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VOLl»<E VI 
SPECIAL CONSIDERATIONS IN EXPLOSIVE FACILITY DESIGN 

INTRODUCTION 

.*' > > -1- 

fH 

".i 
6-1 Purpose 

The purpose of this six volume manual is to present i.iethods of design for 
protective  construction used  in  facilities  for  development,  testing, 
production, maintenance, modification, Inspeotioi, disposal and storage of 
explosive materials. 

.... ■ ■ ■ C-;4. "'? 
6-2    Obifjctlvea <'S     1 

.  ' - "    '•:< 
The primary objectives r-e to establish design procedures and constrjction ri 
technlqueo vrtiereby props ition of explosion (froD one building or part of a .*■! 
building to another) o" nass detonation can be prevented and protection for '"'* 
personnel and valuable a^uipment will be provided. 

i     " ' 
The secondary objectives are: ~ ,« 

(1) Establish  tMe blast  load paraineLers required for design of W^ I 
protective struotures; ylr 

(2) Provide raetnod" for calculating the dyramio response of structural *'v 
elements including reinforced concrete, structural steel, etc.; v"' 

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

(JJ) Establish guidelines for siting explosive facilities to obtain     ■   1- 
maximum cost effectiveness in both the planning ?nd structural 

.  .   arrangements; providing closures, and preventing dacage to interior 
portions of structures due to structural notion, shook, and fragment 
perforation. 

'.',-'■■      - ■; ' :-;■:£?•-? v-.:'.;,        ..., .       _ 

6-3 Background - ., /  ,• II '■ 
-     - .  .  --■ - ^ 

For the first 60 years of th« 20 Century criteria and methods based upon the i'-:' 
results of catastrophic events have been used for the design of explosive 
facilities.  The criteria and methods did not include a detailed or reliable 
quantitative basis for assessing the degree of protection afforded by the f- 
protective facility.  In the late 1960»3 quantitative procedures wre set ^r: 
forth in the first edition of the present manual, "Structures to Resist the ''•*•'  ^ 
Effects of Accidental Sxploslons."   This manual was based on extensive ^' i 
research and developssnt programs which permitted a more reliable approach to SM 
design requirements.  Since the original publication of this eartual, more >>' 
extensive publication, core extensive testing and developsent prograaa have p- 
taken place.   This additional research was directed priaarily towards ^' 
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0. 
materials othor than reinforced concrete which was the principal construction 
material referenced in the initial version o' the manual. 

I* Modern methods for the manufacture and storage of explosive materials, which 
include many exotic chemicals, fuels, propellants, etc., required less space 
for a given quantity of explosive material than was previously needed. Such 
concentration of explosives increase the possibility of the progagation of 
accidental explosions (one accidental explosion causing the detonation of 
other explosive materials). It is evident that a requirement for oore 
accurate design techniques has become essential. This manual desc ibea 
rational design methods to provide the required structural protection. 

'm. 

These design methods account for the close-in effects of a detonation 
including associated high pressures and nonuniformity of the blast loading on 
protective structures or barriers as well as intermediate and far-range 
effects which are encountered in the design of structures which are positioned 
away from the explosion. The dynamic response of structures, constructed of 
various materials, or combination of materials, can be calculated, and detailai 
have been developed to provide the properties necessary to supply the required 
strength and ductility specified by the design. Development of these 
procedures has been directed primarily towards analyses of protective 
structures subjected to the effects of high explosive detonation. However, 
this approach is general and is applicable to the design of other explosive 
environments as well as other explosive materials as numerated 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 testa 
of various materials conducted in conjunction with the development of this 
manual and/or related projects. 

6-1 Scope of Manual 

1 

V.-. 

g a 

This ma\ual is limited only by variety and range of the assumed design 
situation. An effort has been made to cover the more probable situtations. 
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 generally applicable to the design of protective structures 
subjected to the effects associated with high explosive detonations. For 
these design situations, this manual will generally 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 as presented are 
applicable for explosive quantities up to 500,000 pounds. 

Because the tests conducted so far in connection with this manual have been 
directed primarily towards 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 
construction. Tests to establish the response of wood, brick blocks, 
plastics, etc. as well as the blast attenuating and mass effects of soil are 

---».isi4iii^*ii«iiiiSbE:£fi£gte 
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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 which enable one to design protecti/e structures 
against the effects of high explosive or nuclear detonations. The procedures 
in these manuals will quite often complement this manual ar.d should be 
consulted for specific applications. 

Computer programs, which are consistent with the procedures and techniques 
contained in the manual, have been apporoved by the appropriate representative 
of the U.S. Army, the U.S. Navy, the U.S. Air Force and the Deparment of 
Defense Explosive 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 

Attn: WESKA 

p! 2.  Department of the Navy 
?v 
|S Offleer-In-Charge 
{V - Civil Engineering Laboratory 
j| Naval Battalion Construction Center 

Port Hueneme, California 93043 

|o Attn: Code L51 

3.  Department of the Air Force 

Aerospace Structures 
V/ Information and Analysis Center 

Wright Paterson Air Force Base 
Ohio 15433 

^ -■ 

»1 Attn: AFFDL/FBR 
^. 

Limited number of copies of the above program are available from each 
^>: repository upon request.  The individual programs are identical at each 
i-S repository.  If any modifications and/or additions to these programs are 
"^ required, they will be submitted by the or^nization for review by DDESB and 
>;< ^*^® above services. Upon concurrence of the revisions, the necessary changes 
i"-^ will be made and notification of these changes will be made by the indlvldujul 
k>w repositories. 
IJS •                 ■     i ■■■ ^ ■:.■-: "■■                              -'■■'. 
J.\ 
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6-5 Format Of Manual 

This manual entitled, "Structures to Resist the Effects of Accidental 
Explosions," is sutxlivided into six specific volumes dealing with various 
aspects of design. The titles of these volumes are as follows: 

Introduction 
Blast, Fragment and Shock Loads 
Principles of Dynamic Analysis 
Reinforced Concrete Design 
Structural Steel Design 
Special Considerations in Explosive Facility Design 

Appendix A pertinent to a particular volume and containing illustrative 
examples of the explosive effects and structural response problems appear at 
the end of each volume. 

Commonly accepted symbols have been used as much as possible. However 
protective design involves many different scientific and engineering fields, 
and, therefore, no attempt has been made to standardize completely all the 
symbols used. Each symbol has been defined where it is first introduced, and 
a list of the symbols, with their definitions and units, is contained io 
Appendix B of each volume. 

v; VOLUME CONTENTS 

6-6 General 

1 This volume contains procedures for the design of blast resistant structures 
other  than above ground,  cast-in-place concrete or structural steel 

rV structures, as well as the design of other miscellaneous blast resistant 
|-;' components.  Included herein is the design of reinforced and non-reinforced 
> masonry  walls,  precast  elements  both  prestressed and  conventionallj 
i\- reinforced, pre-engineered buildings, suppressive shielding, blast resistant 
'% windows, underground structures, earth-covered arch-type magazines, blast 
f_ valves and shock isolation systems. 

J\ HAsosrai 
*v '■ ■ .  . 

fM 6-7 Application 

Masonry units are used primarily for wall construction. These units may be 
used for both exterior walls subjected to blast overpresures 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 (CMU), and «ie 
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 
economical resistance to relatively low blast pressures. However, the 



limitation on their application includes a limited capability for large defor- 
mations, 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 
reinforcement which can be provided. Because of these limitations, masonry 
construction in this Manual is limited to concrete masonry unit (CMU) 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 small 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 supplementatry 
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 usually 
limited to incident over-pressures of 2 psl or less while masonry walls when 
supported by rigid supports may be designed to resist incident pressures as 
high as 10 psi. Figures 6-1 and 6-2 Illustrate these masonry support systems. 

Depending on the type of constr-uctlon used, masonry walls may be classified 
into three categories: namely (1) cavity wails, (2) solid walls, and (3) a 
combination of cavity and solid walls. The cavity walls utilize hollow load- 
bearing concrete masonry units conforming to ASTM C90. Solid walls use solid 
load-bearing concrete masonry units conformlnf; to ASTM C1^5 or hollow units 
whose cells and voids are filled wltU grout. The combined cavity and solid 
walls utilize the combination of hollow and solid units. Masonry walls may be 
subdivided further depending on the type of load-carrying mechanism desired: i 
(1) joint reinforced masonry construction, (2) combined joint and cell < 
reinforced masonry construction, and (3) non-reinforced masonry construction. \ 

I 
Joint reinforced masonry construction consists of single or multiple wythes        ] 
walls and utilizes either hollow or solid masonry units. The Joint reinforced I 
wall construction utilizes commercially available cold drawn wire assemblies J 
(see fig. 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 | 
types. The truss reinforcement provides the more rigid system and, therefore, I 
is recommended for use in blast resistance structures.  In the event that j 

-double wythes are used, each wythe must be reinforced independently.  The | 
wythes must also be tied together using wire ties. Joint reinforced masonry j 
construction is generally used in combination with flexible type supports. 4 
The cells of the units located at the wall supports must be filled with ^ 
grout.  Ti'pical joint reinforced masonry constriction are illustrated in I 
figure 6-t. j 

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 (fig. 6-5). The vertical reinforcement consists of reinforcing bars 
which are positioned in one or more of the masonry units cells. All cells. 
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Figure 6-1     Masonry wall with flexible support 
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JOINT  REINFORCED  MASONRY  CONSTRUCTION 
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Figure 6-4   Typical joint reinforced masonry construction 
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Figure 6-6 Arching action of non-reinforced masonry wall 
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IN FIG.6-7. 
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Figure 6-5 Special masonry unit for use with reinforcing bars 
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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. 

n 

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 (fig. 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 

h 

n 
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 
A3TM 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. 

I. 

Table 6-1  Properties of Hollow Masonry Units . 

Nominal 
Width 

of Units (in) 

Face-Shell 
Thickness 

(In) 

Equlv. Web 
Thickness 

(in) 

3 and 4 

10 

12 

0.75 

"■■ 1.00'. '',;-■■■ 

1.25 

1,375 

1.500 

1.625 

■ '■-'i" ,;■' 2.25 

2.25 

2.50 

2.50 

1-^ 

i 

I 
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Figure 6-7     Typical concrete masonry units 

•12- 

t 



iMayrni«aiHSMMiM>> ^.iiaitmj,M>M^ijm^..ij^'muL'^^dij,..rJriLmLJM.fjf    ■ 

The specific compresslve strength (fj^) for concrste masonry units may be taken 
as: >.- 

Ultimate strength (f^) Type of Unit 

Hollow Units 1350 psi 

Hollow Units filled with grout     1500 psl 

Solid Units 1800 psi 

Ui 

while the modulus of elasticity (E^)  of masonry units is equal to: 

•1000 f, m 6-1 

The specific compresslve 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 (t^) and yield (f ) stresses equal 
to So ksi and 70 ksl respectively.  Reinforcing bars shall conform to ASTM 

num ultimate stress (f^) of 90 ksi and minimum 
The modulus of elasticity of the reinforcement 

A615 (Grade 60) and have minimum ultimate stress (f^) of 90 ksi and minimum 
yield stress (fy) of 60 ksi. 
is equal to 29,000,000 psl. 

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 specifiic minimum yield stresses, are used for determining the 
plastic strengths ol' members. Further, under the rapid rates of straining 
that occur in structures loaded by blast forces, m?terial3 develop higher 
strengths than they do in the case of statically loaded members. In 
caloulatins 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 

Shear 

Compression 

1.19 f, 

1.00 f| 

1.12 f, 

fc*^; 

tV 

Reinforcement 

Flexure 1.17 f^ 

-13- 
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6-8.3 Ultimate Strength of Reinforced Concrote Masonry Walls 

The ultimate momont 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 
reinfo.-ement in one face will develop the tension forces while the steel in 
the opposite face resists the compression stresses. The ultimate moment 
relationship may be expressed for each horizontal Joint of the wall as 
follows: 

"u   "  As^dy^c 6-2 

where: " ;!* 3 

Ag   -  area of Joint reinforcement at one face >'.• * 
fdy  "  dynamic yield strength of the Joint reinforcement p^ 1 
dp   -  distance between the centroids of the compression and ^ ■< 

tension reinforcement 
My   -  ultimate moment capacity 

The method of calculating ultimate moment of the vertical reinforcement is the 
same as that presented in Volume IV of this manual which is similar to that 
presented in the American Concrete Institute Standard Building Code 
Requirements for Reinforced Concrete. 

