added externally in others such as those systems using
helical coil springs. Different types of damping offer advantages and
disadvantages which must be evaluated in the design process. A damping device
may be effective in attenuating low frequency components of input motions but
can increase the severity of high frequency components. Also, a damping
device could prevent the system from returning to its nominal equilibrium
position. Thus, care must be exercised in either designing a system employing
isolator.devices possessing inherent damping characteristics or adding damping
devices, if the isolation system is to perform properly.

There are numerous types of isolators which can be used to accomplish the
shock isolating function. In the design of protective structures for explo-
sions, the induced building motions are not usually severe and the maximum
building displacements are relatively small. As a result, shock isolation
systems using helical coil springs (Figure 6-68) are by far the most common
system employed. The reasons for the extensive use of helical springs should
be obvious from the discussion below. Other shock isulation devices which may
also be used are presented, in less detail, below.

It should be noted that the protective design engineer does not furnish the
design for the shock isolator. The engineer designs the shock isolation
system to be used but does not design the isolators (in most cases, a helical
coil spring). Rather, specifications are furnished which define the desired
characteAistics of the isolator. For a helical spring, the specifications may
include some or all of the following: maximum load, maximum static deflection,
maximum dynamic deflection, spring stiffness, maximum height, maximum diame-
ter, and factors of safety regarding allowable stresses and bottoming of the
spring. It must be realized that as the number of specified parameters
increase, the options available to the spring manufacturer are decreased.

6-50.2. Helical Coil Springs

A helical coil spring is fabricated from bar stock or wire which is coiled
into a helical form. Figure 6-68 illustrates several spring mounts.

The helical coil spring has numerous advantages and cowparativoly few disad-
vantages. The advantages are that the spring is not ýtrain-rate sensitive,
self-restoring after an applied load has been removed, resists both axial and
lateral loads, linear spring rate and requires little or no maintenance. For
most applications, the coil spring usually requires a larger space compared to
other available shock isolators, and the spring cannot be adjusted to compen-
sate for changes in loading conditions. If the weight of the supported object
is changed, it is necessary to either change the spring or add additional
springs. Fur most purposes, the helical coil spring can be considered to have
zero damping. If damping is required, it must be provided by external means.

V- Helical coil springs may be used in eithe'-: compression or extension. The
extension springs are not subject to buckling and may offer a more convenient
attachment arrangement. However, extension spring attachments are usually
more costly and cause large stress concentrations at the point of attachment.
For shock isolation applications, coil springs are generally used in compres-
sion. Buckling which can be a problem with compression springs, can be
overcome by proper design or through the use of guides which are added either
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internally or externally to the coils. The discussion below will be concerned
primarily with compression springs unless otherwise stated.

Helical coil springs may be mounted in two ways, the ends are either clamped
or hinged. In most shock isolation applications, the spring ends are clamped
since this method greatly increases the for~ce required to buckle the spring.
If space is at a premium, the energy storage capacity may be increased by
nesting the springs (placing one or more springs inside the outermost spring).
When nesting springs, it is advisable to alternate the direction of coils to
prevent the springs from becoming entangled.

Although permanent set may be acceptable in some instances, it is normally
required that the system return to its original position after being loaded.
Thts can be accomplished in various ways, but the most common approach in th3
case of helical coil springs is to prevent inelastic action of the spring.

Helical coil springs are capable of resisting lateral load. While it is
possible to use springs in this application, care should be exercised. There
are possible arrangements which avoid subjecting the springs to this.type of
loading,

While the actual design of the helical coil spring is done by the manufactur-
er, the engineer must be certain that the springs he is specifying can
actually be obtained and the space he has allocated for the springs are
sufficient. Therefore, preliminary spring sizes must be obtained by the
engineer to suit his intended application. It is suggeste'd that available
manufacturer's data be used for this purpose.

6-50.3. Torsion Springs

Torsion springs provide resistance to torque applied to the spring. In shock
isolation applications, the torque is usually the result of a load applied to
a corsion lever which is part of the torsion spring system. A typical torsion
spring shock isolation system is illustrated in Figure 6-69.

Since the axis of a torsion spring is normal to the direction of displacement,
it can be used advantageously when space in the direction of displacement is
limited. Torsion springs have lincaar spring ratzes, are not strain-rate
sensitive, are self-restoring, and require little or no maintenance. Torsion
springs can not be adjusted to compensate for changes in weight of shock
isolation equipment, and damping must be provided by external means. The
axial length of some types may preclude their use when space is limited.

There are three basic types of torsion springs; (1) torsion bars, (2) helical
torsion springs, and (3) flat torsion springs. The type to be used will
depend upon the space available and the capacity required. The torsion bar is
normally used for light to heavy loads, the helical torsion spring for light
to moderate loads, and the flat torsion spring for light loads. The torsion
bar is the type most commonly found in protective structure applications and
is most commonly used where large loads must be supported.

Ask, 6-50.4. Pneumatic Springs

Pneumatic springs are springs whose action is due to the resiliency of
compressed air. They are used in a me~aner similar to coil springs. The two
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basic types are the pneumatic cylinder with single or compound air chambers
and the pneumatic 'Wellows. The pneumatic cylinder is shown schematically in
Figure 6-70.

Pneumatic springs have the advantage of being adjustable to compensate for
load changes. The spring rate can be made approximately linear over one range
of deflection but will be highly nonlinear over another. They are quite
versatile due to the variety of system characteristics -uhich can be obtained
by regulation of the air flow between the cylinder chamber and the reservoir
tank. Some of the possible variations include:

1. Velocity-sensitive damping by a variable orifice between chamber
and reservoir;

2. Displacement-sensitive damping by a varih.ble orifice controlled by
differential pressure between chamber and reservoir;

3. A ncarly constant height maintained under slowly changing static
load by increasing or decreasing the system air content using an
external air supply and a displacement-sensitive servo-system
controlling inlet and exhaust valves;

A constant height under widely varying temperatures achieved by
the same system described for maintaining a constant height.

The disadvantages of pneumatic springs include higher cost and more fragile
construqtion. They have a limited life span in comparison to mechanical
springs and must be maintained. Also these springs provide resistance for
axial loads only.

6-50.5. Liquid Springs

A liquid spring consists of a cylinder, piston rod, and a high pressure seal
around the piston rod. The cylinder is completely filled with a liquid, and
as the piston is pushed into the cylinder, it compresses the liquid to very
high pressures The configurations of liquid springs are divided into three
major classes according to the method of loading. The classes are simple
compression, simple tension and compound compression-tension. Although they
are loaded in different ways, all three types function as a result of compres-
sion of the liquid in the cylinders. Scnematics of the tension and compres-
sion Lypes are shown in Figui'e 6-71. The compound spring is merely a more
complex mechanical combination of the two basic types. The tension type is
the more common in protective construction applications. The cylinders are
often fitted with ported heads to guide the piston and provide damping.
Damping can also be provided through the addition of drag plates to the piston
rods.

Liquid springs are very compact devices with high, nearly linear, spring
rates. They can be adjusted to compensate for load changes, are self-restor-
ing and can absorb larger amounts of energy. They are highly sensitive to
chapges in temperature and fluid volume changes. Because liquid springs
normally operate at high pressures, high quality, close tolerance seals are
required around the piston. Friction between the seal and piston provides
appreciable damping and increases the spring rate from 2 to 5 porceiit. Liquid
springs are high pressure vessels requiring high quality materials and pre-
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cision machine work, and as a result, they are expensive. However, they are
difficuit to equal as -ompact energy absorption devices.

6-50.6. OtheL Devices

6-50.6.1. Introduction

The helical, torsion, pneumatic and liquid springs are the more common types
of isolators for larger masses. There are other devices especially suited for
particular applicaLions and .smaller loads. Some of -hese isolators are
discussed below.

6-50.6.2. Belleville Springs

Belleville springs, also called Belleville washers or coned-disc springs, are
essentially spring steal washers which have been formed into a slightly
conical shape. A typical Belleville spring L.- illustrated in Figure 6-72.

The main advantage of Belleville springs over other types of springs ir the
ability to support large loads at small deflections with minimum spac.
requirements in the direction of loading. They are useful in applications
requi'ing limited shock attenuation and as back up systems to reduce shock in
the event of bottoming of coil springs. They are relatively inexpensive and
readily available in capacities up to 60,000 pounds. Changes in loading
conditions are accommodated by the addition or removal of units.

6-50.6.3. Flat Springs

A flat spring is simply a steel beam or plate whose physical dimensions and
support conditions are varied to provide the desired force displacement
relationship. The two basic configurations are the simple spring with one
element and leaf springs with multiple elements. Flat springs normally
require only a limited amount of space in the direction of displacement and
provide linear, non-strain-rate sensitive arid self-restoring spring. They
require little or no maintenance, Single elemc:nt flat springs can be consid-
ered to have no damping whA'le leaf springs will. exhibit some damping due to
the friction between individual elements.

6-50.6.4. Solid Elastomor Springs

Solid elastomer springs are made from rubberlike materials. They are often
called shock mounts because of' their wide use in shock isolation applications.
They are normally used in meditum to light duty applications and represent an.
economical solution to the isolation of small items of equipment. However,
these springs uill allow only small displa:ements. These springs are fabri-
cated frý)w a wide variety of natural and synthetic rubbers and compounds and
in numerous sizes and shapes to satisfy a wide range of applications. Because
of the ;-r-.-ge in capacity and characteristics of commercially available units,
only in unusual cases is it necessary to design a unit.

In most applications, the solid elastomer spring wil" require little space and
exibjits, good weight to energy storage ratios. Use of these springs requires
consiCeration of the operating environment. The desirable properties of some
elastomers can be significantly degraded when exposed to low or high tempera-
tures, sunlight, ozone, water or petroleum products.
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The response of elastomeric springs is nonlinear in most applications because
of the nonlinear stress-strain properties of elastomers. The springs are M

self-damping because of the viscoelastic properties of the elastomer . They
are almost always in compression because of bonding limitations, These
springs will only permit comparatively small displacements.

6-51. Hardmounted Systems

Some items of equipment do not require shock isolation because the predicted
motions at their point of attachment to the supporting structure does not
exceed their shock tolerance. Those items can normally be hardmounted to the
supporting structure. A hardmount is a method of attachment which has not
been specifically designed to provide a significant reduction in the input
motions to .he equipment. Since all methods of attachment exhibit some flexi-
bility, there is no precise division between shock isolators and hardmounts.
Both t-pes of devices will modify input motions to some degree. However, the
modification of input motions produced by hardinounts will generally be small
while shock isolators can Freatly affect these motions,

In contrast to shock isolation systems, hardmcunted systems will normally
exhibit natural frequencies much higher than those corresponding to the lower
modes of' vibration of the supporting structure. Although this characteristic
offers the advantage of reduced rattlespace, it also provides for the more
efficient transmission of higher frequency componencs of the support structure
motion to the attached item. Tht's, it would appear that a more exact struc-
tural analysis is required for hardmounted systems in order to include higher
modes of vibration. In practice, the need for exact analyses is at least
partially offset by higher factors of safety in mount design and equipment
shock tolerance. However, such an approach can lead to unrealistic attachment
designs. A more practical approach is to choose, or design, attachments which
limits the fundamental frequency of the hardmounted system. A lower frequency
system provides some attenuation of higher frequency input motions, and re-
duces the possibility of resonance with high frequency motions resulting from
stress wave reflections within structural elements. Although the choice of a
natural frequency will depend on the pioperties of the supporting structure
and the hardmounted equipment, fundamental frequencies in the range of 10 to
1000 cycles per second are reasonable for most applications. The approach
cho.-ven for hardmount design i niormally a combination of higher safety factors
and the use of lower frequency systems. The design dill be based upon
considerations of cost, importance oi the item supported, the size and weigh.
of the item, and the consequence of failure of the attachment system.

The use of shock spectra to define the input motions oL hardmount systems is
considered adequate for final design of all simple hardmount systems of a non-
critical nature. Tt is al'so considered adequate for preliminary design of
critical systems and those whose representation as a single degree of freedom
system is questionable. However, it is recommended that the final design be
performed using -)re exact dynamic analysis wherever practical.

6-52. Attachments

6-52.1. Introduction

In a shelter type structure subjected to air blast and ground shock effects,
all interior contents must be firmly attached to the structure. This attach-
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ment insures that the building contents will not be dislodged and become a
source of injury to personnel or damage to critical equipment. The building
contents would include not only equipment ,iich is either shock isolated or
hardmounted (attached directly to structure) but also the building utilities
as well as interior partitions and hung ceilings. The building utilities
would include all piping (such as process, potable water, sanitary, fire pro-
tection, etc.), HVAC ducts, electrical cables, light fixtures and electrical
receptacles.

6-52.2. Design Loadi

An object subjected to a shock loading produces an inertial force which acts
thirough its center of giavity. The magnitude of this force is given by:

F - Wa
where

F- inertial force
W - Weight of object
a - acceleration in S's

Accelerations may be imparted to the object in one or more directions pro-
ducing inertial forces in the respective directions. These inertial forces
are resisted by the reactions developed at the object's supports. All iner-
tial forces are assumed to be acting on the object concurrently. The support
reactions are obtained by considering the static equilibrium of the system.
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Problem 6A-1 Masonry Wall Design

Problem: Design a reinforced masonry wall for an exterior blast load.

Procedure:

Step 1. Establish design parameters:

a. Pressure-time loading.

b. Structural configuration including geometry, support condi-
tions and type of wall (i.e. reusa'ile or non-reusable).

Step 2. Select masonry unit size and the size and type of reinforcement.
Assume the distance between the tension and compression reinforce-
ment (d.). Also determine the static design stresses for the
masonry unit and the reinforcement (Section 6-8.1). The average
yield stress of reinforcement is increased 10 percent.

Step 3. Calculate the dynamic design stress of the reinforcement, using
the static stresses from Step 2 and the dynamic increase factors
from Section 6-8.2 (For joint reinforced masonry construction the
compressive strength of the concrete may be ignored. See Section
6-8.3).

Step 4. For the size and type of reinforcement selected in Step 2,
calculate the area of reinforcement per unit width of the wall.
Using the value of d. from Step 2, the dynamic design strength
from Step 3 and the area of reinforcement from above, determine
the ultimate moment capacity of the wall (Eq. 6-2).

Step 5. Determine the ultimate resistance of the wall using the ultimate
moment capacity of Step 4 and the equations of Table 3-1 (if the
wall is a one-way spanning element) or Table 3-2 or 3-3 (if the
wall spans two directions).

Step 6. From Table 6-3. find the moment of inertia of the net section In-
Calculate the moment of inertia of the cracked section Ic, using
Equation 6-7 and the value of dc from Step 2. Determine the
average moment of inertia, using the values of Ig and Ic from
above and Equation 6-6.

Step 7. Calculate the modulus of elasticity of the masonry unit E,1 from
Equation 6-1 and the masonry unit strength of Step 2.

Step 8. If the wall spans one direction only, use the average moment of
inertia from Step 6, the modulus of elasticity from Step 7 and the
equations from Table 3.8, to find the equivalent elastic stiff-
ness. For a two-way spanning wall, use the methods of Section 3-
13 to calculate the equivalent elastic stiffness.
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Step 9. Determine the equivalent elastic deflection using the ultimate
resistance (Step 5), the equivalent stiffness (Step 8) and
Equation 3-36.

Step 10. Find the load-mass factor K , for the elastic, elasto-plastic and
plastic ranges from Table 3-12 or 3-13. Average the values of
KIu for the elastic and elasto-plastic ranges. Average thfat value
with the KLM for the plastic range to find the value of KLM to be
used for the element. Calculate the unit mass of the masonry unit
and multiply the unit mass by KLM to obtain the effective unit
mass of the wall.

Step 11. Calculate the natural period of vibration from Equation 3-60, the
effective mass from Step 10 and the equivalent stiffness from Step
8.

Step 12. Determine response chart parameters:

a. Peak dynamic loading P (Step 1).
b. Ultimate resistance ru (Step 5).
c. Duration of load T (Step I).
d. Natural period of vibration TN (Step 11).

Calculate the ratio of ultimate resistance to peak dynamic loading
(re/P) and duration of load to natural period (T/TN). Using these
ratios and the appropriate figures (Figs. 3-54 through 3-266)
determine the ductility ratio Xm/XE.

Step 13. Compute the maximum deflection Xm by multiplying the ductility
ratio by the elastic deflection of Step 9. From Table 3-5 (for a
one-way spanning wall. For a two-way spanning wall use Table 3-6)
and the value of Xm, find the maximum support rotation. Find the
maximum rotation permitted from Table 6-2 and compare with the
rotation calculated above. If rotation is larger than that
permitted, repeat steps 1 through 13.

Step 14. Determine the ultimate shear scress at d,/2 from the support.
Using Equation 6-4 or 6-5, compute the area of shear reinforcement
required for the above shear stress.

Step 15. Using Xm/XE and T/TN (both values from step 12) find the rebound
resistance from Figure 3-268. With rebound resistance and the
equations of Table 3-9, 3-10 or 3-11, calculate the rebound shear.
Then compute the area of anchor reinforcing required using the
rebound shear from above and the dynamic strength of the rein-
forcement from step 3.

6

6k- 2



TM 5-1300/NAVFAC P-397/AFR 88-22

Example 6A-1 Masonry Wall Design

Required: Design a joint reinforced masonry wall supported by steel columns

for an exterior blast load.

Solution:

Step 1. Given:

a. Pressure-time loading (Fig. 6A-1).

b. Wall spans in one direction only, is rigidly supported at
both ends, and has a clear span between columns of 150
inches. The wall is part of a reusable structure.

Step 2. Use 12" wide hollow concrete masonry units and ladder type
reinforcing with No. 8 Gage side rods and No. 9 Gage cross rods
16" o.c. Assume dc - 10" for this type of reinforcing. For hollow
concrete masonry units the static compressive stress (f'm) is 1350
psi. For joint reinforcement the yield stress of 70,000 psi .s
increased 10 percen- to 77,000 psi.

Step 3. Calculate dynamic design stresses of the reinforcement:

a. Dynamic Increase factors

S- flexure: 1.17
shear: 1.00

b. Dynamic strengths

flexure fdy - 1.17 X 77,000 - 90,090 psi

shear fdy - 1.0 X 77,000 - 77,000 psi

Step 4. Determine the ultimate moment capacity of the wall.

a. Calculate the area of reinforcement per unit width of the
wal.

Use one layer of reinforcement between every masonry unit
joint, therefore 8 inches o.c.

As - 0.0206/8 - 0.0026 in 2 /in

b. Ultimate moment capacity (Eq. 6-2).

Mu As fdy dc - 0.0026 X 90,090 X 10 - 2342 in-lbs/in
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Figure 6A-1
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Step 5. Calculate ultimate resistance (Table 3-1)

8(MN+ M-)

- 8(2342 + 2342)

1502

- 1.66 psi

Step 6. Find the average moment of inertia.

a. Moment of inertia of net section (Table 6-3).

For a 12 inch unit

in - 83.3 in 4 /in

b. Moment of inertia of cracked section (Eq. 6-7).
Ic - 0.005 X dc 3

- 0.005 X 103

- 5.0 in 4 /in

c. Average moment of inertia (Eq. 6-6).