The ultimate shear stress in joint reinforced masonry walls is computed by the 
formula: 

^u ■ VAn '       6-3 

where: 

On the contrary, the ultimate moment capacity of the cell reinforcement 
(vertical reinforcement) in a combined Joint and cell reinforced masonry        r' 
construction utilizes the concrete strength to resist the compression forces *^'' 

b 
'>: 

: ■ I 

:. i 

:t ^' 

rY:   I 

■i 

i V      Vy " unit shear stress ' 
Vy - total applied design ^ear at d /2 from the 

support 
An ■ "®^ ^"'^^ o^ section 

M -• 
In all cases, Joint reinforced masonry walls, which are designed to resist '•■'•'   ' 
blast pressures, shall utilize shear reinforcement which shall be designed to 
carry the total shear stress. Shear reinforcement shall consist of- (1) bars 
or stirrups perpendicular to the longitudinal reinforcensent, (2) longitudinal ^-.    i 
bars bent so that the axis or inclined portion of the bent bar makes an angle F^ ^ 
or i.5 degrees or more with the axis of the longitudinal part of the bar- or W i 
(3) 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: 

6-n 

rvj 
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where: ;  .' ■ ;-\;  i 

Ay • area of shear reinforcement |. 
b '- unit width of wall ."-. 
s « spacing betweeri stirrup;? ►— 
f„ " yield stress zC  the shear reinforcement i-.^ J 

strength redaction factor equal zo  0.85 ',:', y 

When bent or inclin'id ^irs are used, the area of shear reinforcement shall be 
calculated using: 

^f  (sin a + cos a) 

where: 

Shear reinforcement in walls shall be spaced so that every U5   degree line 

The principles for dynamic analysis of the response of structural elements to \-; 
blast loads are presented in Volume III of this manual. These principles also i 
apply to blast analyses of masonry walls. In order to perform these analyses, y 
certain dynamic properties DBist be established as follows: ."> 

Load-mass factors, for na-onry walls spanning in eitner one direction (Joint ,y 
reinforced masonry construction) or two directions (combined Joint and cell N- 
relnforcert masonry construction) are the same as those load-mass factors which ji"( 
3re  listed In tables 3-12 and 3-13. The load-mass factors are applied to the U 
actual mass of the wall. The weights of masonry wall can be determined based i^ 
on the properties of hollow oasonry units previously described and utilizing a 
concrete unit weight of 150 pounds per cubic foot.  The values of the load- 
mass factors Kjj^, will depend in part on the range of behavior of the wall; 
I.e., elastic, elasto-plastlc, a^d plastic ranges.  An average value of the 
elastic and el»ato-plastic value of Kjj^ is used for the elasto-plast'c range y 
while an average /alue of the average i^j^ for the elasto-plastlc range and Kjj^ fj 
of the plastic range is used for the wall behavior in the plastic range. ^vv 

The realstance-deflection function is illustrated In figure 3-1. This figure 
Illustrates the various ranges of behavior previously discussed and defines 
the relationship between the wall*s resistances and deflections as well as 

r. 

f' 

■%■■■ 

j 

angle between inclined stirrup and longitudinal I ^ 
axis of the member, •-.% 

•o   i 
extending from mid deoth (djj/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 Volume IV of this manual may also be used to determine the ultimate shear 
stresses in cell reinforced masonry walls.  Shear reinforcement for cell 
reinforced walls nay only be added to the horizontal joint similar to Joint 
reinforced masonry walls. 

6-8.1 Dynamic Amilysis 

t : 

> • •    • .s 
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presents the stiffness K in each range of behavior. It may be noted In figure 
3-11 that the elastic and elasto-plastic ranges of behavior have been 
idealized forming a bilinear (or trilinear) function. The equations for 
defining these functions are presented in Section 3~13. ' 

The ultimate resistance r^j, of a wall varies; (1) as the distribution of the 
applied load, (2) geometry of the wail (length and width), (3) the amount and 
distribution of the reinforcement-, and (t) 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. 

Table 6-2  Deflection Criteria for Masonry Halls 

t: 

1 

Kali Type Support Type Support Rotation 

Reusable One-way 

Two-way 

0.5« 

0.5» 

Non-Reusable One-way 

Two-way 

1.0" 

2.0" 

I 

Nhen designing masonry walls for blast loads using response chart procedures 
of VoluEffi III the effective natural period of vibration is required. This 
effective period of vibration *^en related to the duration of the blast 
loading of given intensity and a given resistance of the masonry wall 
determines the maAiisum transient deflection X^ of the wall. The expression 
for the natural period of vibration is presented in equation 3-60, where the 
effective unit mass m has been described previously and the equivalent unit 
stiffness Kg 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. Kethods for detenaining the stlffneses and period of vibrations for 
two-way walls are presented In Sections 3-11 through 3~13. 

-16- 
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n 
1^:- Determining the stiffness In the elastic and elasto-plastlc 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 compuUtlons for deflections and therefore, stiffnesses be 
based on average moments of inertia I^ as follows: 

^n* Ic 6-6 

s    ■ 

In Equation 6-6, I_ is the moment of inertia of the net section and I^ is the 
moment of inertia of the cracked section. For solid masonry units the value 
of I is replaced with the moment of inertia of the gross section. The values 
of f and I for hollow and solid masonry units used in Joint reinforced 
mason"ry consfruction are listed in table 6-3. The values of Ig for solid 
units may also be used for walls which utilize combined joint and cell masonry 
construction. The values of I^ for both hollow and solid masonry construction 
may be obtained using: 

% 

3 I - 0.005 bd^ 
c       c 

6-T 

Table 6-3      Moment of Inertia of Masonry Walls 

1 

a; 

|:> 

^ ^ 

Type of Unit 

Hollow 

Solid 

Width of Unit 
(in) 

3 
4 
6 
8 

10 
12 

3 
4 
6 
8 

10 
12 

Koment of.Inertia 
(in*) 

2.0 
4.0 

12.7 
28.8 
51.6 
83.3 

2.7 
5.3 

18.0 
42.7 
83.0 

144.0 
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;;; 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 
Ji3 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 wall is 
/ supported by the frame (fig. 6-8). The rebound forces are a function of the 

._•". maximum resistance of the wall as well as the vibratory properties of the wall 
i^y and the load duration.  The maximum elastic rebound of a masonry wall may be 
%l obtained from figure 3-268. 

|;". 6-9 Non-Reinforced Kasonry Walls 

'%■: The resistance of non-reinforced masonry walls to lateral blast loads is a 
|-_.' function of the wall deflection, mortar coapression strength and the rigidity 
*j of the supports. 

f."- 6-9.1 Rigid Supports 
}':'' 
|-'.; If the supports are completely rigid and the mortar's strength is known, a 

_.fj\ resistance function can be constructed in the following manner. 
- *^ ' 

% Both supports are assumed to be completely rigid and lateral motion of the top 
kV and bottom of the wall is prevented.  An incompletely filled Joint is assumed 
.c'.' to exist at the top as shown in figure 6-9a.  Under the action of the blast 
>-;; I°ad the wall is assumed to crack at the center. Each half then routes as a 
•S rigid body until the wall takes the position shown in figure 6-9b. During the 
'^ rotation the midpoint m has undergone a lateral motion X  in which no 
3 resistance to motion will be developed in the wall, and the upper corner of 

the wall {point o) will be Just touching the upper support. The magnitude of 
I "■ Xjj can be found from the geometry of the wall in its deflected position: 

1 
(T-X^,)2 - (L)2 - [h/2 * (h'-h)/2]2 

- (L)2 - (h'/2)2 

6-8 

where: 

and 

Xg - T - C(L)2 - (h'/2)2]1/2 g_g 

L - [(h/2)2 + T^] '   6-10 

All other symbols are shown in figure 6-9. 

■A fo'' 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 
fX resistance to the lateral load equal to: 

r? ""u " ^V*^^ 6-11 
■'-*■' ;■ 

"i where all symbols have previously been defined. 
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(b) (c) 

Figure 6-9  Deflection of non-reinforced masonry walls 
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When point m deflects laterally to a line n-o (fig. 6-9c), the sioment ^rm of 
the resisting couple will be reduced to zero and the wall will becorae unstable 
with no further resistance to deflection. In this position the diagonals o-rn 
and m-n will bo shortned by an amount: 

L -  h'/2 6-12 

The unit strain in the wall caused by the shortening will be: 

E„ - (L - h'/2)L 6-13 
where: 

e„ » unit strain in the mortar 

All the shortening is assumed to occur in the mortar joints and therefore: 

where: 
f - E e 6-1'J 

E_ - modulus of elasticity of the mortar 
f " corapressive stress corresponding to the strain z^ 

^^ - Xc r: 
T - an m 

^1 

(T 
m  —— 

- X 
c 

1 

^c 

In most cases f^j, will be greater than the ultimate compress!ve strength of the 
mortar f', 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 X^, at which a compressive stress f^ exists 
at points m, n and o can therefore be found from the following: 

6-15a 

or 

(T - xjr[ 
6-15b 

m m 

The resisting moment that is caused by a lateral deflection X^ 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 noraent H^ is a maximum, that is, by 
differentiating M^ with respect to a and setting the derivative equal to i:ero, 
which for a solid masonry unit uill result in: 

a - 0.5 (T - X,) 6-16 

and the corresponding ultimate moment and resistance (fig. 6-1 Ob) are etpial 
to: 

M„ - 0.25 fi(T - X,)2 6-17 
and o •      ■» 

•   Tu - (2/h2)f n(T - X,)2       " ,  6-l8 
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Figure 6-10 Structural behavlor^of non-reinforced solid masonry panel 
with rigid supports 
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^F^ 

When the mid span deflection is greater than X^ the expression for the 
resistance as a function of the displacement is: 

r = (2/h2)f^(T -X)^ 6-19 

As the deflection increases the resistance is reduced until r is equal to zero 
and maximum deflection X^ is reached (fig. 6-lOb). Similar expressions can be 
derived for hollow masonry units. However, the maximum value of a can not 
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 
bottom, the resistance curve cannot be constructed based on the value of the 
compression force (af-,) which is determined solely on gecnietry of the wall. 
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 Walls 

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 load 
which may be carried by the wall. If the wall carries no vertical loads, then 
the wall must be analyzed as a simply suprc-ted beam, the maximum resisting 
moment being determined by the modulus of rupture of the mortar. 

PRECAST CONCRETE 

6-10 Applications 

Precast concrete construction can consist of either prestressed or 
conventionally reinforced members. Prestresslng 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-ln-place 
concrete, (2) precast construction will provide protection against primary and 
secondary fragments not usually affordsd by steel construction and (3) precast 
work is generally more economical than cast-in-plase concrete construction 
especially when standard precast shapes can be used. The overriding 
disadvantage of precast construction is that the use of precast members is 
limited to buildings located at relatively low pressure levels of 1 to 2 
psi. For slightly higher pressure levels, cast-in-place concrete or 
structural steel construction becomes the n»re economical means of 
construction. However, for even higher pressures, cast-in-place concrete is 
the only means available to economically withstand the applied losd. 

Precast structures are of the shear wall type, rigid frase 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 recomsaended that they be lltaited to single story 
buildings. Some of the sost common precast sections are shown in figure 
6-11. Th6 single tee and double tee sections are used for wall panels and 
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%*■■ roof panels.   All the other sections are   beam an*! girder elements.  In -*■ 
addition, a modified flat slab section will be used as a wall panel around y.. 
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 Strength of Materials 

6-11.1  Concrete 

Generally the minimum compresslve strength of the concrete, f^, used In 
precast elements is ^JOOO 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. tij;. 

6-11.2 Reinforcing Bars 

6-11.3 Welded Wire Fabric 

I 
L*. Steel reinforcing bars are used for rebound and shear reinforcement In 

prestressed members as well as for flexural reinforcement in non-prestressed vj 
members. For use In blast design, bars designated by the American Society for fe 
Testing and Materials (ASTM) as A 615, grade 60, are recommended.  As only tr 
small deflections are permitted In precast members, the reinforcement Is not '"* 
stressed into its strain hardening region and thus the static design strength 
of the reinforcement is equal to its yield stress (f - 60,000 psi). I 

yt 
Welded wire fabric, designated as A 185 by ASTM, is used to reinforce the K/ 
flanges of tee and double tee sections.  In conventional design welded wire r 
fabric is sometimes used as shear reinforcement, but It is not used for blast "^IJ 
design, which requires closed ties. The static design strength f„, of welded i^l 
wire fabric is equal to its yield stress, 65,000 psi. 

6-11.1 Prestressing Tendons ,        |^J 

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 116, 
grade 250 or grade 270, being the most common. The high strength steel used 
In these types of reinforcement can only unde'*go a maximum elongation of 3.5 
to 1 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 fig. 6-12). ASTM 
specifies a fictitious yield stress f , corresponding to a 1 percent 
elongation. The minimum value of fp„ depends on the ASTM designation, but it 
ranges from 80 to 90 percent of the ultimate strength, f_y. 
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Figure 6-12 Typical stress-strain curve for high strength wire 
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6-12 Dynaaic Strength of Materials 

Under the rapid rate of straining of blast loads, most materials dsvelop 
higher strengths than they do when statically loaded. An exception, l:j the 
high strength steel used lii prestresslng 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 
Diagonal tension 
Direct shear 
Bond 

(b) Non-prestressed Steel Reinforcement; 
Flexure 
Shear 

(c) Welded Wire Fabric: 

(d) Prestressed Reinforcement 

DIF - 1.19 
DIF - 1.00 
DIF - 1.10 
DIF - 1.00 

DIF - 1.17 
DIF - 1 .00 

DIF - 1.10 

DIF - 1.00 

r-Ii 

r. .' 

i; 

^ 

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 and as such Is not repeated here. For the 
ultimate strength of non-prestressed precast elements, see Volume IV of this 
manual. 

6-13*1 Ultimate Dynamic Moment Capacity of Prestressed Beams > 

The ultimate dynamic moment capacity M^ of a prestressed rectangular beam (or 
of a flanged section where the thickness of the compreosion flange is greater 
than or equal to the depth of the equivalent retangular stress block, a) is as 
follows:        ^ , ^ •   '      ^  . '       ■■. 

fey 

and 

tdiere: 

"a 

>' PS 

«u - Apsfp3<S a/2) * Agf^y(d-a/2) 

a - ^Ss^'ps * *s''dy^ 

.fisf^e"* 

6-20 

6-21 

ultimate ooment capacity 
total area of prestrcss reinforcer^sat i', 
averags stress in the prestressed reinforceisent at 
ultiDate load 
distance froa extreme cosspression fiber to the centroid of 
the prestressed relnforceoent 

v:- ' 

I' 

1^ 
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a 
A, 

depth of equivalent rectangular stress block 
total area of non-prestressed tension reinforcement 

^dy ■   dynamic design strength of non-prestressed reinforcement 
d   -   distance from extreme compression fiber to the centroid of 

,      the non-prestressed reinforcement 
^dc "    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 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 
°^ ^ps- 

'■m^ 

For members with bonded prestressing tendons: 

and 

tAiere: 

PS ^pu '-IE fPn IEH. * ^^dy (p-p')J 

^dc V<io 

Pp " Aps^'^S 

p - Ag/bd 

p' - Ag/bd 

6-22 

6-23 

6-ZH 

6-25 

fc .4 

I  "^ 

-i 

C-i 
^pu    "   specified tensile strength of prestressing tendon 
"^p      '        factor for type of prestressing tendon 

O.iJO for f„/f_„ 1  0.80 
■      -   0.28 for fJW 2  0.90 • 

py "   "fictitious*  yield  stress  of  prestressing  tendon 
corresponding to a 1 percent elongation 

,8-,  -   0.85 for f^j, up to 1000 psi and is reduced 0.05 for each 
; 1000 psi in excess of iJOOO psi 

Pp  "   prestressed reinforcement ratio 
p,  -   ratio of non-prestressed tension reinforcement 
P,  -   ratio of compression reinforcement 
Ag  "   total area of compression reinforcement 

If any compression reinforcement Is taken Into account when calculating f 
then the distance from the extreme compression fiber to the centroid of tKe 
compression reinforcement must be less than 0.15d and r'- 

pu dy 
-;- *  — (P-P) i 0.17 
dc ^P^dc 
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If there l3 no compression reinforcement and no non-preatresaed tension 
reinforcement. Equation 6-22 becomes: 

ps f [1 -/P.(V)] pu' «1 -Pf 
6-27 

dc 

For members with unbonded prestressing tendons and a span-to-depth ratio less 
than or equal to 35: 

fps ■ ''"se ^ 10.000 * f^^/ClOOpp) i  fpy 

and 

where: 

^ps ^ ^se *  60'000 

6-23a 

6-28b 

se effective stress in prestressed reinforcement after 
allowances for all prestress losses 

For members with unbonded prestressing tendons and a span-to-depth ratio 
greater than 35: 

and 
fp3 - fge * lO'OOO * W(300 Pp) i f, py 

'■ps ^ '"se * 30.000 

6-29a 

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 
compression flange is greater than or equal to the depth of the equivalent 
retangular stress block will be such that: 

PJ <Jf. P'P3 ^  'dy 

dc p dc 

7^(p - pM S 0.366 6-30 

When the thickness of the compression flange of a flanged section is less than 
the depth of the equivalent retangular stress block, the reinforcement ratios 
will be such that 

_ ^    fE^ . !!dL. (    •, , 0.36 e,       6-31 

Ppw* Pw» P|i ■ reinfopcement ratios for flanged sections coa;»ited as for 
Pg, p and p respectively except that b shall be the width 
or the web and the reinforceEisnt area will be that 
required to develop the cospressive strength of the web 

-■■"■■■■■ •-■"' only. 
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6-13.2. Diagonal Tension and Direct Shear of Prestressed Elements 

Is 

Under conventional service loads, prestressed elements remain almost entirely 
in compression, and hence are permitted a hi^er 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 Volume IV 
of this manual. The loss of the effect of prestress also neans 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 shea" 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. ' 

6-1JJ Dynanic Analysis 

The dynamic analysis of precast elements uses the procedures described in 
Volume III of this manual. 

Since precast elements are simply supported, the resistance-deflection curve 
is a one-step function (see fig. 3-39a). The ultimate unit resistance for 
various loading conditions is presented in table 3-I. 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 stiffess of simply supported beams with various loading conditions 
is given in table 3-7. In determining the stiffness, the effect of cracking 
is taken into account by using an average moaent of inertia I,, as follows: 

f-1 

where: 

(Ig * Io)/2 

Ig » moment of inertia of the gross section 
1_ - moment of inerita of ti.e  cracked section 

6-32 

m 

I 
I 

For non-prestressed elements, the cracked moaent of Inertia can be determined 
from Volume IV. For prestressed elements the moment of inertia of the cracked 
section may be approximated by: 

ic ■ "V,d^Ci-(P„)^^23 
ps-p 6-33 

where n is the ratio of the modulus of elasticity of steel to concrete. The 
load-mass factors, used to convert the mass of the actual system to the 
equivalent mass, are given in table 3-12 For prestressed elements the load- 
mass factor in the elastic range la used. An average of the elastic and 
plastic range load-mass factors is used In the design of non-prestressed 
elements. 

The equivalent slngle-degree-of-freedom system is defined in terras of its 
ultimate resistance r^, equivalent elastic deflection Xp, and natural period 
of vibration Tjj. The dynamic load is defined by Its"peak pressure P and 
duration T. The figures given in Volume III may be used to determine the 
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3 
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response of an element In terms of Its maximum deflection X.^, and the time to 
reach maximum deflection t^j^. 

Recommended maximum deflection criteria for precast elements is as follows: 

(1) For prestressed flexural members: 

®max ^ ^° °^  "^max ^ ^* whichever governs 

(2) For non-prestressed flexural members 

®max ^ ^°  °'" '^max - ^' whichever governs 

(3) For compression members 

^Snax^l-3 

where 0 •= maximum support ratio 

•^max maximum ductility ratio 

6-15 Rebound 

Precast elements will vibrate under dynamic loads,  causing negative 
deflections after the maximum deflection has been reached.  The negative 
forces associated with these negative deflections may be predicted aring 
figure 3-268. 

6-15.1 Non-prestcessed elements 

The design of non-prestressed precast element for* ' ^.e effects of rebound is 
the same as for cast-in-place members. See »olume IV for a discussion of 
rebound effects in concret elements. 

6-15.2 Prestressed elements 

In prestressed elements, non-prestressed reinforcement m' 3 added to what 
is the compression zone during the loading phase to cai i\y the tensile forces 
of the rebound phase. The rebound resistance will be determined froa figure 
3-268, but in no case will it be less than one-half of the resistance 
available to resist the blast load. 

The moment capacity of a precast element in rebound is as follow;.; 

6-31 
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where: 

ultimate moment capacity in rebound 

total area of rebound tension reinforcement 

dynamic design strength of reinforcement 

d   -   distance from extreme compression fiber to the 
centrold of the rebound reinforcement 

a   »   depth of the equivalent retangular 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 
conservative 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.^5 f 
Thus the concrete strength available for rebound is . .  *.   ' 'c- 

0.85 f^c - 0.i)5 f; = 0.85r^^ - O.ilSf^^/DIF - CilTf^^ 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 85f' - f)8 
^-^ r    dc   ■'"l-. r (87000 - nf) bd~ r 

dy *■ (87000 - nf + f^ )■ 
dy' 

6-36 

where f is the compression in the concrete due to prestressing and all the 
other terms have been defined previously, if available concrete strength is 
assumed to be O.Ulf^  ,  equation 6-36 becomes: 

*3^ 

(O.lTf^^S,) (57,000 - 0.378nf^^)bd" 

'dy (87.000 - 0.378nf^ + f^ ) 
dc   dy 

6-37 

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 precast members should be designed so that blast loads are 
transmitted to supporting members through simple beam action. Mooent- 
reslsting connections for blast resistant structures would have to be qui^e 
heavy and expensive because of the relatively large rotations, and hence 
Induced stresses, permitted in blast design. 

In the design of cor -tions the capacity reduction factor (j), for shear and 
bearing stresses .ncrete are as prescribed by ACI code, i.e. 0.35 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 
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connector. Capacity of the connection should be at leaat 10 percent greater 
than the reaction of the member being connected to account for the brlttleneaa 
of the connection. In addition the failure mechanism should be controlled by 
tension or bending 3trc33 of the steel, and therefore the pullout strength of 
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 standard PCI column-to-foundation connection may be used for blast 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-Gicder Connection 

Figure 6-13 shows the connection detail of a roof panel (tee section) framing 
into a ledger beam. The bearing pads transmit qravity 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 panel, through shear action, from lifting 
off the girder during the rebound loading. The effects of dimensional changes 
due to creep, shrinkage and relaxation of prestress should be considered in 
this type of connection. j 

, -.■   ^ ■     ..- \ 

6-16.4    Wall Panel-to-Roof Slab Connection \ 
■ 'i 

1 
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 east with the tee i 
section.  The angle that transmits lateral loads has been moved from the \ 
underside of the flange to the top of the flange to facilitate field welding. 

,     • i 
6-16.5 Wall Panel-to-Founiation Connection I 

- . . .    i 

The wall panel in figure 6-15 is attached to the foundation by means of angles j 
welded to plates cast in both the wall panel and the foundation.  It is j 
essential to provide a method of attachment to the foundation that is capable j 
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 1 
the panel and the foundation so as to transmit the loads to the foundation. 1 

6-16.6 Panel Splice | 
-.-■■■•■-■  I 

Since precast structures are of the shear wall type, all horizontal blast 1 
loads are transferred by diaphram action, through wall and roof slabs to the J 
foundations.  The typical panel splice shown in figure 6-16 is used for ] 
transferring the horizontal loads between panels. 
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Figure 6-13   Roof slab-to-girder connection 
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Figure 6-14   Typical wall panel-to-roof slab connection 
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Figure 6-15   Wall panel-to-foundation connection 
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Figure 6-16   Typical panel splice 
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6-16.7 Reinforcement Around Door Openings 

A standard double tee aetion cannot be used around a door opening. Instead a 
special panel must be fabricated to satisfy the requirements for the door 
opening. The design of the reinforcement around the door opening and the door 
fraime is discussed in Volume IV. 

SPECIAL PROVISIONS FOR PRE-EHGINEERED BUILDING 

6-17 General 

Standard pre-engineered buildings are usually designed for conventional loads 
(live, snow, wine 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 
buildings, pre-engineered structures, which are designed for blast, are 
designed elastically for the conventional loadings with the assumption that 
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 the layouts on the previously mentioned 
shop drawings. At the completion of the analysis some slight modifications i.i 
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 overpresures upward to 2 psi. 

H 

t. 

t 

t> 

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 
structural steel, concrete, wall and roof coverings and connections are given 
below. I 

H--^ ,->r-X'-- 

6-18.1  structural Steel 

In order for a pre-engineered building to sustain the required blast loading, 
structural steel layout must conform to the following requirements: 

I i 
1. The maximum spacing between main transverse rigid frames (bay width) 

shall not exceed 20 feet. 