Ia - (In+ Ic) / 2

- (83.3 + 5.0) / 2

- 44.2 in 4 /in

Step 7. Compute modulus of elasticity of the masonry unit (Eq. 6-1).

Em - 1000 f

- 1000 X 1350

- 1.35 X 106 psi

Step 8. Determine the equivalent elastic stiffness (Table 3-8).

KE - (307 Emla) / L4

- (307 X 1.35 X 106 X 44.2) / 1504

- 36.19 psi/in
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Step 9. Calculate the equivalent elastic deflection (Eq. 3-36).

XE - ru/K - 1.66/36.19 - 0.046 in

Step 10. Calculate the effective unit mass of the wall.

a. Find the average load-mass factor KLM (Table 3-12)

Elastic KLM 0.77

Elasto-plastic KLM- 0.78

Plastic Kim - 0.66

For limited plastic deflections

K14 - [(0.77 + 0.78)/2 + 0.661/2 - 0.72

b. Determine the unit mass of wall.

Using Table 6-1

[(16 X 12) -2(4.25 X 9)] X 150 pcf
W - - 0.627 psi

16 123

w 0.627
m ..-. 1622.7 psi-Ins2 / in

g 32.2 X 12 x 10-6

c. Calculate effective unit mass.

Me -K1M

- 0.72 X 1622.7

2
- 1168.3 psi-ms /in

Step 11. Determine the natural period of vibration (Eq. 3-60).

TN- 27r (Me/KE) 1/ 2

- 27T (1168.3/36.19)1/2

- 35.7 ms
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Step 12. Determine the response of the wall.

a. Calculate design chart parameters.

T/TN - 100.0/35.7 - 2.80

ru/P - 1.66/2.0 - 0.83

b. From Figure 3-54

A - 36/xE - 8.0

Step 13. Check support rotation.

a. Compute maximum deflection.

Xm -

- 8.0 X 0.046

- 0.368 in

b. Calculate support rotation (Table 3-5)

6 - tan-1 (2Xm/L)

- tan' 1 (2 X 0.36&/150)

- 0.28"

c. Compare rotation with criteria.

From Table 6-2

6 - 0.50 > 0.28* O.K.

Step 14. Design shear reinforcement.

a. Calculate shear force dc/ 2 from support.

ru (L-dc)
Vu -

2

1.66(150-10)

2

- 116.2 lb/in
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b. Find net area of section from Table 6-1.

An - 2b X Face thickness/b

-2 X 8 X 1.5/8

- 3.0 in 2 /in

c. Compute ultimate shear stress (Eq. 6-3)

vu Vu/An

116.2
- _38.73 psi

3.0

d. Find area of shear reinforcement required (Eq. 6-4)

Assume s -4".

vubsA -
Of y

38.73 X 8 X 4

0.85 X 77,000

- 0.0189 in 2  Use No. 8 GFge

Use 3 legs of No. 8 gage wire at 4" o.c. between each cross rod.

Step 15. Design rebound anchor ties.

a. Find rebound resistance force.

T/TN - 2.8

xm/XE- 8.0

From Figure 3-268

r'/ru - 0.47

r- - 0.47 X 1.66

- 0.78 psi

®r
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b. CpIculate rebound shear at support

r-L
V -r

2

0.78 X 150
-- -58.5 lb/in

2

c. Required area of anchor reinforcing

rV 58.5
Ar- - - 0.00065 in 2 /in

fdy 90,090

Use one anchor between every masonry unit joint, therefore 8" o.c.

Ar - 0 00065 X 8

- 0.0052 in 2 /anchor

Use 3/16" diameter triangular ties.

I,
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Problem 6A-2 Design of Prestressed Recast Element

Problem: Design a prestressed recast element for a given blast load.

Procedure:

Step 1. Establish design parameters:

a. Pressure-time loading.

b. Material strength.

c. Span length.

d. Static loads.

e. Deflection criteria.

Step 2. Select a standard recast section from the PCI Design Handbook or
manufacturer's catalogs. Also select a standard strand pattern.

Step 3. Determine dynamic increase factors for concrete and reinforcement
from paragraph 6-12. Increase the static design stress of the
reinforcing bars and welded wire fabric 10 percent for the average
yield stress. Calculate the dynamic design design stresses using
the above DIF and the static stresses.

Step 4. From Chapter 4 and a unit weight of concrete equal to 150 pcf,
calculate the modulus of elasticity for concrete. With the above
modulus for concrete and those for reinforcing bars and prestress-
ing tendons, calculate the modular ratio.

NOTE: If the section has a flange (e.g. a single or double tee section)
it must be designed according to the principles of Chapter 4. The
flange is a one-way, non-prestressed slab spanning between webs.
The critical section is usually a cantilever.

Step 5. Calculate the properties of the section:

a. Gross area.

b. Gross moment of inertia.

c. Unit weight.

d. Distance from extreme compression fiber to the centroid of
the prestressing tendon, dp.

e. Area of prestressing tendons.

f. Prestressed reinforcement ratio (Eq. 6-23).
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Step 6. Civen the type of prestressing tendon, determine yp. Using the
dynamic concrete stress from step 3, calculate B . Using Equation
6-27, 6-28 or 6-29 and the values of y and B, from above,
calculate the average stress in the prestressing tendon.

Step 7. With the reinforcement ratio from step 5e, the average stress in
the prestressing tendon and the value of 81 from step 6, and the
dynamic strength of materials from step 3, check that reinforce-
ment ratios are less than the maximum permitted by Equation 6-30
or 6-31.

Step 8. Using the area of reinforcement and the value of d from step 5,
the dynamic stresses of step 3, and the average stress in the
prestressing tendon from step 6, calculate the moment capacity of
the element (eqs. 6-20 and 6-21).

Step 9. With the equations of Table 3-1 and the moment capacity of step 8,
calculate the ultimate unit resistance. As recast buildings are
only subject to low blast pressures, the static loads become
significant. To determine the resistance available to resist the
blest load, subtract the static dead and live loads from the
ultimate unit resistance.

Step 10. Calculate the moment of inertia of the cracked section 1c) using

Equation 6-33. the modular ratio from step 4 and the area of

prestressing tendons, the value of d and the prestressed rein-
forcement ratio from step 5. Using this value 9f Ic and the gross
moment of inertia of step 5b, find the average moment of inertia
fzom Equation 6-32.

Step 11. Using the equations of Table 3-8, the modulus of elasticity for
concrete from step 4 and the average moment of inertia from step
10, calculate the 'lastic stiffness of the section.

Step 12. Determine the load-mass factor KLM, in the elastic range for the
appropriate loading condition from Table 3-12. Also, calculate
the unit mass of the section and multiply it by KLM to obtain the
effective unit mass of the element.

Step 13. With Equation 3-60, the effective mass from step 12 and the
elastic stiffness from step 11, calculate the natural period of
vibration TN, of the section.

Step 14. Determine the response chart parameters:

a. Durazion of load T (step 1).

b. Natural period of vibration TN (step 13).

Calculate the ratio T/TN and using this ratio, determine the
dynamic load factor DLF from Figures 3-49 through 3-53. Section
must remain elastic, and hence the actual resistance obtained by
the element (which is equal to the peak dynamic load from step 1
multiplied by the DLF) mu&- be less than the resistance available.
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If the section does not remain elastic steps 1 through 14 must be
repeated.

NOTE: For bilinear lords, calculate the ratio of the peak dynamic load P
to the resistance available. Using P/re and the value of T/TN
calculated above, enter the appropriate response chart (Figs. 3-64
through 3-266) and find the ductility ratio Xm/XE. For the
section to remain elastic the ductility ratio must be less than or
equal to one.

Step 15. Calculate the deflection of the element Xm by adding the dead and
live loads (step 1), and the resistance obtained by the structure
(step 14) and dividing by the elastic stiffness (step 11). Using
the deflection and the equations of Table 3-5. determine the
support rotation. Compare the rotation with deflection criteria
of step le. If comparison is satisfactory continue with step 16.
If comparison is not satisfactory repeat steps 11 through 15.

Step 16. Calculate the elastic deflection Xm from Equation 3-36, using the
ultimate resistance of step 9 and the elastic stiffness of step
11. Then calculate the ductility ratio Xm/XE using the value of
Xm from step 15. With the ductility ratio and the ratio T/TN from
step 14, enter Figure 3-268 and find the percentage of rebound.
Extrapolate if necessary.

Step 17. Find the required rebound resistance by multiplying the ultimate
unit resistance by the ratio from step 16 and subtracting the dead
load. In no case should the required rebound resistance be less
than half the resistance available during the loading phase. With
equations of Table 3-1 and the required rebound resistance, find
the required rebound moment capacity.

Step 18. Calculate an approximate value of d- and the amount of concrete
strength available for rebound (Eq. 6-35). Assume a depth of the
equivalent rectangular stress block and, by a trial and error
method, using Equation 6-34 find the area of rebound reinforcement
required. Check that the amount of reinforcem~ent does not exceed
the maximum permitted by Equation 6-36 or 6-37.

Step 19. Calculate the shear stress at d,, away from the support. Also
calculate the allowable shear stress on an unreinforced we~b. using
the dynamic design stress (step 16). Design the shear reinforce-
ment.

Step 20. Calculate the shear at the support Vd from the equations of Table
3-9 and the value of the total load. Calculate the maximum
allowable direct shear using the dynamic concrete strength.

Compare the allowable shear with Vd. if Vd is greater than the
size of the section must be increased.

Step 21. Check if section is adequate for service loads using the PCI
do Design Handbook and the ACI Code.
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Exampl. 6A-2 Design of a Prestressed Recast Roof Panel

Required: Design a prestressed recast roof subject to an overhead blast
load. Use a double tee section.