2* The raaxiieuni spacir.g between column supports for rigid frames shall 
not exceed 20 feet while the overall height of frames shall be 30 
feet or less. 
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3. Slope of the roof shall not exceed four horizontal to one 
vertical. However, the roof slope shall be as shallow as physically 
possible and be in compliance with the requirements of the Metal 
Building Manufacturers' Association. 

^. Spacing between girts shall not exceed 4 feet while the space 
between purlins shall not be greater 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-symmetrical an have a constant depth. They 
may be wide-flange sections, I-sections, structural tubes, or 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 structural 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 bolts with 
appropriate nuts and washers shall be used for connecting of all 
primary members; where as secondary members may use bolts conforming 
to ASTM A 307. A minimum of two bolts shall be used for each 
connection while bolts for primary and secondary members shall not 
be less than 3/1 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 beans thickened to meet local frost conditions. 

6-18.3 Roof and Walls '   ^ •■•,^     ; ' !' .  . 

4 -.t 

G 

^ 

Roof and wall coverings must meet the following requirements: 

: 1.  Roof and wall coverings shall conforn to ASTM A HUB,  G 90, have a 
minimum depth of 1-1/2 inches corrugation and have a material 

"i     thickness of 22 guage. 
I 

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. 

'*  Volume V gives the required panel-to-panel attachments for various 
types of decking. 
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3. Insulation retainers or sub girts shall be deslgnefl to transmit all 
external loads (listed below) which act on the metal cover to the 
structural steel framing. 

>i. Roof and wall liners shall be a minimum of 2^ gauge and shall be 
formed to prevent wavlness, distortion or failure as a result of the 
impact by external loads. 

••■•'i 

f^y 1 

6-18,'I 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, 
connections must meet the following criteria: 

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 belts, end 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 fop fastening 
accessories to panels. At least one fastener for side laps shall be 
located in each valley and at a maximum spacing along the valley of 
8 inches. 

r 

3.  Self tapping screws shall not have a diameter smaller than a no. 1i» 
screw while the minimum diameter of a self-drilling and self-tapping 
type shall be equal to or greater than a no. 12 screw. Automatlc- 

- ■  welded studs shall be shouldered type and have a shank diameter of 
■''   at least 3/16 inch.  Fasteners for use with po/er actuated tools 

shall have a shank diameter of not less than 1/2 inch. Blind rivets 
-  shall be stainless steel type and have a minimum dlaaseter of 1/8 

> '■   inch.  Rivets shall be threaded stem type if used for other than 
■ V  fastening trio and if of the hollow type shall have closed ends. 

Bolts shall not be less than 1/4 inch in dlasieter and will be 
provided with suitable nuts and wa.ohers. 

I- 
f. 

5." 1.  If suction and/or rebound loads dictate, provide oversized washers 
with a saxiEum outside diameter of 2 inches OP a 22 gauge thick 

,■..;:  metal strip along each valley. ._,. , ^.^,, ^^, :j^_.,,,j.^^J^^,^,;.-... .^i;.?:^:.^ : 

6-19 Preparatioa of Psrtial Blast Analysis       ■ ■■t-v.-'^- '^ •^;;-'. J'-:i.y,V-'c> 

A partial blast analysis of a ppe-englneeped building shall be perfopmed by 
the design engiaeep. This analysis shall Include the detepiaination of the 
■Ininum size of the roof and wall panels which Is included in the design 
specifications and the design of the building foundation and floop slab. The 
foundation and floor slab shall be designed Eonolithicaily and have a mJniinua 
thickness as ppeviously stated. Slab shall be designed fop a foundation load 
equal to either 1.3 tines the yield cspaoity of the building poof equivalent 
blast load or the static Poof and floop loads listed below. Quite often the 
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P.I 
foundation below the building columns must be thickened to distribute 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 Volume V. The front panel of the building is designed 
in the same manner as the roof panel. The blast loads for determining the 
capacities of the roof and wall panels can be determined from Volume II. 

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. 

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 Requirements for Minimum 
Design Loads in Buildings and Other Structures" (hereafter referred 
to as ANSI) but not less than 150 pounds per square foot. 

2. Roof live loads shall be as specified ANSI. 

3. Dead loads are based on the materials of construction. 

1. Wind pressure shall be as cocputeJ in accordance with ANSI for 
exposure "C" and a wind speed of 100 miles per hour. 

5. 

6. 

Seismic loads will be calculated according to the Uniform Building 
Code for the given area. If this load is greater than the computed 
wind pressure, than the seistLlc load will be substituted for wind 
load in all load combinations. 

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 (c) 75 percent of the sun 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 
Volume V. This evaluation should be made at the time of the shop drawing 
review stage. 
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6-22 Recootoended Specification for Pre-Englneered Buildings 

Specifications for pre-englneered buildings shall be consistent with the 
recoraniendod 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 deslgnatin only, form 
a part of this specification to the extent indicated by the reference thereto: 

5i.-lB!^ 

Ji'"' ' r 

1.1 American Society of Testing and Materials (ASTM) 

A 36    Structural Steal 

A 307-80 Standard Specification for Carbon Steel Exter- 
nally and Internally Threaded Standard Fasteners 

A 325 Standard Specification for High Strength Bolts 
for Structural Steel Joint Including Suitable 
Nuts and Plain Hardened Washers 

A k^6 Specification for Steel Sheet, Zinc Coated 
(Galvanized) by the Hot-Dip Process, Physical 
(Structural) Quantity 

A 501 Standard Specification for Hot-Formed Welded and 
Seamless Cart>on Steel Structural Tubing 

A 529 Standard Speisii ication 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-AHow Colum- 
biuffl-Vamadlum Steels of Structural Quality 

1.2 American Iron and Steel Institute (AI3I) 

' Specification for the Design of Coltf-Fcrmed Steel .struc- 
tural Kessbers and Ccssaentary 

1.3 American National Standards Institute (ANSI) 

A58.1 Nlnirauo Design Loads for Buildings and Other 
Structures 

B18.22.1 Plain Washers        .    f       v: ;.^-,. 

1.4 American Institute of Steel Construction (AISC) 

^ Specification for the Design Fssbricatlon end Erection of 
StructJB-al Steel for Buildings with Caasentary 
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Research Council on Riveted and Bolted Structural Joints 
(RCRBSJ) 

Specification for Structural Joints Using ASTM A 325 or A 
190 Bolts 

1.5 American Welding Society (AWS) 

D1.1 Structural Welding Code 

1.6 Metal Building Manufacturers' Association (MBMA) 

Metal Buildings Systems Manual 

1.7 Uniform Building Code 

:l-:> 
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2. GENERAL. 

2.1 This section covers the manufacture and erection of pre- 
engineered metal structures. The structure reanufaoturer 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 coaply with 
the manufacturer's standards building system, provided that all minlEum 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 coaply with 
the dimensions, profile limitations, gauges and fabrication details shown 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 Fraalng. 
tural framing includes the main transverse frames and 
carrying members and their fasteners. 

The primary struc- 
other prioary load 
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.-.; 3.2.2    Secondary Structural Fraalng.   Th«! secondary 
i-;- structural framing Includes the girts, roof purlins, bridging, eave ntrjta, 
T] and other miscellaneous secondary framing members and their fasteners. 

^ *                       3.2.3    Roof and Wall Covering.   The roof and wall 
. j.-. covering includes the exterior ribbed metal panel having a minimum depin of 
K" one and one-half inches, neoprene closure, fasteners and sealant. ' I;; • 3.3 Building Geometry. 

3.3.1 Roof Slope. The roof of the building shall have 
a maximum slope not to exceed one en four. 

3.3.2 Bay Spacing.  The bay spacing shall not exceed 
20 feet. 

f^ 3.H Column Shape.   Main frame columns shall be doubly 
.4* 

!^ 

1^-: 

IN 

[ 3 

symmetrical members of constant depth; tapered columns will not be permitted. 

' 1 ■>; 3.5 Calculations,  The Contractor shall submit for reivew 
complete design calculations for all work, sealed by a registered professional 
engineer. 

k.      STRUCTURAL DESIGN. 

r'.\' H.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 struc- 
3 ture and all tributary design loadings. 

1.2 Basic Design Loads. 

%<•■ 4.2.1    Roof Live Load.  Shall be applied to the Iwri- 
zontal 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 
t..' ..,-       :.... 
i^ over 600 square feet tributary area - 12 psf 
^ - ■■"■■■ 

i:^ 4.2.2   Mind Pressure.   Wind design loads shall be 
fe       computed in accordance with ANSI A58.1 for exposure "C" and a basic wind speed 
'7"^       of 100 miles per hour. 
.\« ■ 

''^ ~     ' 4.2.2.1  Typical Wind Loading. As shown on drawings 
(fig. 6-18). - 

4.2.2.2  Wind Loading at Building Corners. As shown 
on the drawings (fig. 6-18). 

^ 4.2.2.3  Wind Loading on Girts.  As shown on draw- 
.^ .     ings (fig. 6-18). 

/ 



I.FLOOR LIVE LOAD: 150pif 

2.ROOF LIVE 
LOAD 

20 
-  18 
a 16 

5 '* 
o  12 

\ s. 
N 

200 400 600 

SUPPORTED TRIBUTARY AREA.ft* 

'T- 

J 

3. ROOF SNOW LOAO:30p»f 

4. DEAD LOAD: AS PER MATERIALS  USED 

9. WIND LOADS: WIND PARALLEL OR PERPENDICULAR TO ROOF 
RI06E (BASED ON  100mph WIND) 

A.WINDWARD/LEEWARO AND ROOF PRESSURES (p»f) 

a. WHEN TRIBUTARY  SUPPORT AREAS > 200fI* 

32 \ /32 

26   tbrmnvym 26 

FOR DESIGN OF MAIN FRAMES AND 
OTHER INDIVIDUAL MEMBERS, USE 
VALUES   SHOWN. 

b.WHEN TRIBUTARY SUPPORT AREA < 200 f t« 

43 \ 

43" 

/43 
35 FOR DESIGN OF MAIN FRAMES,USE 

VALUES    SHOWN  FOR TRIBUTARY  AREA 
>200 ft*. FOR DESIGN OF  OTHER 
INDIVIDUAL  MEMBERS, USE VALUES  SHOWN 

B. SIOEWALL   PRESSURES (pff) 

p 

[W/iO 

FOR DEBISN OF INDIVUAL   MEMBERS: 
VfHEN TRIBUTARY SUPPORTED > 200 ft' 
USE Ps32 
WHEN TRIBUTARY SUPPORTED < 200 ft*. 
USE  Ps43 

C.SIDESWAY PRESSURES  (psf) 

47 

WOj^ 

FOR DESIGN OF MAIN  FRAMES  FOR 
TRIBUTARY SUPPORTED  AREAS,TA, 
LESS THAN , EQUAL TO, OR GREATER 
THAN, 200 ft* • 

D.LOCAL   PRESSURES - SEE FIGURES IN V AND'C'FOR  REGIONS 
OF  APPLICATION 

REGION    I : 50psf   SUCTION FOR DESIGN OF DECKING 
REGION   2 :  K^psf   SUCTION COKWCTIONS AT REGIONS 
REGION   3 : 42psf   SUCTION CITED 

"«" IS  LEAST WIDTH OF ENCLOSED AREA 

NOTE: FIGURES DEPICT  WIND  PERPENDICULAR TO RIDCE. 
FOR   W;tlO R&RALLEL  TO RIDGE, USE SAME VAUIES. 

C.    LOADING   COeiBINATIONS 

A. D 
8. 0 ♦ L 
C. 0 4-W 
D. a79(0-t-L-t- W) 

WHEC^E 
0* DEAD LOAD 
L * LIVE LOAD 
W« WIND   LOAD 

-'••^ 

Figure 6-18    Recoiranended pre-engineered building design loads 
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1.2.2.IJ  Wind Loading on Purlins and Roof Tributary 
Areas. As shown on drawings (fig. 6-18). 

'4.2.2.5  Wind Loading for Design of Overall Struc- 
ture. As shown on drawings (fig. 6-18). 

1.2.3 Auxiliary and Collateral Design Loads. Auxil- 
iary and collateral design loids are those loads other than the basic design 
live, dead, and wind loads; which the building shall safely withstand, such as 
ceilings, insulation, electrical, mechanical, and plumbing systems, and build- 
ing equipment and supports. 

1.3 Application of Design Loads. 

1.3.1 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. 

loads. 
1.3.2   Snow Loads,  appl. ation of 30 psf due to snow 

1.3.3 Wind Loads (W). Application of forces due to 
wind shall conform to the latest ANSI A58.1 

1.3.1 Combination of Loads. The following combina- 
tions of loads shall be considered in the design of all members of the struc- 
ture: 

■ -• ■. ■        D + L ■ ■■ '  ■ ■ 
D + H :■■:■.   ..-. ■ 
.75 (D + L + W) 

1.1 Deflection Limitations. 

1.1.1 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. 

: • i 5.1 General 

I 

5.1.1 All hot polled structural shapes and structural 
tubing shall have a minimum yield point of 36,000 psi In confonsance 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 12 or A 570 Grade "E" as applicable. All hot rolled sheet 
and strip used in the fabrication of cold-formsd meabers shall conform to the 
requirments of ASTM A 570, Grade"E" having a minimiui yield strenth of 50,000 
psi. Design of cold-formed members shall be in accordance with the AISI 
speoifications. 
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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 - l/t inch 
Bracing rods - i/i» 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 surfaces of all bolted con- 
nections shall be smooth and free from burrs or distortions. Provide washers 
under head and nut of all bolts. Provide beveled -..'ashers to match sloping 
surfaces as required. Bolts shall be of type specified below. Members shall 
be straight and dimensionally accurate. 

5.1.1 All welded connections shall be in conformance 
with the STRUCTURAL WELDING CODE D1.1 of the American Welding Society. The 
flange-to web welds shall be one side continuous submerged arc fillet welds. 
Other welds shall be by the shielded arc process. 

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 members of constant depth, welded from hot rolled steel sheet, strip 
or plates. 

5.2.2 Compression flanges shall be 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.'!    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 Rivleted and | 
Bolted Structural Joints. I 

5.3 Secondary members may be constructed of either hot rolled \ 
or cold-formed steel. Purlins and girts shall be doubly symmetrical sections i 
of constant depth and they may be built-up, cold-formed or hot rolled i 
structural shapes.           :   - 1 

5.3.1 Maxloum spacing of roof purlins and wall girts       j 
shall not exceed 5 feet. •; 

5.3.2 Compression flanges of purlins and girts shall       | 
lie laterally braced to withstand any combination of loading. 
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6.2 Column Base Plates. Bsse plates for columns shalj. conform 
to ASTM A 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 Mie, 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 position. Roof panels shall be applied with the longitudinal 
configuration in direction of the roof slope. 

7.1.1    Structural properties of roof and wall panels 
shall be equal to or greater than the following: 

-     '  '        " Section Modulus (In-'/ft)      - 
Surface 

<'  Roof Wall 
Outer Face in 

- '^ '/ ' CoT'preiSsion  
Outer bace In 

T'Mislon 

7.1.2 Side and End Laps. Side laps of roof and wall 
panels shall be fastened as shown on drawings.' End laps, if recyjlred shall 
occur at structural steel supports and have a minimum length of 12 inches. 

-49- 

5.3.3   Supporting lugs shall be used to connect the ; 
purlins and girts to the primary framing. The lugs shall be designed to re- i 
strain the light gauge sections from tipping or warping at their supports. I 
Each member shall be connected to each lug by a minimum of two fasteners. ! 

i 

S.S.**    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 built-up, cold-formed or hot rolled "C" or "I" shapes. j 

I 
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     ■ i 
307. The fasteners shall be tightened to SNUG TIGHT condition. Plain washers ; 
shall conform to ANSI standard B18.22.1. 

6.  ANCHORAGE. j 

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 j 
resist the column reactions produced by the specified design loading.  The 
quantity, size and location of anchor bolts shall be specified and furnished j 
by the building manufacturer.  A minimum of two anchor bolts shall be used i 
with each column. I 

s 



7.2 Insulation. n 
V  ■, ■■ S 

7.2.1 Serai-rigid insulation for the preformed roofing j' 
and siding shall be supplied and installed by the preformed roofing and siding "( 
manufacturer. - i 

7.2.2 Insulation 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. ij 

7.3 Wall and Roof Liners. Wall and roof liners shall be a ^ 
minimum of 2^ gauge. All liners shall' be formed or patterned to prevent k 
wavlness, distortion or failure as a result of the impact by external loads. * 

7.'* 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 faster.er penetration. Gasketed portion of fasteners or 5 
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 I 
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 end laps and plain ends, a minimum of two fasteners shall be      . f 
used per valley. Fasteners shall not be located at panel crowns. i 

7.1.2   Fasteners which do not provide positive locking I 
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. « 
Fasteners for aide laps shall be located in each valley of the overlap and • 
positioned a maximum of 8 inches on center. i 

7.'*.3 Screws shall be not less than no. ^^ diameter if 
self-tapping type and not less than no.12 diameter if self-drilling and self- 
tapping type. 

7.'*.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.'J.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. 

7.1.6 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. 

-50- 
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7.1.7    Bolts shall not be less than 1/^4 Inch diameter, '.' 
shoulders or plain shank as required with proper nuts. •-1 

7.'4.8    Provide  overside  washers  with  an  outside |,j 
diameter of 1 inch at each fastener or a 22 gauge thiok metal strip along each Vi 
valley of the panel to negate pull-out of the panel around the fasteners. 

SUPPRESSIVE SHIELDING ul 

k 6-23 General ^'1 

This manual presents methods for the design and construction of conventional i-^ 
reinforced concrete and steel protective facilities which provide adequate 5? 
safety for hazardous operations such as rn'onitions loading, maintenance, ^- 
renovation, or demilitarization.   Such safety considerations Include the tti 
utilization  of  conventional  protective  barriers,  total  containment S* 
construction, or the use of separation distances or Isolation of the specific '"l; 
operation from other parts of the facility using appropriate quantity distance *S 
specifications.  However, an alternative available to the designer of these •'} 
facilities is thfi use of suppressive shielding as outlined in HNDM 1110-1-2, 
"Suppress!ve Shields — Structural Design and Analysis Handbook," 18 November 
1977. Is? 

A suppressive shield is a vented steel enclosure which controls or confines 
the hazardous blast, 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 pv 
analysis of suppressive shields.  In this section, a brief review of these {g 
procedures is presented. The reader should refer to HNDM 1110-1-2 for details 
necessary for design. 

ft 

i 

Facility operations such as munitions leading, maintenance, modification, '*. 
r. renovation, or demilitarization must be analyzed to determine which operations 

involve potentially catastroi^ic (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 adoci^ate safety for 
those operations. The alternatives presented to the designer of the facility 
are varied and" may include the utilization of conventional protective 
barricades 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. b 

I 

i 
J 
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V', The facility, availability of real estate, and equipment costs to include 
maintenance, operation, useful life, replacement, and modification or renova- ^■■' 

L tlon must be analyzed for each alternative method of protection. Costs will 
be estimated and compared over the facility life to determine the most econom- 
ical mode of protection. ^I' 

A major factor which is paramount in the determination of which form of pro- VJ 
tection to use is the requirement for approval of the facility by the Depart- V 
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- Jr* 
tlon with proven accepted analytical techniques, he should begin development •'"! 
of a facility concept which employs suppressive shields using those shields V 
which have been safety approved. ;:•". 

t 

Xf 
.".■ 

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 five suppressive shield group designs approved by the DoD Explosive Safety 
Board (Groups 3, H, 5, 6, and 81 mm) have been designed to meet the require- 'tj-' 
ments for most applications to ammunition load, assembly, pack (LAP) in the 
Munitions Production 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 vl 
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. v:j 

6-24.2   New Shield Design ' ~''  ''' ''■' "''  " ^ 

In 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 outlined in HNWi 1110-1-2. .j_ 

5-*'. ■■'"'<-'      

6-24.2.1 Hazardous Environments,   Considering that the hazardous environments v* 
nornally associated with suppressive shielding involves explosives and/op 
explosive ordnance, Chapter III of HNDM 1110-1-2 presents information relative 
to internal and external air blast, fragmentation, and fireball phenomena. 
This inforoatlon can be used In support of blast and frs^nent methods in this 
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manual to determine venting requirements, air blast loads on the structure, 
and protection required to defeat fragments. Some graphs and prediction meth- 
ods in Volume II of this manual are taken directly from the suppressive 
shields manual. 

6-21.2.2 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 cf the shield 
provided, of course, that the inelastic behavior is maintained within 
acceptable limits. 

The structural materials of primary interest in suppressive shielding are 
steel and reinforced concrete. Chapter IV of HNDM 1110-1-2 discusses the 
behavior and properties of these structural materials under static and dynamic 
loading. Additionally, ductility ratios as they apply to suppressive shield 
application are covered. Some of the information provided will duplicate 
material in volumes of this manual. In case of a conflict, this manual takes 
precedence. 

6-21.2.3 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 volumes of this manual. 
Again, in case of conflict, this manual takes precedence. 

6-21.2.1 Structural Details. Each suppressive shield used for ammunition 
manufacturing and other hazardous operations will have specific requirements 
for utility penetrations, ana doors for personnel, equipment, and products. 
Guidance on the provision of acceptable 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. 

6-21.2.5 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. 

6-21.2.6 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 zre 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-size copies. 
Appendix B of that manual Includes response charts for use in preliminary 
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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 suppresslve 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 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. 

d 

y^' 

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 th.s manual. 

t., 

d 
No general design criteria can be given here because the criteria for 
different 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 crlteri?' 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, 
consideration must be given to the size and shape of the equipssent 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 diteensions and 
height. 

4 

6-26.2   Charge Paraaeters ■;'"■■■*■"■.-'.'■ ■/'•'■^ ' --^ '■:-■'^^f'-.;.-..-'-'^ ■..■.-'■  " 

A principal factor in the selection of a shield which will govern the shield 
requirements is the establishiaent of the charge parameters for any specific 
application. The charge parameters are: charge weight (U), shape, confine- 
ment, and composition; ratio of charge weight tu shield internal volu^se (W/V); 
and scaled distance (Z) from the charge to the nearest wall or roof of the 
shield. (Z ■ R/W'''), lAere 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 par.meters for approved shield groups are summarized in table 6-5* New 
shield designs can be developed for individual needs. 
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.Table 6-5  Charge Parameters for Safety Approved Shields 

HINIWJM Z (ft/lb ^^^) 

SHIELD GROt»? HALL ROOF 
HAXIHUM W/V 

(lb/ft') 

3 1.63 1.45 0.04157 

4 2.23 M9 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 mm* 3.62 3.21 0.00340 

Milan 81 mm* 4.23 3.75 0.00280 

* See Figure 6-19 

-s^: V * • 
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6"26«3   f'rdgmcnt  Parameters 
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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 Volume V of this manual. 

6-26.H        Structural  Details 

Suppressive shields used for ammunition manufacturing and other hazardous 
operations require provisions for gaining access to the operation beinx 
protected. Personnel must be able to enter the shield to acomplish 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 nust 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 the shield. They must 
"H" fiT '^^^,,''^3^° "^'le °f 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 not 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 secondarv fragments. 
Fragments from an accidental explosion could perforate the thin"walls of an 
unprc.soted utility pipe and escape from the shield. To eliminate the threat 
,L ,^i^h ., 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 

^no*^ ^^r 'i!^"°"^ ^^ "="^'^®'' *° ^^^ 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 ^i 
section welded to the shield panel through which the utility line passes. The 
penetration box is designed to maintain the structural integrity of the shield 

?;^rcovTr M'I"';./.''P'"^' protective box design is shown in figure I-2J! 
The cover plate thickness is selected to stop the worst case fragment. 

nfnSL^^f^r^Vr^ '°''. ^PP'*°^«<' safety design suppressive shields are 
Jllttralfd innXt2!:''   ^'   '-'''   ^'   '   ^^^^-^ ^^'^^ '--'^-"- ^» 
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Figure 6-22 Typical location of utility penetrations in shield group 3 
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6-28.5   Access Penetrations 

In the munition plant environment, suppressive shields are designed to protect 
Category I or II hazardous operations as defined in MIL STD 882A. 
Renote operation may be required so personnel will not be inside the shield 
during 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 
subassemblies. 