Solution:

Step 1. Given:

a. Pressure-time loading (Fig 6A-2).

b. Material strengths

Concrete: f'c - 5000 psi

Prestressing Steel: fpu - 270,000 psi

fpy/fpu - 0.85

Welded Wire Fabric fy - 65,000 psi

Reinforcing Bars fy - 60,000 psi

c. Span length is 40 ft. - 480 in.

d. Live load is 15 psf

e. Maximum ductility ratio < 1.0

Maximum support rotation < 2*

Step 2. Select a double tee section and strand pattern.

Try 8DT24 (Fig. 6A-2)

Section properties from PCI Design Handbook:

A -401 in 2  Yt - 6 .85 in

I - 20,985 in 2  w - 418 lb/ft.

Try strand pattern 48-S, two 1/2 inch diameter straight strands in
each tee.

Area of each strand - 0.153 in 2

e -14.15 in

I6
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Figure 6A-2
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Stop 3. Determine design stresses.

a. Dynamic increase factors:

Concrete flexure: 1.19

Concrete diagonal tension: 1.00

Concrete direct shear: 1.10

Prestressing Steel: 1.00

Welding Wire Fabric: 1.10

Reinforcing Steel flexure: 1.17

Reinforcing Steel shear: 1,00

b. Dynamic strengths.

Concrete

- flexure: f'dc - 1.19 X 5,000 - 5950 psi

- diagonal tension: f'dc " 1.0 X 5,000 - 5000 psi

. direct shear: f dc - 1.1 X 5,000 - 5500 psi

SPrustressing Steel: fdy - 1.0 X 270,000 - 270,000 psi

Welded Wire Fabric: fdy - 1.10 X 1.10 X 65,000 - 78,650 psi

Reinforcing Bars

- flexure: dy- 1.17 X 1.10 X 60,000 - 77,220 psi

shear: fdy - 1.0 X 1.10 X 60,000 - 66,000 psi

Step 4. Calculate modulus of elasticity arA modular ratio.

a. Concrete

E 3- 3wci. 5 (f') 1 /2

-33(15o0.(500)/
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b. Steel

Es- 29.0 X 106 psi B
Es 29.0 X 106i

n - 6.76
Ec 4.29 X 106

NOTE: The flange is designed in accordance with the principles of
Chapter 4. Considering the flange a one-way non-prestressed slab,
the cantilever portion was found to be critical. In order to
remain elastic the flange thickness must be increased to 3 inches.
The reinforcement is two layers of welded wire fabric; 6 X 6 -
W1.4 X W2.0 in the top and 6 X 6 - W1.4 X WI.4 in the bottom.

Step 5. Calculate the section properties of the double tee with a 3 inch
flanea.

a. new A - 497 in 2

b. new Yt- 6.43 in

new I - 25180 in 4

c. w - 497 X 150 pcf/123 - 43.1 lb/in

d. dp - 7.85 + 14.15 - 22.0 in

Aps - 4 X 0.153 - 0.612 in 2

f. Prestressed reinforcement ratio (Eq. 6-23)

pp - Aps/bdp - 0,.612/(96 X 22,0) - 0.000290

Step 6. Determine the average stress in the prestiesbing tendon.

a. f /f - 0.85 so yp- 0.40py /pu Yp

b. 81 - 0.85 - 0.05(5950-4000)/1000 - 0.7525

L. Average stress (Eq. 6-27)

Y p Pp fpu

fps " fu!-

1 Bf'dc

[ 0.40 (0.000290 X 270,000)
-270,000 1

(.7525) (5950)

fps - 268,111 psi
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Step 7. Check maximum reinforcement ratio (Eq. 6-30)

ppfps/f'dc • 0.36 B1

ppfps /f'dc " 0.000290 X 268,111/5950 - 0.0131

0.36 B1 - 0.36 X 0.7525 - 0.2709 > 0.0131 O.K.

Step 8. Calculate moment capacity of beam.

From Equation 6-21

SAsfps 0.612 X 268,111
a - - - 0.34 in

0. 8 5 f'dc b 0.85 X 5950 X 96

c - a/B 1 - 0.34/0.7525 - 0.45 < 3.0 in thick flange

Hence the neutral axis is within the flange and the section can be
analyzed as a rectangular section. If the neutral axis had
extended into the web, a strain compatibility analysis would be
required.

From Equation 6-20

S- A 5sfps(dp - a/2)

- 0.612 X 268.111 (22.0 - 0.34/2)

Mu - 3582 k-in

Step 9. Find the resistance available to resist blast load.

a. Find the ultimate resistance (Table 3-1).

ru - 8Mu/L 2

- 8 X 3582/4802 - 0.124 k/in

- 124 lbs/in

b. Resistance available for blast load

ravail - ru - DL - LL

- 124 - 431 - (15 psf X 8 ft/12)

- 124 - 43.1 - 10.0

- 70.9 lb/in

0
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Step 10. Determine the average moment of inertia. I

a. Moment of inertia of cracked section (Eq. 6-33).

IC - n~psdp2 [i"( () 1/2 1

6.76 X 0.612(22.0)2 [1-(0.00029)I/2] - 1970 in 4

b. Average moment if inertia (Eq. 6-32)

'a - (Ig + Ic)/2

- (25180 + 1970)/2 - 13575 in 4

Step 11. Using equations of Table 3-8, calculate the elastic stiffness.

384 Ec 1a 384 X 4.29 X 10 6 X 13575
KE - 5L 4  

5 X 4804

- 84.25 lb/in/in

Step 12. Calculate the effective mass

a. Load-mass factor (Table 3-12)

In the elastic range d

KU4 - 0.78

b. Unit mass

m - w/g - 43.1/(32.2 X 12)

- 0,1116 lb-s2/in2

- 11.16 X 104 lb-ms 2 /in 2

c. Effective mass

me - KLMM

- 0.78 X 11.16 X 104

- 8.70 X 104 lb-ms 2 /in 2

Step 13. Calculate che natural period of vibration (Eq. 3-60).

TN - 27 (ne/KE)1/ 2

- zr (8.70 X 104/84.25)1/2 - 201.9 's
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Step 14. Determine response of beam.

T - duration of load - 43.9 ms (step la)

TN - natural period - 201.9 ms (step 13)

T/TN - 43.9/201.9 - 0.217

From Figure 3-49, DLF - 0.65

Actual resistance obtained r - DLF X P : ravail

P - peak dynamic load

- 1.1 psi (step la)

r - 0.65 X (1.1 X 96)

- 68.4 lb/in < 70.9 lb/in (ravail, step 9) O.K.

Step 15. Check rotation.

a. Total load on beam - (DLF X p) + DL + LL

- 68.4 + 43.1 + 10.0

- 121.5 lb/in

b. Maximum deflection:

Xm- (121.5 lb/in)/KE

- 121.5/84.25

- 1.44 in

c. Support rotation (Table 3-5)

-1e - tan ( 2X,/L)

- tan-1 (2 Y 1.44/480)

- 0.340 < 20 O.K.

Step 16. Calculate percent of rebound.

a. Calculate elastic deflection (Eq. 3-36)

XE - ru/KE

- 124/b4.25

- 1.47 in
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b. Calculate ductility ratio.

-Xm/XE

- 1.44/1.47

-0.98

c. Find percent of rebound from Figure 3-268.

Xm/XE - 0.98 and T/TN - 0.216

r'/r - 1.0

so, 100 percent rebound

Step 17. Determine required rebound moment capacity.

a. Required rebound resistance

rreq - r - DL > ravail/ 2

- 68.4 - 43.1

- 25.3 lb/in

ravail/ 2 - 70.9/2 - 35.4 > 25.3 lb/in

Use 35.4 lb/in or considering a single tee

rreq - 17.7 lb/in

b. Required moment capacity (Table 3-1).

Mu rreq- L2 /8

- 17.7 X 4802/8

Mu- - 509,760 in-lb/stem

Step 18. Determine rebound reinforcement.

a. Approximate value of d"

d- h - cover -wire tie (bar/2)

- 25 - 0.625 - 0.135 - 0.375 0.5/2

- 23.62 in

b. Rebound concrete strength

f- 0 . 4 7 f'dc - 0.47 X 5950 - 2796.5 psi
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c. Required rebound reinforcement

Assume a - 2.0 in

A- Muj/[fdy(d- - a/2] (Eq. 6-34)

-509,760/[77,220(2--.62 - 2.0/2)] - 0.29 in2

a-
(0 .47f'dc)b

0.29 X 77,220
- _________ - 2.1 in z 2.0 in O.K.

2796.5 X 3.75

Use 2 No. 4 bars in each stem

As - - 0.40 in2

d. Check maximum reinforcement (Eq. 6-36).

0.4f'd~l 87,000 - 0.378 n ff'dc 1As[ bd-
fdy(87.000 - O.378nf'dc+ fdy)J

2796.5 X 0.7525 87,000-0.378 X 6.76 X 5950

- 77,220 [(87.000-0.378.X 6.76 X 5950 + 77,220) .
X (3.75 X 23.62)

-1.16 in2 > 0.40 in2  O.K.

Step 19. Design the shear reinforcement.

Calculate shear at distance d Pfromn support.

1,- r(L/2 -d)/d

r -121.5 lb/in (total load on beam, step 15a)

vu- 121.5 (480/2 - 2?.0)/(2 X 4.75 X 22.0) -127 psi

b. Maximum allowable shear stress.

10 (fc~~ - 10 X (5000)1/

- 707 psi > 127 psi O.K.
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c. Allowable shear stress on unreinforced web.

vc- 1.9(f'0 ) 1 / 2 + 2 5 0 0PD < 2.28(f'c)I/2

0.612
- 1.9(5000)1/2 + 2500 - 142 psi

(2 X 4.75 X 22)

2.28(f) - 2,28(5000)1/2

- 161 psi > 142 psi O.K.

d. Excess shear.