Access is also required for munition components, explosives, and assembled 
munitions to pass through the suppressive shield. In the case of conveyor 
transporting systems, consideration must be given to the proper pass-through 
of the conveyor. Requirements for this type of access depend on the 
configuration of the munition 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 suppressive shields: sliding, hinged, and double leaf. The hinged 
door was designed to swing inward. This feature reduces the usable space 
inside the shield. A sliding door is preferred for personnel access to 
munition operations. Figure 6-2H illustrates a typical sliding door. This 
type door is used with the Group ^, 5, and Milan 81 mm shields. The sliding 
door consists of an ertire shield panel suspended from a monorail system. The 
panel is inside the shield and is not rigidly attached to the column 
members. Special consideration 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 I-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. An external latch 
provides restraint 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 
munition 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: 

-6*- 
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Figure 6-24 Sliding personnel door fe 
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where 
T. - i„ A-r . 1   rod 6-38 

Ti » angular Impulsive load 
ij, - reflected Impulse 
Aj - door area 
Pjj - radius from center of impulse load to the center of door 

rotation 

Assuming the product door to be initially at rest, the rotational velocity 
imparted to the door is given by: 

6-39 

where 

u - angular velocity 
^m - mass moment of inertia of the door about shaft axis 

The kinetic energy imparted to the door is given by: 

KE 

2  ,.2 

2  ' 21 n 
6-10 

The strain energy absorbed by a circular shaft is given by: 

where 

"s ■ T? ^Vs^' 

Ug - Strain energy ; 

Lg - length of the shaft 

C « shear modulus of the shaft material 

p. ■ radius of the shaft 

T„ - fflaxirouffl shear stress in the shaft 
9 

6-»»l 

Equating the kinetic energy of the rotating door to the strain energy in the 
shaft and solving for the shear stress yields: . • 

r   li / 2G 6-12 
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The computed shear stress In the shaft must be less than the dynamic shear 
stress of the shaft material, i.e.,: 

Tjj  <  0.55  f^y 

BLAST RESISTAHT HIMDOWS 

b-ii-i 

6-27 Q«n«r«l 

Historical 
fragments 
explosions 
often have 
Guidelines 
windows to 
triangular- 
guidelines 
equivalent 
wind loads 

recor'Js of explosion effects demonstrate that airborne glass 
from failed windows are a major cause of injuries from accidental 

This risk to life is accentuated in modern facilities, which 
large areas of glass for aesthetic reasons. 
are presented for both the design, evaluation, and certification of 
safely survive a prescribed blast environment described by a peak 
shaped pressure-time curve. Window designs based on these 
can be expected to provide a probability of failure at least 
to that provided by current safety standards for safely resisting 

The guidelines, which apply for peak blast reflected overpressures leas than 
about 20 psl, are presented in the form of load criteria for the design of 
both the glass panes and framing system for the window. The criteria cover a 
oroad range of design parameters for rectangular-shaped glass panes: 

2. 
3. 

Pane aspect ratio 
Pane area 
Pane thickness 

- 1.00 ^ a/b ^ 2.0 - 
- 1.00 p ab ^ 25 ft 
- 1/8 - T  - 1/2 inch 

where -"^m^i 
a » long span of pane 

b - short span of pane 
T- - thickness of glass 

U: 

,: -i-'i.-f,-'   -.1" 

The criteria are primarily for windows which are fully heat-treated, tempered 
glass. However, criteria are also presented for annealed glass in order to 
assess the life safety of existirig windows that were not originally designed 
to resist blast overpressures. 

6-28 Design Criteria for Glaslng 

6-28.1 Glazirg Materials ,      - •' 

Fully tempered glass and annealed glass as covered by this design criteria 
must conform to the requirements of Federal Specifications DD-G-1'{03B and DD- 
G-USId., respectively. Tespered glass must also ©eet the heat-treating 
requirements of ANSI Z97.1-1975. „,, .■..,„...:^..';, / ,:•■ ;./..■.,/.■:,;,..--n ,,^,..,,:v.^,,,/;^,..:^^..-,v:.,,,, 
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Annealed glass is the most coimnon form of glass available today.  It is also \' 
referred to as plate, float or sheet glass.  During manufacture, it is cooled \-} 
slowly and the process results in very little, if any, residual compressive <■''.', 
surface stress.  Consequently, annealed glass is of relatively low strength l^I.^ 
when compared to tempered glass.  Furthermore, it has large variations in       ' { 
strength and generally fractures into very sharp fragments.   For these I-/ 
reasons, annealed glass is not recommended for use in blast resistant windows. V- 

Heat-treated, tempered glass is the most readily available tempered glass on "?- 
the market.  It is manufactured from annealed glass by heating to a high '^ 
uniform temperature and then applying controlled rapid cooling. As the 
Internal temperature profile relaxes towards uniformity, internal stresses are 
created. The outer layers, which cool and contract first, are set in 
compression, while internal layers are set in tension. Is 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, precompression 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 annealed . , 
glass.  Due to the high strain energy stored by the prestress, tempered glass \^)     ' 
will fracture into small cubical-shaped fragments instead of the very sharp ' •"  '■ 
fragments associated with fracture of annealed glass. 

Serai-tempered glass is often marketed ns 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 glass, annealed glass with an embedded 
layer of wire mesh. Wire glass has the fracture characteristics of annealed 
glass. It also presents matal fragments as an additional hazard. Wire glass 
is not recommended for blast resistant windows. 

The design criteria for blast resistant windows presented here is restricted i-j 
to heat-treated, fully tempered glass meeting both Federal Specification DD-G- r> 
1103B and ANSI Z97.1-1975.  Tempered glass meeting only the requirements of v"^' 
DD-CT-TJOSB may possess a surface precompression of only 10,000 psi which can Iv- 
result In a fracture pattern that Is similar to annealed and seai-tempered f^- 
glass, and therefore is not suitable blast resistant windows. 

6~23,2    Design Stresses ■-_ ■ :■ i- ■ ^.'.'■^'':-:  '   'J, ■'■■"-■■';•'■ 
■  ■ ■-. — ■* -  - ' '    ■.  •  . , ^   - T''^' 

The design stress is the maximum principal tensile stress allowed for the K^' 
glazing.  The design stress has been derived for a prescribed probability of T : 
failure using a statistical failure prediction model developed by the American 
Society of Testing Materials (ASTM),  The n»del accounts for the area of v.% 
glazing (as it effects the size, number and distribution of surface flaws), II'.; 
stress intensity duration, thickness and aspect ratio of glazing (as It       * y: 
affects the ratio of maximum to minimun principle stresses In the glazing), y--     ^ 
degree of glass temper (as it affects the precompression stress In the PI  ' 
glazing), strength degradation due to exposure, and the maxiraum probability of 

:^. 2 
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failure required of the glazing. For the full range of design parameters 
previously sighted, the model predicts a design stress for tempered glass 
ranging between 16,950 and 20,270 psl based on a probability of failure equal 
to or less than 0.001 and a load duration of one second. Based on these 
results, a design stress equal to 17,000 psi has been selected for tempered 
glass. The model also predicts a design stress for annealed glass rangliig 
between 3,990 and t'),039 psi based on a conventional probability of failure for 
annealed glass equal to or less than 0.008. Based on these results, a design 
stress of 4,000 psl has been selected for annealed glass. 

These design stresses for blast resistant glazing are higher than those 
commonly used in the design for one-minute wind loads. However, these higher 
design stresses are Justified on the basis of the relatively short stress 
intensity duration (less than one second) produced by blast loads. 

6-28.3 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 illu- 
strated in figure 6-27. 

The glazing is a rectangular glass plate having dimensions previously men- 
tioned, poisson ratio, v - 0.22, and modulus of elasticity, E - 1 x 10 psl. 
The pane Is assumed to be simply supported along all four edges, wit^ no In- 
plane and rotational restraints at the edges. The relative bending stiffness 
of the support elements is assumed to be infinite relative to the pane. The 
ultimate static stress at failure, f^, was assumed to be 17,000 psl and 4,000 
psl for tempered and annealed glass, respectively. Ki 

The blast pressure loading is described by a peak triangular-shaped pressure- 
time curve as shown in figure 6-27. The blast pressure rises Instantaneously 
to a peak blast pressure, P, and then decays with a blast pressure duration, 
T. The pressure is uniformly distributed over the surface of the pane and 
applied normal to the pane. The method for determining the applied blast load 
is Illustrated in Volume II. 

The resistance function for the pane accounts for both bending and membrane 
stresses. The effects of membrane stresses produce a nonlinear stiffness of 
the resistance-deflection function (fig. 6-27). The ultimate 
deflection, X^ is defined as the center deflection where the raaxlmuffl principle 
tensile stress in the pane first reaches its ultimate stress. 

The model utilizes a single degree of freedom system to simulate the dynamic 
response of the glass (fig. 6-27). Damping of the window pane is included as 
5 percent of critical damping. Utilizing the design parameters for the 
ultimate (or failure) stresses for the glassing as stated above and for 
specific values of the blast duration, the model calculates the peak blast 
pressures required to fail the glazing by exceeding the prescribed probability 
of failure. The model assumes that failure occurs when the maximum deflection 
exceeds ten times the glazing thickness. 
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6-28.4 Design Charts ;'        "•■ 

Based or. this design model a series of design charts have been developed and 
are presented in figures 6-28 to C-iia. (figures are summarized in Table 6- 
6). These charts relate the peak blast pressure capacity of both tempered and 
annealed glass for various combinations of window length to height ratios and 
pane thicknesses. Each chart contains a series of curves for particular pane 
sizes. For each aspect ratio, the pane size is defined by the short pane 
dimension b, which is shown at the right of each curve. Figures 6-28 to 6-37 
apply to heat-treated tempered glass meeting tht requirements of Federal 
Specification 00-6-1^4038 and ANSI Z 97.1. Figures 6-38 to 6-i*2 aoply to 
annealed glass. However, due to the variation in the mechanical properties 
and fragment hazards involved with anr.ealed glass, these latter charts are not 
intended for design, but only for safety evaluation of existing glazing. 

The charts are based on minimum thicknesses of fabricated glass allowed by 
Federal Specification DO-G-^SId, however, the nominal thickness should be used 
when using the charts. 

The design charts cover a wide range of window geometries. They are presented 
for panes with aspect ratios of 1.00, 1.25, 1.50, 1.75 and 2.00 and nominal 
glazing thicknesses of 3/16, 1/1, 3/8 and 1/2 inch for tempered glass and 1/8 
and 1/1 inch for annealed glaos. The shorter pane dimension b, defining the 
pane size, ranges from 12 to 60 inches. For windows not conforming to the 
geometric conditions given, interpolation between charts is necessary. For 
the required load duration T and shorter pane dimension b, a curve of pressure 
versus aspect ratio is plotted for each glazing thickness. The required 
glazing thickness may then be determined for the given pressure and aspect 
ratio. Due to the limited number of glazing thicknesses available, the 
minimum glazing thickness required to withstand a given blast loading will, in 
many cases, be apparent by inspection. In several cases the charts indicate a 
pane to be slightly stronger than the preceding smaller size. This anomaly is 
a result of the dynamic effects and the migration of point of maximun 
principal stresses from the center of the corner region of the pane. In such 
cases, interpolation should be used between the two curves >*iich bound the 
desired value. 

6-28.5 Fragiaent Retention Films 

Most injuries are caused by glass fragments propelled by the blast 
overpressure vftien a window is shattered. Commercial products have been 
developed which offer a relatively inexpensive method to improve the shatter 
resistance of window glass and decrease the energy and destructive capability 
of glass fragments. The product is a clear plastic (polyester) film which is 
bonded to the inside surface of window panes. The film is used prioarily for 
retrofitting previously installed windows. Typical films are about 0.002 to 
0.001 inch thick polyester with a self-adhesive face. The film is referred to 
as shatter resistant or safety film. The film Increases life safety by 
providing a strong, shock absorbing, elastic type backing. The film will hold 
the glass in position even though the glass is shattered." If a complete pane 
of film reinforced glass is blown away from its frame by the blast 
overpressure, it will travel as a single piece while adhering to the film. If 
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.Table 6-6  List of Illustrations for Peak Pressure of Glass 

Type 
Thickness 

(in) 

LENGTH/HEIGHT RATIO { »/b) 

1.00 1.25 1.50 1.75 2.00 

1/2 6-28 6-30 6-32 6-34 6-36 

3/8 6-28 6-30 6-32 6-34 6-36 

Tempered 1/4 6-29 6-31 6-33 6-35 6-37 

■ 3/16 6-29 6-31 6-33 6-35 6-37 

Annealed 
1/4 

1/8 

6-38 

6-38 

6-39 

6-39 

6-40 

6-40 

6-41 

6-41 

6-42 

6-42 

For 1.0 < a/b < 25 ft*. 