"vU - vc 5 vc

vu - va - 127 142 - -15psi

so, use V

e. Shear reinforcement.

Assume #3 closed ties

A,- 2 X 0.11 - 0.22 in 2

AV Of .22 X 0.85 X 66,000
Ss

v b 142 X 4.75

• 18.3 in

f. Check maximwu spacing and minimum required reinfnrcernent.

s : dp/2 22.0/2 - l.0 in.

A..,. < 0.0015bss

- 0.0015 X 4.75 X 1.1.0 - 0.08 in 2 > 0.22 in 2

Shear reinforcement is thus #3 ties at 11 inches in both
stems.

Step 20. Check direct shear.

a. Calculate shear at the suppor- (Table 3-9)

Vd - rL/2

- 121.5 X 480/2

- 29160 lbs
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b. Calculate allowable direct shear.

Vd :5 0.18 f~ bd

-0.18 X 5 500 X (2 X 4.75) X 22.0

-206,910 lbs > 29,160 lbs O.K.

Step 21, Check section for conventional loads.

This section as designed for blast loads is shown in Figure 6A-3.
Using the PCI Design Handbook and the latest ACI code, the section
must be checked to make sure it is adequate for service loads.

Fiue6A-3
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Problem 6A-3 Design of Windows

Problem: Determine the minimum thickness of glazing to resist a given blast
Iced, and the design loads for the framing.

Procedure:

Step 1. Establish design parameters:

a. Pressure-time loading.

b. Dimensions of pane(s).

c. Type of glazing.

Step 2. Calculate aspect ratio of pane.

Step 3. With the parameters of Steps 1 and 2, enter Figures 6-28 to 6-42
to determine which one applies. Using the peak pressure of the
dynamic load, its duration and the dimensions of the pane,
determine the minimum required glazing thickness.

NOTE: If given window geometry differs from chart parameters, interpola-
tion as outlined in Section 6-28.4 may be required.

Step 4. Find the static ultimate resistance ru of the glazing from Table
6-6 for the given aspect ratio, the short dimension and the
thickness of the glazing (interpolate if required).

Step 5. From Table 6-9 and the aspect ratio determine the design coeffi-
cients CR, Cx and Cy for the window frame loading. With these
coefficients, the dimensions of the pane from step Lb, the static
ultimate resistance of step 4 and Equation 6-55, calculate the '
uplift force in each corner. Then using Equations 6-53 and 6-54
calculate the design loads along the long and short spans of the
pane. Finally from Table 6-11, determine the fundamenta' period,
TN, and check for rebound requirements in accordance with Section
6-30.4
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Example 6A-3 Design of Windows

Required: Find the minimum glazing thickness and the design loads on the
frame of a non-openable window consisting of four equal size panes
of glass.

Solution:

Step 1. Given:

a. Pressure-time loading (Fig. 6A-4)

b. Each pane is 37.5 inches long by 30 inches high.

c. The glazing is heat-treated tempered glass meeting Federal
Specification DO-G-1403, and ANSI Z97.1-1984.

Figure 6A-4

5w

C,)

S500

TIME (ms)

Step 2. Calculate aspect ratio.

a/b - 37.5/30 - 1.25
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Step 3. Determine minimum glazing thickness.

a. For a/b - 1.25 and tempered glass use Figure 6-33.

b. From Figure 6-33, t - 3/4 inch.

Step 4. Find static ultimate resistance ru, (Table 6-6).

ru - 24.6 psi

The window frame must be designed to safely support, without undue
deflections. a static uniform load of 24.6 psi applied normal to
both the glazing and the exposed frame members.

Step 5. Compute design loads on the window frame.

Note: The exposed surface width of the frame is 2 inches.

a. Determine design coefficients from Table 6-9, interpolating
for a/b - 1.25.

CR - 0.077

Cx - 0.545

Cy - 0.543

b. Calculate the unit shear along the long span of the frame
(Eq. 6-53).

Vx - Cxrub sin(7rx/a)

- 0.545 X 24.6 X 30 sin (7Tx/37.5) + 24.6*2

- 402 sin(7Tx/372.5) + 49.2 lb/in

c. Calculate the unit shear along the short span of the frame
(Eq. 6-54).

SVy - Cyrub sin(71y/b)

- 0.543 X 24.6 X 30 sin(71y/30) + 24.6*2

- 400 sin(7Ty/18) + 49.2 lb/in
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d. Calculate the uplift force at the corners of the panes (Eq.
6-55).

R - -CRrub

- - 0.077 X 24.6 X 302

- 1705 lbs.

Distribution of the design load of the pane on the frame is
shown in Figure 6-52.

e. From Table 6-11, TN - 8.74 msec, T/TN - 1000/8.74 114

Since T/TN - 114 1 10, design for rebound is not necessary.

A M
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Problem 6A-4 Design of Shock Isolation SystemI Problem: Design an overhead pendulum shock isolation system using a
platform for a given loading.

Step i. Establish design parameters:

a. Structural configuration.
b. Magnitude and location of loads on platform.
c. Shock spectra for horizontal and vertical motion.
d. Maximum allowable motion.

Step 2. Compute member size3 of platform.

Step 3. Compute center of gravity of the loads (live and dead) on plat-
form.

Step 4. Compute the elastic center of the spring supporting system.

Step 5. Determine the required weight and location of ballast to balance
the system (i.e. to move the center of gravity of loads to
coincide with the elastic center of the spring supporting system).

Step 6. Compute the total weight of the isolation system. Additional
ballast equal to 25% of the weight nf the equipment and ballast
from Step 5 is added to provide for future changes in equipment.
Also determine the equivalent uniform load equal to the total load
divided by the area of the platform.

Step 7. Determine the natural frequency of the individual members of the
platform (Using the equivalent uniform load computed in Step 6).
The natural frequency is

9.87 EIg
f -

P 271 wL4

for a simply supported beam with a uniform load.

Step 8. Using the shock spectrum for vertical motion, determine the
required frequency of the system that will reduce the input
accelerations to the maximum allowable. In addition, determine
the displacement at this frequency.

Step 9. Verify rigid body motion of the platform.

The natural frequency of the individual members of the platform
should be at least 5 times greater than the natural frequency of
the system for rigid body motion of the platform to occur.

To increase_ the frequency of the individual members, increase
member sizes, and repeat Steps 3 through 7.

Stup 10. Determine the natural frequency for horizontal motion (pendulum

action) of the platform where
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fhorizontal motion - 1/21 (38M4/L) 1I/ 2  (6-56)

where L is the suspended length.

Step 11. Verify that dynamic coupling will not occur between vertical and
horizontal motions. According to Section 6-47.3.2 dynamic
coupling will not occur if

fhorizontal motion < 1/2 fvertical motion

Step 12. From the shock spectra for horizontal motion, determine the
maximum dynamic displacement, velocity and acceleration using the
frequency computed in Step 10.

Verify that the maximum acceleration is less than the allowable.

Step 13. Compute the load in each spring.

Total Load
Load in each spring - -

Number of Springs

Step 14. Determine stiffness of springs to produce the required frequency
of the system. Ccmpute the static and maximum displacement.
Using the static displacement and the load in each spring from
Step 13, calculate the required spring stiffness K from,

load in each spring

static displacement

Or using the vertical frequency from Step 8, and the mass on each
spring the stiffness can be calculated from

K - [27r fvert] m2

In addition, compute the travel of the spring according to Section
6-48.2, i.e.

Maximum displacement
travel -

0.85
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Example 6A-4 Design Shock Isolation System

Required: Design an overhead pendulum shock isolation system using a

platform for a given loading.

Step 1. Given:

a. Structural configuration shown in Figure 6A-5a and Figure
6A-5b.

Figure 6A-5

-SWIVEL JOINT SPRING
17.4' (TYP,) (TYP,)

M, -PLATFORM

I-13. 1'- 14,1' 16.1'
(a) ELEVATION

SECONDARY MEMBERS (TYP,)
APRIMARY MEMBER (TYP,)

SPRING (TYP,)

/ [ ... --:a ',, 2,4/
____ , ___ __24

10.8
-13.1'---14,1' :: 16.1--

(b) PLATFORM (PLAN)
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b. Magnitude and location of loads on platform (Figure 6A-6)

Equipment: E1  - 4960 lbs.
E2  - 4960 lbs.
E3  - 4960 lbs.

Floor panel - 5.5 psf (covers the whole area of platform)

Grating - 7.2 psf

Live load - 150 psf

Figure 6A-6

GRATING
-• 6.0' - BELOW (TYP,) - 6.6'

2.4'

10.8' 10 2.0

~Ij.~ 0 02.0,

5- 3,E3 Ed E324
-20.3

34.8'
-~ 4 3.3,

PLATFORM (PLAN)

FLOOR PANEL / •GRATING FOR
SUPPORT OF
BALLAST

SECTION

c. Shock spectra for horizontal and vertical motions are given

in Figure 6A-7a and 6A-5b, respectively.

d. Maximum allowable acceleration

Vertical Motion - 0.5Og

Horizontal Motion - 0.75g

6A-31
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0
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_mr

Step .2. Member sizes

Design Loads:

Dead load - 20 psf (assume)

Live Load - 150 psf

Primary Member (a): - (See Fig. 6A-5a).

w - 170 X (7.05 + 8.05) - 2567 lbs/ft.

Maximum Bending moment - (wL 2 )/8 (at center)

- (2567 X 10.82) / 8

- 37427 lb.-ft.

Using allowable stress design,

Allowable bending stress - 0.66y (for compact shapes AISQ).

Maximum Bending Moment
so, Required S. -

Allowable Bending Stress

- (37427 X 12) / (0.66 X 36,000)

- 18.9 in 3

Try section WIO X 21,
Sx - 21.5 in 3 > 18.9 in 3  O.K.