12 £ b < 60 inches, and 

2 < T < 1000 ms 
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Figure 6-28 Peak blast pressure capacity for tempered glass panes: L/H = 1.00, 

TQ = 1/2 and 3/8 in. 
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Figure 6-29   Peak blast pressure capacity for tempered glass panes:    L/H = 1.00, 
Tfl = 1/4 and 3/16 m. 
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Figure 6-30 Peak blast pressure capacity for tempered glass panes: L/H = 1 2b 
Tq = 1/2 and 3/8 in.     • * * 
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Figure 6-31 Peak blast pressure capacity for tempered glass panes: L/H = 1.25, 
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a strong structural member or crossbar, which can be decorative, is secured 
across the opening, the glass will tend to wrap around the crossbar in a 
manner similar to a wet blanket and will prevented from being propelled across 
a room. In tnls configuration it will travel a shorter distance and the 
individual fragments will be less hazardous because of the shielding e^'fect of 
the film covering its sharp edges. Additionally, if a projectile strikes the 
film reinforced glass with sufficient force to pass through it, the glass 
immediately around the hole will ordinarily adhere to the film. The result is 
that any fragments broken free by the impact will be few in number and lower 
in energy content. Results from explosive tests demonstrate that the film is 
highly effective in reducing the number of air-borne glaas fragments. The 
film can be tinted to improve the heat balance and physical security of the 
structure. The film also protects the inner tensile surface of the glazing 
from scratches and humidity, thus reducing strength degradation of the KlazinK 
with time, ° °    . 

6-29   Design Criteria for Frames 

6-29.1 Sealants and Gaskets 

The sealant and gasket design should be consistent with industry standards and 
also account for special requirements for blast resistant windows. The gasket 
should be continuous around the perimeter of the glass pane and Its stiffness 
should be at least 10.000 psl (pounds/linear inch of frame/inch of gasket 
deflection). Analysis Indicates that the employment of a gasket stiffness 
below 10.000 psl will increase the failure rate of the window pane. The 
gasket should provide adequate grip as the glass pane flexes under the applied 
blast loading. Gaskets shall conform to the requirements of ASTM D-2000. 

6-29.2 Frame Loads 

The window frame shall at a minimum develop the static design strength, r  of 
the glass pane (table 6-7), otherwise, the design is inconsistent with ^rame 
assumptions and the peak blast pressure capacity of the window pane predicted 
rrom the design charts previously discussed will produce a rate of failure in 
excess of the prescribed failure rate.   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 
Presently, there is only qualitative information relating to the interaction 
of the frames and panes.  Therefore, until m,   e definitive data becomes 
available, the following criteria shall be used for design under the action of 
the applied static strength of the glass listed in table 6-7: (a) Individual 
frame members shall not exceed displacements of ^/26^  times their spans or 1/8 
inch, whichever is less,  (b) stress in any frame member shall not       i 
exceed fy/1.65 where f^ is equal to the yield stress of the frame material,       \ 

(c) the maximum stress in any fastener shall not exceed f /2 where f is the       i 

yield strength of the fastener, (d) the stiffness of the frame gasket shall be " 1 
at least equal to 10,000 psl (pounds/linear inch of frame/inch of gasket I 
deflection). * j 
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//.■ -^       /   ;   \ .^ 

The design loads for the glazing are based on large deflection theory, but the 
resulting design loads for the frame are based on small deflection theory for 
laterally loaded plates. Analysis indicates this approach to be simpler and 
more conservative than using the frame loading based exclusively on large 
deflection membrane behavior, characteristic of window panes. According to 
the assumed plate theory, the static ultimate load, r^^, of the pan-a produces a 
unit shear, applied along the long and short side of the pane equal to: 

V - C r b sin (IT X /a) S-HU 
X    X  u 

and 

where 

V - C r b sin (if y /b) 6-15 y   y u 

V » unit shear along the long side .■ i 
X / 

V - unit shear along the short side | 
y                                                             i 

C - shear coefficient for the ultimate shear along .1 
"" '      \ the long side of frame - 

C - shear coefficient for the ultimate shear along | 

the short side of frame j 

In equations 6-11 and e-lS, the values of x and y define the coordinates of ! 
points along the frame where the shear Is being determined. A graphical » : 
representation of x and y are illustrated in figures 6-27 and 6-13. The j 
values of C, and C„ are tabulated in table 6-8 as a function of a/b. 

.; 
In addition to the shear forces, each frame is subjected to a concentrated        j 
load at the four corners which causes uplift of the frame. The magnitude of 
the uplift force is defined by: 

where _ _        ;''-;■,  ,;; 

R « uplift force at each corner of frame 

C » force coefficient .     " 

The values of c^ are tabulated In table 6-8 for various values of ^/b. 
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Figure 6-43 Distribution of lateral load transmitted by glass pane to window frame 
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Table 6-8 Coefficients for Frame Loadipg 

a/b CR ^x S 
1.00 0.055 0.495 0.495 
1.10 0.070 0.516 0.516 
1.20 0.074 0.535 0.533 
1.30 0.C79 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 
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6-29.3  Reijound ''^ 

Vibratory action of windows will result in negative deflections after the fL 
maximum positive deflection has been obtained.  This negative deflection Is ■'', 
associated with negative forces which will require that both glass and frame >• 
be anchored to secure the window unit to the structure which otherwise would '^. 
be propelled outward.  However, rebound criteria are not presently available \'- 
for predicting the equivalent static uniform negative resistance,  r , that a n 

window must safely resist.  For long duration loads, the effects of damping \ 
will have been accomplished and therefore, rebound effects generally can be f*- 
neglected for load durations equal to or greatsr than approximately 100 f-! 
milliseconds. For short durations, however, damping will not be achieved and, &; 
therefore, rebound effects must be considered. The force developed by the 
rebound may be determined from figure 3~268. However, the use of this chart 
requires the determination of the period of vibration of glass which may be 
calculated using equation 3-60. The value of the equivalent stiffness. Kg, is 
equal to the stiffness of the pane in the elastic range which can be calcu- 
lated using the deflections obtained from figure 3-36 and the unit resistance 
of table 6-7.  The load-mass factor is determined from table 3-13 while the l^ 
unit weight of the glass can be taken as equal to 155 pounds per cubic foot. f 
Typical values of the modulus of elasticity, E, and poisson's ratio, v, may 5 
be taken as 10' psi and 0.23, respectively. -^ 

6-30   Certification i- « 

6-30.1 General : 

Certification tests of the entire window assembly are required unless analysis 
demonstrates that the window design is consistent with assumptions used to 
develop the design criteria presented in figures 6-28 to 6-142. 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. The number of samples beyond two may be required by the Owner. All 
testing shall be performed by an independent and certified testing laboratory 
with all results tabulated and submitted as part of the calculations. 

A probability of failure under testing of less than 0.025 with a confidence 
level of 90 percent is considered sufficient proof for acceptance and should 
substantiate a design probability of failure, under the design blast load of 
0.001.   ■ . . : 

6-30.2 Test Procedure - Hindow 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 by boundary conditions that simulate the adjoining 
structure. Using either a vacuum, a liquid-filled bladder, or a series of 
wood and styrofoao blocks in combination with a universal testing machine, an 
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increasing uniform load shall be applied to the entire window assembly 
and frame) until failure occurs in either the glacs or frame.  Fallui-- 
be defined as either breaking of glass or loss of frame resistance' 
failure resistance of the assembly shall be recorded to three signl 
figures.  The load should be applied at a rate of 0.5 r per minute 

corresponds to approximately one minute of significant stress rtui-ation 
failure.  Table 6-7 presents the static ultimate resistance of the 
which correlates with a probability of failure, equal to 0.001 and a 
load duration of 1 minute. 

(glass 
shall 
The 

ficant 
which 

until 
glass, 
static 

6-30.3 Acceptance Criteria 

The window assembly (frame and glazing) are considered acceptable when the 
arithmetic mean of all the samples tested, f, is such that:   .  . 

r > r 
- u 3 a 6-17 

where 

Py - static ultimate resistance of the glass pane 

3 " sample standard deviation 
a - acceptance coefficient 

i^ 

For n test samples, r is defined as: 

n 

6-18 
.j\ 

where r^ is the recorded failure load of the l*^** test sample.  The standard 

sample deviation, 3, is defined ass 

a "^ i.i ^''i-'') 
(n - 1) 

J/2 

6-19 

Convenience in calculation often can be obtained by employing an alternative 
but equal form of equation 6-19. 

s > 

r  n        n   J 

1-1 ^  " ^-1 i> 

^2 

(n - 1) 6-50 

The   minimum   value   of   the   sample   standard   deviation,   s,   permitted   to   be 
employed  in equation 6-I7 is: 

■96- I 
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If: 

r < r ♦ s B 6-52 

V 

!.'.1 

This assures a sample standard deviation •. nioh is no better than the Ideal 
tempered glass In 'deal frames.  Care should be exercised so that the sample 
or (n-1) standard deviation is computed instead of tht general population 
standard deviation.  The acceptance coe.T 1 jient, o, Is tabulated ir *,able 6-9 f. 
for the number of .--HmplfiS, n, tested. 

As an aid to the tester, the following infcrmational equation is presented to 
aid in determining if a^iditional test samples are justified. ^'. 

then with 90J c .ifidence, the design will not prove to be adequate with 
additional testi g. The frame should te redesigned and/or thicker glass 
used. The reje: .on coeffioient, 6, is ob^lned from table 6-9. If the glass 
assembly is upjr.-ided with thicker glass than required by the design charts 
(figs. 6-28 through 6-37) to resist a design blast load, it is net required 
to develop ti:o higher static ultimate resistance of the thicker glass. 
Instead, a statl>i load equal to twice the design peak blast overpressure, P, 
shall be resistcl by the window assembly. Thus the window assembly with 
glass, thicker ta_n required, shall be acceptable when: 

F W P > 3 a 6-53 

If equation 6-53 is not satisfied, and; t;! 

r < <; p ♦ 3 a r        . 6-51 

then with 90 oercent confidence continued testing will not raise the .. 
arithmetic mean of the failure load of the window assaobly, r, to the point of [•"! 
acceptance. *"-^ 

<.:•• 

6-30.4 Rebound  Vests K 

The window that passes the window assembly test is an accaptable design if the 
window assembly design is syiMjetrical about the plane of the glass or if the 
design blast loaJ duration, T, exceeds 100 msec. Otherwise, the window design --.- 
must pass a rebound load test to prove that the window assembly can develop iv- 
the necrfssary strength to resist failure during the rebound phase of ^^ 
response.  The rebound tests shall be conducted using a procedure similar to 
the window assembly tests, except that the rebound static ultimate resistance - 
shall be substituted for the value of the resistances of equations 6-17, 6-51 f"' 
and 6-52.  Also the uniform resistance is applied to the inside surface of 
window rather than the exterior surface as is the case with the direct 
loading.  The loading rate for the rebound force shall be the sane as the L 
loading rate of the direct loading. v". 
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Table 6-9   Statistical Acceptance and Rejection Coefficients 

3 

H 

Number of Acceptance Rejection 
Window Assemblies Coefficient Coefficient 

n a /3 

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 
1$ 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 

■98- 

,iia„^^ 



P. 

c-- 

■H? 

(■■'• 

fe 

i-< 

UNDERGROUND STRUCTURES 

6-31 Introduction 

Underground structures are not usually used for production and handling of 
"■^j- 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 
protection 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 

■M^ developed from it are given in the technical manual, "Fundamentals of 
Protective Design for Conventional Weapons," TM 5-855-1. The data presented 
may be expanded to include the design of structures subjected to accidental 

|/[ explosions. The pertinent sections are briefly summarized below. 

A typical underground structure used to resist conventional weapons attack is 
shown in figure 6-^4. 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 15 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 fig. 6-41). 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. ' 

JI 6-32 Design Loads for Underground Structures 

6-32.1 General 

The pressure-time relationships for roof panels and exterior walls are 
?o        determined separately.  For the roof panel, an overhead burst produces the 
j1        most critical loading while for an exterior wall a sldeburst is critical. A 
p!, general description of the procedure for determining the peak pres3ia-es and 
|V        their durations is given below.  For a more detailed description, including 
^^^        the required equations, see TM 5-855-1. 
>J *■ ■  • 
>: 
^ ■ ■■   ^   , ;. >. ^^ ■ ■  ■ .  ■ 
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The raagnltiide of the ground shock is affected by: 

1. The size of the explosive charge and Us distance from the 
structure; 

2. The mecnanical 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 detonation. 

The stresses and ground motion? are greatly enhanced as the depth of the 
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 that of a fully buried burst. A single coupling 
factor applies to all ground shock parameters and depends on the depth of the 
explosion and whether detonation occurs in soil, concrete or air. 