Check deflection:
L 10.8 X 12

Maximum allowable deflection -- -

360 360

Maximum deflection - (5WL 4 ) / 384EI (at center)

For W10 X 21,
I - 107 in 3

5 X (2567/12) X (10.8 X 12)4

Maximum deflection -
384 X 29,000 X 103 X 107

- 0.25 in < 0.36 in.O.K.

so, Use W10 X 21 for all primary members.
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Secondary Member (b): See Fig. 6A-5a.

w - 170 (1.0 + 1.2) - 374 lb/ft.

Maximum Bending moment - (wL2) /8 (at center)

-(374 X 16.12)/8 -12118 lb. -ft.

Using allowable stress design,

Allowable bonding stress -0.66 FY(for compact shapes, AISC).

so, Required Sx 121 X____ _ 12 6.12 in13

0.66 X 36,000

Try section W8 x 13,

-x 9.90 in3  > 6.12 in3  O.K.

Check deflection:

L
Maximum allowable deflection - -

360

16.1 X 12

360

-0.54 in.

For W8 X 13, 1 39.6 ini4

5WL4

Maximum deflection -

384 El

5 X (374/12) X (16.1 X 12)4

384 X 29,000 X 103 X 39.6

-0.49 < 0.54 o.K.

so, Use W8 X 13 for all secondary members.

NOTE: Members should be checked for concentrated equipment loads.

Step 3. Find center of gravity of the loads on the platformn (see Figure

6A-8).
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Item Weight W, X Y W1x (W 1Y
(lbs.) (ft.) (ft.) (lb. ft.) (b. ft.)

A1A2 ... .A6  2680.0 540.0 1224.7

B1B2. .B6  226.8 13.1 5.4 2971.1 1224.7

0102.. .06 226.8 27.2 5.4 6169.0 1224,7

D1D2... .D6  226.8 43.3 5.4 9820.4 1224.7

A1B101D1  562.9 21.65 10.8 12187.0 6079.3

AB0D 2  562.9 21.65 8.4 12187.0 4728.4

A3B303D3  562.9 21.65 6.4 121.87.0 3602.6

A4B4C4D4  562.9 21.65 4.4 12187.0 2476.8

A5B505D5  562.9 21.65 2.4 12187.0 1351.0

A6B606D6  562.9 21.65 0.0 12187.0 0.0

E4960.0 5.9 1.0 29264.0 4960.0
AM

E24960.0 20.3 1.0 100688,0 4960.0

4960.0 34.8 1.0 172608.0 4960.0

A1 D DA 2  748.2 21.65 9.6 16199.0 7183.0

A D5D A6  748.2 21.65 1.2 16199.0 897.8

A201101 2A5  259.2 3L.0 5.4 777.6 1400.0

D D G14 1  259.2 4.0 5.4 10368.0 1400.0

Floor Panel 2572.0 21.65 5.4 55684.0 13889.0

23751.4 E 493870.0 62786.7
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Center of gravity of loads (dead + live) -(X 1 , 'Y1)

E W1 X

-493870

23751.4

-20.8 ft.

E W1Y

62786. 7

23751.4

-2.64 ft.

Step 4. Elastic center of the spring supporL system.

Figure 6A-9

L ~ YI
)kS2 -4 S6  Se'

10.8' ~-

I 13,1' 141'T 16.1, xS

NUITE1 MU springs ha~ve the sa~me stiffness

"As
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Spring Force X 1 WX WY
No. (W (ft.) (ft.)

s, P 0 0 0 0

S2P 0 10.8 0 10.8p

S3 P 13.1 0 13.1P 0

S4 P 13.1 10.8 13.lP 10.8p

S5 P 27.2 0 27.2P 0

S6P 27.2 10.8 27.2P 10.8p

S7  p 43.3 0 43.3P 0

S8 p 43.3 10.8 43.3P 10.8p

Z8P E167.2P 43.2P

Elastic center of spring support system -(HSI ýs

E Wx

167.2P
- ______ -20.9 ft.

E WY

43.2P
- ____ - 5.4 ft.
8P

Step 5. Find the weight and location of ballast to balance the system
(relocate the c.g. of the platform to coincide with the elastic
center of che isolation system).

a. For the x direction - Try placing ballast at x - 30.3 ft.,
i.e. 4 feet from the right edge of the platform. The
ballast is placed symmetrically about the x axis of the
elastic center so as not to affect the location of the

center of gravity in the y direction.

6A-39



TM 5-1300/NAVFAC P-397/AFR 88-22

Weight of ballast - WBX

EWlX + 3 9 . 3 WBX - X5 [ 1l + WBXI

493870 + 3 9 . 3 WBX - 20.9(23751.4 + WBX)

WBX - 2534.3/18.4 - 137.7 lbs.

b. For the y direction - Try placing ballast at y - 9.6 feet,
i.e. 1.2 feet from the top of the platform. The ballast
is placed symmetrically about the y axis of the elastic
center so as not to affect the location of the center of
gravity in the x direction.

Weight of ballast - WBY

EWiY + 9.6WBy - Vs[ EI + WBY]

62786.7 + 9 . 6 WBY - 5.4(2375.1 + WBY)

WBY - 65470.9/4.2 - 15588.3 lbs.

c. Total ballast

WB - WBX + WBY - 137.7 + 15588.3 - 15726 lbs.

Step 6. Toetal load on the platform and equivalent uniform load.

a. Total load.

Dead Load:
Floor panel - 2572 lbs.
Members - 4284.6
Grating - 2014.8

Z - 8871.4 lbs.

Live Load:

Equipment - 14880 lbs.
Ballast - 15726

Additional Ballast - 0.25(30606) - 7651.6
Personnel (5 @ 150 lb.) - 750

SZ - 39007.5 lbs.

Total - 8871.4 + 39007.5
- 47878.9 lbs.
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b. Equivalent uniform load

47878.9

10.8 X 43.3

- 102.4 psf 5 170 psf O.K.

Preliminary design of platform members is O.K. However, members
supporting ballast must be checked as their actual load may be
highar than the equivalent uniform load.

Step 7. Natural frequency of the individual members of the platform.

For a simply supported member with a uniform load,

9.87 EIg
Natural frequency fn "- -

27r WL4

Primary Members (a): A portion of the adjacent slab acts with
the beam. Add 20% of the mass of the slab on each side of the
beam to the actual mass of the beam.

WlO X 21

I - 107 in 3 .

L - 10.8 X 12

- 129.6 inches

b - 0.40(7.05 + 8.05)

- 6.04 feet

g- 386.4 in/sec2

E - 29000 X 103 psi.

w: (Use equivalent uniform load).

w - 102.4 X.6.04

- 618.5 lb/ft

- 51.54 lb/in
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9.87 29000 X 10~ X 107 X 386.41
fn - -

271 51.54 X (29.6)4

- 14.3 cps

Secondary MembX (b): Since the spacing of the secondary beams is
less than 1/4 of the length of the beams the total mass of the slab act
with the beam.

W 8 X 13 I - 39.6 in 4

L - 16.1 X 12

- 193.2 in.

b - 2.2 ft.

w - 102.4 X 2.2

- 225.3 lb/ft

18.78 lb/in

E - 29000 X l10 psi

g - 386.4 in/sec2

r3
9.87 29,000 X 10 X 39.6 X 386.4

fn "4-
271" 18.78 X (193.2)4

-6.5 cps

Step 8. Required frequency of system to limit motions.

To limit the maximum acceleration of the system to 0.5g or less,
choose the frequency' of the system from Figure 6A-7b as

f - 1 cps

which rroduces a maximum acceleration of 0.4g and a maximum
dynamic displacement of 4.7 inches.

Step 9. Verification of rigid body motion of platform.

findividual member > 5 X fsystem

From Step 8.,

fsystem " 1cps
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From Step 7.,

fprimary member - 14.2 cps > 5 cps O.K.

fsecondary member - 6.5 cps > 5 cps O.K.

Therefore, platform is in rigid body motion.

Step 10. Natural frequency of platform for horizontal motion (i.e. pendulum
type action).

Ajsume the center of gravity of supported mass is located at the
top of the platform so that the length of the pendulum arm is 17.4
feet.

Frequency of platform for horizontal m-tion

f - 1/2le (386.4/L) 1 / 2  (6-b6)

- 0.22 cps

Step 11. Check for dynamic coupling of vertical and horizontal motion.

From Step 8.,

fvertical motion - 1 cps

From Step 10.,

fhorizontal motion - 0.22 cps < 1/2 fvertical motion - 0.5 cps

Dynamic coupling will not occur.

Step 12. Maximum dynamic displacement, velocity and acceleration for
horizontal motion.

From shock spectra for horizontal motion, (Fig.6A-7a) for f - 0.22
cps,

Maximum acceleration - 0.007g < 0.75g O.K.

Maximum velocity - 0.9 in/sec.

Maximum dynamic displacement - 1.3 in.

The maximum dynamic displacement is the required "rattle space" or
the minimtu horizontal clearance between the platform and the
structure or anything attached to the structure.
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Step 13. Load in each spring.

Total Load
Load in each spring -

Number of Springs

47878.9

8

5985 lbs.

Step 14. Design the springs.

a. Static displacement

From Step 8.,

For a maximum acceleration of 0.48g the maximum dynamic
displacement - 4.7 in.

so, Static displacement - 4.7/0.48

b. Stiffness of spring - 4.7/0.48

Load in each spring
K-

Static displacement

5985
- - - 611.2 lb/in

9.79

or
K - (21 fvert)2 m

- (27r X lcps)2(5985/386.4)

K - 611.5 lb/in

c. Maximum travel of spring.

Maximum displacement - (static + dynamic) displacement:

- 9.79 + 4.7

- 14.49 in
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From Section 6-48.2

maximum dis~placement
Travel of spring -

0.85

14.49

0.85

- 17.0 in.

Thus the vertical rattle space (clearance) is 17.0 inches.

49
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APPENDIX 6B
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a(1) acceleration (in./ms2
(2) depth of equivalent rectangular stress block (in.)
(3) long span of a panel (in.)

A area (in.2

Aa area of diagonal bars at the support within a width b (in.2)

Ad door area (in.2

Ag area of gross section i2

An not area of section (in.2

Ao area of openings (ft2

Aps area of prestressed reinforcement (in.2)

As area of tension reinforcement within a width b (in.)

At area of compression reinforcement within a width b (in.2)s

As" area of rebound reinforcement (in.)

ASH area of flexural reinforcement within a width b in the hori-
zontal direction on each face (in 2)

O AV area of flexural reinforcement within a width b in the verti-
sv cal direction on each face (in2)*

Av total area of stirrups or lacing reinforcement in tension
within a distance, s. or sI and a width b. or b, (in.2)

A,, All area of sector I and II, respectively (in.)

b (1) width of compression face of flexural member (in.)
(2) width of concrete strip in which the direct shear

stresses at the supports are resisted by diagonal bars
(in.)

(3) short span of a panel (in.)

bs width of concrete strip in which the diagonal tension stresses
are resisted by stirrups of area Av (in.)

bI width of concrete strip in which the diagonal tension stresses1 are resisted by lacing of area Av(in.)

B(1) constant defined in paragraph
(2) peak blast overpressure capacity

C shear coefficient

See note at and of symnbols 6B-1
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c (1) distance from the resultant applied load to the axis of
rotation (in.)

(2) damping coefficient
(3) distance from extreme compression fiber to neutral axis(in.)

distance from the resultant applied load to the axis of

rotation for sectors 1 and II, respectively (in.)

Ccr critical damping

Cd shear coefficient for ultimate shear stress of one-way ele-
ments

CD (1) drag coefficient

(2) coefficient for center deflection of glass

CDq drag pressure (psi)

CDqO peak drag pressure (psi)

CE equivalent load factor

Cf post-failure fragment coefficient (lb 2 -ms4 /in. 8 )

CH shear coefficient for ultimate shear stress in horizontal
direction for two-way elements*

CL leakage pressure coefficient

CM maximum shear coefficient

4"y force coefficient for shear at the corners of a window frame

Cr coefficient for effective resistance of glass

C peak reflected pressure coefficient at angle of incidence a

-cs dil atational velocity of concrete (ft/sec)

Cs shear coefficient for ultimate support shear for one-way
elements

0SH shear coefficient for ultimate support shear in horizontal
direction for two-way elements*

C shear coefficient for ultimate support shear in vertical
direction for two-way elements

CT coefficient for period of vibration for glassTCu impulse coefficient at deflection Xu (psi-ms 2 /in. 2 )

SC'u impulse coefficient at deflection Xm (psi-ms 2 /in. 2 )

* See note at end of symnbols 6B-2
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O Cv shear coefficient for ultimate shear stress in vertical
direction for two-way elements*

Cx shear coefficient for the ultimate shear along the long side
of window frame

Cy shear coefficient for the ultimate shear Llong the short side
of window frame

C1 (1) impulse coefficient at deflection X, (psi-ms 2 /in.2

(2) parameter defined in figure
(3) ratio of gas load to shock load

C1, impulse coefficient at deflection m (psi-ms 2 /in. 2 )

C2 ratio of gas load duration to shozk load duration

d distance from extreme compression fiber to centroid of tension
reinforcement (in.)

d# distance from extreme compression fiber to centroid of com-
pression reinforcement (in.)

dc distance between the centroids of the compression and tension

reinforcement (in.)

dco diameter of steel core (in.)

do distance from support and equal to distance d or dc (in.)

di inside diameter of cylindrical explosive container (in.)

di distance between center lines of adjacent lacing bends mea-
sured normal to flexural reinforcement (in.)

d p distance from extreme compression fiber to centroid of pre-
stressed reinforcement (in.)

Sdi diameter of cylindrical portion of primary fragment (in.)

D (1) unit flexural rigidity (lb-in.)
(2) location of shock front for maximum stress (ft)
(3) minimum magazine separation distance (ft)

Do nominal diameter of reinforcing bar (in.)

DE equivalent loaded width of structure for non-planar wave front
(ft)

DIF dynamic increase factor

DLF dynamic load factor

* See note at end of symnbols 6B-3
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e (1) base of natural logarithms and equal to 2.71828...
(2) distance from centroid of section to centroid of pre-

stressed reinforcement (in.)

(2E')1/2 Gurney Energy Constant (ft/sec)

E modulus of elasticity

Ec modulus of elasticity of concrete (psi)

AEm modulus of elasticity of masonry units (psi)

Es modulus of elasticity of reinforcement (psi)

f (i) unit external force (psi)
(2) frequency of vibration (cps)

f' static ultimate compressive strength of concrete at 28 days
(psi)

f'dc dynamic ultimate compressive strength of concrete (psi)

f' dm dynamic ultimate compressive strength of masonry units (psi)

fds dynamic design stress for reinforcement (psi)

fdu dynamic ultimate stress of reinforcement (psi)

fdy dynamic yield stress of reinforcement (psi)

f, mstatic ultimate compressive strength of masonry units (psi)

fn natural frequency of vibration (cps)

fps average stress in the prestressed reinforcement at ultimate
load (psi)

fpu specified tensile strength of prestressing tendon (psi)

fpy yield stress of prestressing tendon corresponding to a 1
percent elongation (psi)

fS static design stress for reinforcement (a function of fy, fu &
S(psi)

fse effective stress in prestressed reinforcement after allowances
for all prestress losses (psi)

fu static ultimate stress of reinforcement (psi)

fy static yield stress of reinforcement (psi)

F (1) total external torce (lbs)
(2) coefficient for moment of inertia of cracked section
(3) function of C2 & Cl for bilinear triangiular load
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Fo force in the reinforcing bars (ibs)

FE equivalent external force (ibs)

9 (1) variable defined in table 4-3
(2) acceleration due to gravity (ft/sec2)

G shear modulus (psi)

h (1) charge location parameter (ft)
(2) height of masonry wall

h' clear height between floor slab and roof slab

H (1) span height (in.)
(2) distance between reflecting surface(s) and/or free

edge(s) in vertical direction (ft)

Hc height of charge above ground (ft)

Hc scaled height of charge above ground (ft/ibI/ 3 )

Hs height of structure (ft)

HT scaled height of triple point (ft/1b1 / 3)

i unit positive impulse (psi-ms)

unit negative impulse (psi-ms)

a asun of scaled unit blast impulse capacity of receiver panela
and scaled unit blast impulse attenuated through concrete and
sand in a composite element (psi-ms/ibl/ 3)

ib unit blast impulse (psi-ins)

ib scaled unit blast impulse (psi-ms/lbI/ 3)

ibt total scaled unit blast impulse capacity of composite element
(psi-ms/ibI/ 3 )

'ba scaled unit blast impulse capacity of receiver panel of
composite element (psi-ms/blc/3)

'bd scaled unit blast impulse capacity of donor panel of composite

element (psi-ms/lbI/)

ie unit excess blast impulse (psi-ms)

,i unit positive normal reflected impulse (psi-ms)

ir unit negative normal reflected impulse (psi-ms)

i unit positive incident impulse (psi-ms)
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is unit negative incident impulse (psi-ms)

I moment of inertia (in.')

Ia average of gross and cracked moments of inertia of width b
(in. )

moment of inertia of cracked concrete section of width b(in.4)

Ig moment of inertia of gross concrete section of width b (in. 4)

Im mass moment of inertia (lb-ms 2 -in.)

moment of inertia of net section of masonry unit (in. 4ini
j ratio of distance between centroids of compression and tension

forces to the depth d

k constant defined in paragraph

K (1) unit stiffness (psi-in for slabs) (lb/in/in for
beams)(lb/in for springs)

(2) constant defined in paragraph

Ke elastic unit stiffness (psi/in for slabe) (lb/in/in for beams)

Kep elasto-plastic unit stiffness (psi-in for slabs) (psi for
beams)

KE equivalent elastic unit stiffness (psi-in for slabs) (psi for
beams) equivalent spring constant

KL ic factor

KLM load-mass factor

(KL)u load-mass factor in the ultimate range

(KLM)up load-mass factor in the post-ultimate range

SKM mass factor

KR resistance factor

4_L. K1  factor defined in paragraph

KE kinetic energy

1 charge location parameter (ft)

spacing of same type of lacing bar (in.)
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L (1) span length (in.)*

(2) distance between reflecting surface(s) and/or free
edge(s) in horizontal direction (ft)

LI length of lacing bar required in distance sl (in.)

SLo embedment leugth of reinforcing bars (in.)

Ls length of shaft (in.)

LW wave length of positive pressure phase (ft)

LW" wave length of negative pressure phase (ft)

Lwb,Lwd wave length of positivw pressure phase at points b and d,
respectively (ft)

LI total length of sector of element normal to axis of rotation
(in.)

M unit mass (psi-ms2/in.)

Ina average of the effective elastic and plastic unit masses (psi-
ms /in.)|2

me effective unit mass (psi-ms2/in.)

MU effective unit mass in the ultimate range (psi-ms 2 /in.)

" up effective unit mass in the post-ultimate range (psi-ms2/in.)

M (1) unit bending moment (in-lbs/in.)
(2) total mass (lb-ms 2 /in.)

Me effective total mass (lb-ms 2 /in.)

Mu ultimate unit resisting moment (in-lbs/in.)

Mu" ultimate unit rebound moment (in-lbs/in.)

Mc moment of concentrated loads about line of rotation of sector
(in.-lbs)

MA fragment distribution parameter

ME equivalent total mass (lb-ms 2 /in.)

MHN ultimate unit negative moment capacity in horizontal direction"• ~(in.-lbs/in.)*

MHP ultimate unit positive moment capacity in horizontal direction
(in.-dbs/in.)b 6

S*See note at end of symnmbols 6B-7
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MN ultimate unit negative moment capacity at supports (in.-
lbs/in.)

H Vultimate unit positive moment capacity at midspan (in.r-
lbs/in.)

M4VN ultimate unit negative moment capacity in vertical direction(in.-Ibs/in.) *

MVp ultimate unit positive moment capacity in vertical direction(in.-Ibs/in.)*

n (1) modular ratio
(2) number of time intervals
(3) number of glass pane tests

N nunber of adjacent reflecting surfaces

Nf number of primary fragments larger than Wf

p reinforcement ratio equal to (As/bd) or (As/bdc)

p' reinfcrcement ratio equal to (A's/bd) or (A's/bdc)

Pb reinforcement ratio producing balanced conditions at ultimate
strength

pp prestressed reinforcement ratio equal to Aps/bdp 0
Pm mean pressure in a partially vented chamber (psi)

PMO peak mean pressure in a partially vented chamber (psi)

PH reinforcement ratio in horizontal direction on each face*

PT reinforcement ratio equal to PH + Pv

Pv reinforcement ratio in vertical direction on each face*

p(x) distributed load per unit length

P (1) pressuee (psi)
(2) concentrated load (ibs)

P" negative pressure (psi)

Pi interior pressure within structure (psi)

Pi interior pressure increment (psi)

Pf fictitious peak pressure (psi)

PO peak pressure (psi)

* See note at end of symnbols 6B-8



TM 5-1300/NAVFAC P-397/AFR 88-22

Pr peak positive normal reflected pressure (psi)

Pr' peak negative normal reflected pressure (psi)

Pra peak reflected pressure at angle of incidence a (psi)

PH positive incident pressure (psi)

Psb' Pse positive incident pressure at points b and e, respectively

(psi)

Pso peak positive incident pressure (psi)

Pso0  peak negative incident pressure

PsobPsodrsoe peak positive incident pressure at points b, d, and e, respec-
tively (psi)

P(F) probability of failure of glass pane

q dynamic pressure (psi)

qb, qe dynamic pressure at points b and e, respectively (psi)

qo peak dynamic pressure (psi)

* qob0 qoe peak dynamic pressure at points b and e, respectively (psi)

r (1) unit resistance (psi)

(2) radius of spherical TNT (density equals 95 Ib/ft 3 charge
(ft))

r unit rebound resistance (psi, for panels) (lb/in for beams)

Ar change in unit resistance (psi, for panels) (lb/in for beams)

rd radius from center of impulse load to center of door rotation
(in.)

re elastic unit resistance (psi, for panels) (ib/in for beams)

rep elasto-plastic unit resistance (psi, for panels) (Ib/in for
beams)

Srs radius of shaft (in.)

ru ultimate unit resistance (psi, for panels) (lb/in for beams)

rup post-ultimate unit resistant (psi)

rl radius of hemispherical poztion of primary fragment (in.)

R (1) total internal resistance (ibs)
(2) slant distance (ft)
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Rf distance traveled by primary fragment (ft)

Rg uplift force at corners of window frame (lbs) q

RI radius of lacing bend (in.)

RA normal distance (ft)

RE equivalent total internal resistance (lbs)

RG ground distance (ft)

Ru total ultimate resistance

RIRIl total internal resistance of sectors I and II, respectively
(ibs)

a sample starlard deviation

ss spacing of stirrups in the direction parallel to the longitu-
dinal reinforcement (in.)

s 1  spacing of lacing in the direction parallel to the longitudi-
nal reinforcement (in.)

S height of front wall or one-half ita ;idih, whichever is
smaller (ft)

SE strain energy

t time (ms)

At time increment (ms)

ta any time (ms)

tb,tetf time of arrival of blast wave at points b, e, and f, respec-
tively (ms)

tc (1) clearing time for reflected pressures (ms)
(2) container thickness of explosive charges (in.)

td rise time (ms)

tE time to reach maximum elastic deflestion

tm time at which maximum deflection occurs (ms)

to duration of positive phase of blast pressure (ms)

to duration of negativP phase of blast pressure (ms)

tof fictitious positive phase pressure duration (ms)

tof fictitious negative phase pressure duration (ms)
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tr fictitious reflected pressure duration (ms)

tu time at which ultimate deflection occurs (ms)

ty time to reach yield (ms)

tA time of arrival of blast wave (ms)

Sti time at which partial failure occurs (ms)

(1) duration of equivalent triangular loading function (ms)
(2) thickness of masonry wall

Tc thicknesG of concrete section (in.)

Tc scaled thickness of concrete section (ft/ibI/3 )

Tg 9thickness of glass (in.)

Ti angular impulse load (lb-ms-in.)

TN effective natural period of vibration (ms)

Tr rise time (ms)

Ts thickness of sand fill (in.)

TS scaled thickness of sand fill (ft/1bI/ 3 )

u particle velocity (ft/ms)

Uu ultimate flexural or anchorage bond stress (psi)

U shock front velocity (ft/ms)

Us strain energy

v velocity (in./ms)

Va instantaneous velocity ac any time (in./ms)

Vb boundary velocity for primary fragments (ft/sec)

vc ultimate shear stress permitted on an unreinforced web (psi)

Vf maximum post-failure fragment velocity (in./ms)

vf(avg.) average post-failure fragment velocity (in./ms)

Ivi velocity at incipient failure deflection (in./ms)

Vo initial velocity of primary fragment (ft/sec)

vr residual velocity of primary fragment after perforation
(ft/sec)
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Svs striking velocity of primary fragment (ft/sec)

ultimate shear stress (psi)

" VuH ultimace shear stress at distance de from the horizontal
support(psi)*

ultimate shear stress at distance de from the vertical support
VUV (psi)*

V volume of partially vented chamber (ft 3 )

Vd ultimate direct shear capacity of the concrete of width b
(lbs)

SVdH shear at distance de from the vertical support on a unit width
(lbs./in.)*

Vdv shear at distance d from the horizontal support on a unit
width (lbs/in.)*

Vo volume of structure (ft 3 )

Vs shear at the support (lb/in, for panels) (ibs for beam)
s*

VsV-. shear at the vertical support on a unit width (lbs/in.)

A. V shear at the horizontal support on a unit width (lbs/in.)

Vu total shear on a width b (lbs)
Vunit shear along the long side of window frame (lb/in.)

Vy unit shear along the short side of window frame, (lbs/in.)

w unit weight (psi, for panels) (lb/in for beam)

wc weight density of concrete (lbs/ft3 )

w weight density of sand (lbs/ft 3 )

W (1) charge weight (lbs)
(2) weight (lbs)

Wc total weight of explosive containers (Ps)

Wf weight of primary fragment (oz)

Wco total weight of steel core (lbs)

WclWc2 total weight of plates 1 and 2, respectively (lbs)

Ws width of structure (ft)

See note at end of symnbols 6B-12
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WD work done

x yield line location in horizontal direction (in.)*

X deflection (in.)

Xa any deflection (in.)

Xc lateral deflection to which a masonry wall develops no resis-
tance (in.)

Xe elastic deflection (in.)

Xep elasto-plastic deflection (in.)

Xf maximum penetration into concrete of armor-piercing fragments
(in.)

X'f maximum penetration into concrete of fragments other than
armor-piercing (in.)

XM maximum transient deflection (in.)

X plastic deflection (in.)

X (1) maximum penetration into sand of armor-piercing frag-
ments (in.)

(2) static deflection

ultimate deflection (in.)

XE equivalent elastic deflection (in.)

X1 (1) partial failure deflection (in.)
(2) deflection at maximum ultimate resistance of masonry

wall (in.)

y yield line location in vertical direction (in.)*

Yt distance from the top of section to centroid (in.)

Z scaled slant distance (ft/ibI/ 3)

ZA scaled normal distance (ft/1b1 / 3 )

ZG scaled ground distance (ft/ibl/ 3)

S(1) angle formed by the plane of stirrups, lacing, or diago-
nal reinforcement and the plane of the longitudinal
reinforcement (deg)

(2) angle of incidence of the pressure front (deg)
(3) acceptance coefficient

See note at end of symnbols 6B-13
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(1) coefficient for determining elastic and elasto-plastic
resistances

(2) particular support rotation angle (deg)
(3) rejection coefficient

B1  factor equal to 0.83 for concrete strengths up to 4000 psi and
is reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

Y coefficient fir determining elastic and elasto-plastic deflec-

tions

factor for type of prestressing tendon

unit strain in mortar (in./in.)

e support rotation angle (deg)

8 angular acceleration (rad/ms 2 )

0max maximum support rotation angle (deg)

OlH horizontr.l rotation angle (deg)w

GV vertical rotation angle (deg)*

X increase in support rotation angle after partial failure (deg)

ductility factor

v Poisson's ratio

effective perimeter of reinforcing bais (in.)

Ssummation of moments (in.-ibs)

EMN sum of the ultimate unit resisting moments acting along the
negative yield lines (in.-lbs)

sum of the ultimate unit resisting moments acting along the

positive yield lines (in.-ibs)

maximum shear stress in the shaft (psi)

(1) capacity reduction factor
(2) bar diameter (in.)

Or assumed shape function for concentrated loads

O(x) assumed shape function for distributed loads free edge

Z angular velocity (rad./ms)

simple support

See note at end of symnbols 6B-14
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fixed support

XXXXXX either "ixed, restrained, or simple support

'I

* Note. This symbol was developed for two-way elements which are used as
walls. When roof slabs or other horizontal elements are under consideration,
this symbol will also be applicable if the element is treated as being rotated
into a vertical position.
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