6-32.2 "oof Loads 

A typical roof load (shown in fig. 6-^5)  consists of a free-field pressure P 
\^ and a reflected pressure P^,.  The reflected pressure occurs when the free- 
}    '    ■ field pressure impinges on the roof panel and is insUntly increased to a 
%• higher pressure.  The amount of increase is a function of the pressure in the 
"j free-field wave anJ the angle formed between the rigid surface and the plane 

>; of the pressure front.   However, TH 5-855-1 suggests that an average 
reflection factor of 1.5 is reasonable. 

^ The pressures on the roof of an underground structure are not uniform across 
;-;. the panel, especially If the depth of the explosion is shallow.  However, in 
;V -- order to use a single-degree-of-freedom analysis, a uniform load Is required 
5;-;! and hence an average uniform pressure must be determined. TH 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 
J 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 i3 positioned directly over the 

center of the panel. The average free-field and average reflected pressures 
-I- are calculated as described above.  The duration of the pressure pulse also 
2I varies across the roof panel and a fictitious average duration t must be 
/.. determined. TM 5-855-1 recommends calculating the duration of the peak free- 
J;> field pressure pulse at a point located one quarter of the way along the short 
r'r 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 5-855-1. The duration is 
found by assuming a triangular preasure-time relationship.  The duration of 
the average reflected pressure t^ is given in TM 5-855-1 as a function of 

fV either the thickness of the structural elesaent or the distance to the nearest 
>"' '■''ee edge of the structure. The smaller of the two numbers should be used in 
•V *      analysis. 

■'•V -  . : 

■>^ *  ■ ■   ■     '    . ■: y;.-     ■■■-.;■,-■■..'.     - ■  ■ ■ 
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Figure 6-45   Typical roof panel  load 
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6-32.3 »^il   Loads 

The design loads on an exterior wall are determined using the procedures 
described in Section 6-32.2 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 (average reflected pressure, average free-field 
pressure, durations and time of arrival) are determined separately using 
procedures very similar to those described in Section 6-32.2. The total 
pressure-time history is equal to the superposition of the three waves as 
shown in figure 6-^6. The superposition results in a very complicated load 
shape. The response charts of Volume III are not applicable for such a shape, 
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 tht 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 (fig. 6- 
16). 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. . 

6-33 Structural Design ■ 

6-33.1    ffall and Roof Slabs ,       .    " ■ 

The structural design of underground '^uctures is very similar to the design * 
of aboveground structures as descr:..i-_ in Volume IV. The effect of the soil I 
is to modify the response of the stiuctural 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 i 
period of vibration.  In the case of a wall, it is assumed that the mass of 1 
two (2) feet of soil acts with the mass of the wall. Whereas for a roof, the ■ 
entire mass 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 weapons attack 
should be designed for a ductility ratio of 5.0, as recoraiaended 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 ductility ratio of 10.0 is permitted for underground structures 
subjected to accidental explosions. 

Spalling is 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-iJ7, are of some value in protecting personnel and 
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Figure 6-47    Spall plate 
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equipment. These steel plates must be securely anchored to the Inside face of 
the concrete member. Tests ha"e shown that thf> shock of a deep penetrating 
detonation to be enough to cause inadequate welds to fail over a ]?rge area 
adding the whole steel plate to the concrete spall. A strongly atUched plate 
adds about 10 percent to the perforation resistance of a concrete slab. For a 
further discussion of backing plates, see Volume IV. 

6-33.2    Burster Slab 

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 dete-rained by a trial and error procedure in order to 
limit pressures en the structure to a given value. However, the minimum 
dimensions are shown in figure 6-U4. The minimum reinforcement is 0.1 percent 
in each face, in each direction or a total of O.H  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. 

6-31 Structure Notions 

6-31.1    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 horizont.il motions are uniform over the 
entire floor irtiile vertical motions at the leading edge are twice those at 
midspan. 

Once the peak In-structure acceleration, velocity and displacements have been 
determined an in-structure shock spectra can be developed using the princioles 
of Volume II of this manual. 

6-31.2    Shock Isolatxcm SysttiKS 

Volume I presents the upper limits of the shook environment that personnel and 
equipment can tolerate. If the shock environment exceeds human tolerances 
and/or equipment "fragility levels" then shock isolation systems are requi-ed 
to protect personnel and sensitive equipment. Using the shock spectra 
developed as described above, shock isolation systems are designed as outlined 
In Sections 6-I3 through 6-19. 
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EARTH-COVERED ARCH-TYPE HAGAZIHBS 

6-35 General 

Certain types of earth-covered concrete-arch and steel-arch niagazlnea have 
been approved and standardized for use by the Department of Defense Explosives 
Safety Board, These magazines provide deflnltiv 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 number 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 errth- 
covered magazine is not designed to resist the damaging effects of its 
exploding contents. It is accepted that the magazine »iill 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 cf the 
ground; therefore, the major portion of the rrotectlon is provided by the 
receiver magazines rather than the donor magazir-,. 

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 requried. Thi3 
evaluation must include the leakage of blast pressures into the protected 
area, the strength and attachment of easily damaged or lightly supported 
acoessoples which may become hazardous debris, the transmission of shock to 
personnel through the walls or floors, and overall movement of the magazines. 

6-36 Description of Earth-Covered Arch-Type Magazines 

A typical earth-covered arch-type magazine used for storing explosives has the 
following features: 

1. 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. 

M.  A reinforced concrete headwall that extends at least 2-1/2 feet 
above the crown of the arch. 
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7. An optional gravity ventilation system. 

8. Earth cover over the top, sides and rear of the structure  Thf, 
cover mast be at least 2 feet thick at the crown of the arch. The ea't^ aJoJe 

relZulr^ ^^''''" f' 'P^'"« '^"^ '' ^^^^ ^''^^ ^"<^ between the head and 
fhf i / ^ ^^°P'^ ^°'' ^^^i"3ge while beyond the outline of the structure 
the earth is sloped 2 horizontal to 1 vertical. structure 

9. Its own built-in lightning protection and grounding systems. 

A typical earth-covered steel arch magazine is Illustrated in figure 6-^8. 

6-37 Separation DlaUncea of Standard Magazines 

oerirof'Si.ff'' ''"'" °' ''""'"'■" magazines have been performed over a 
estaSished llcr'tn/' ' '"'"'' ""^""'"^ separation formulae have been 
established,  which  will  prevent  magazlne-to-magazine  prooaKation  of 

Jld'e-to-slde 'Jearr^''^ ''f' ''''' arrangements hav'e been consTdered:"l.e! 
^if .1 1 ; '^^^'^-to-'-ear. front-to-rear. etc. The standard magazines which 
t? ^ . T ^^"i^^l«"t m strength to those'tested, are listed in the D^D 
Standard. "DoD Ammunition and Explosives Safety Standards. 6055.VsTD" ^e 
?tTrt7 , separation distances, ae a function of the quantity of explosi^s 
stored in the structure are also given In the DoD Standard. A Joss We 
magazine arrangement is shown In figure S-«»9. possiDie 

6-38 Design 

tn  ro../: "^^^ 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 directlonalize the explosive force both upward and 
outward from the door end of the magazine. ^ 

no„.^. J: '"'^ Z^-" ^''°""^ ^"'^ °^®'* receiver magazines resists fragment 
penetrations and provides mass to the arch to resist the blast pressures! 

^«.,= .H "^/'^f ^''*^^ °^ receiver magazines la capable of resisting blast loads 
considerably In excess of the dead loads normally Imposed on It. 
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Figure 6-48 Typical earth-covered steel-arch magazine 
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6-39 Construction 

Effectiveness of earth-covered magazines Is largely determined by the quality 
of conctruction. A few of the construction details that could be sources for 
problems in this type of structure are discussed below. 

6-40 N<m~Standard ISagasioes 

-in- 

!T 

u 
Design of prest-ntly 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-^8.  However, they provide almost no resistance to 
the effects of an explosion within the magazine.  Also, the capacity of the 
doors to resi:.: elastic rebound and negative phase pressures may be less than 
their capacity to resist positive phase pressures. Therefore, where personnel 
are concerned, all doors should be analyzed to determine their ultimate 
capacity to tejlst all the loadii.gs Involved.   The arcl.es used for the 
standard earth-covered magazines are the same as those ui^ed in the test 
structures to establish the required separation distances.  Tf.ese arches have ^-" 
not been dynaiTiically designed for the blast loads and may be in excess of that 
required. 

L 

Moisture proofing of any earth-covered structure is usually difficult.  This -^ 
difficulty is Increased with a steel-arch structure bncanse of ths many lineal f* 
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 bo used that w^ll not deteriorate or excessively deform under any 
anticipated ftnvironmental 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 ensrgy absorbent over the 
top of the oagazine. 

Lightning protection is rather easily obtained in a iteel-arch structure. All 
sections of steal-arch plate must be interconnected so that they become 
electrically continuous.  In a concrete-arch magazine, the reinforcing steel 
must bH interconnected.  In effect, a "cage" Is created about the oagazine 
contents.  Probably the most critical point for lightning protection is the f 
optional ventilator stack which projects above the surrounding earth cover. h 

Non-standard earth-covered magazines, that la magazines not listed In DoD •, 
Standard 6055.9-STD eay also be used for explosive storage.  However, if a f 
"non-standard" earth-covered magazine or an abovcground magazine is used the ? 
separation distances must be Increased. The DoD Standard 6055.9-STD Includes y' 
the increased separation distances, as well as other criteria, for "non- K 
standard" earth-covered and aboveground magazines. 

1 



BLAST VALVES 

6-41 General 

6-11.1 Applications 

A prlraa concern of blast resistant structures is to restrict 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 protecti-e 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. Kethods for predicting the pressures leaking 
out of a building and the pressure buildup within a building are discussed in 
Volume II. 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 negative pressures and then reopen when 
pressures return to normal. 

6-11.2 Reraote-Actuated l^alves 

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 to 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 circuajference at a 
predetermined radius from the valve (closer to ground zero) in order to 
compensate for time delays of electrical and mechanical control equipesent 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., **ich cay occur 
with flash sensors. 
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1;:; Remote-actuated valves present problems of protection against raultlbursts and 
|-;1 button-up time for combustion-type equipment Installed within the structure. 
tfc ,       In addition to problems of hardenability of the exposed sensor and suitability 
j for multiburst operation, it Is often necessary for sensors to Initiate 
// reopening of the valves as soon as dangerous pressures have subsided.  In 
jl-^"" general, remote-actuated valves can not close fast enough to be effective 
i*N '       during an H. E. explosion. 

'-■ 6-11.3 Blast-Actuated Valves 

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 autoaatically 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 openir^s 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 at all pressures below the design 

I'.-'" . pressure, operational and structural reliability, minimum of moving parts, 
v\ low-pressure drop through the valve at normal ventilation or combustion air 
v;        flows, multiple detonation capability, durability, and easy maintenance. 

J^ Altnough instantaneous closure is not physically possible, the closing time 
can be reduced sufficiently to reduce the leakage to insignificant values. 

i\\ This may be accomplished by increasing the activating pressure-force-to- 
rO        moving-mass ratio, decreasing the length of travel, permitting no deceleration 
|-'/        during closure, and other methods. 

¥1 6-*1.4 Plenums .- 

■?'*« 

:i 

Blast valves, especially blast-actuated valves, will allow some pressure 
leakage. While the leakage pressure may not 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 cay 

2 be used tc protect against these high pressures. Two examples of plenums are, 
* <; a plenua chamber and a plenum constructed of hardened duct uork. A plenum 
:. i 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 6-41.1). For a donor structure, a plenum 
;J        would only be necessary if contaminants are released during an explosion and 
M ■ .„■■ •,. • 
-y.y  • ■ • .■ 
M.' ■ .■ 
^■/ ■■■,:■■.-,.,   ..-.-,■■ 
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V; the air must be filtered before being vented to the exterior. In that case, a 
K plem-w would be used to lower the pressures and prevent damage to the 
%m filters.  A plenum in an acceptor structure would be used to prevent high 
p leakage pressures from directly entering the building's air duct system and 
i"- possibly causing local failure of the system. 

1^ 
|-> Plenum chambers should be designed to avoid a buili ip of interior pressure 
Is '^'^ic'i woul'i impede closing of the v.lve. The ratio of the area of the chamber 
iL °''°^^   section to that of the valve outlet should be preferably greater than 
Jl t:! 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 
I-!- tunnel wherein entering pressures would encounter little attenuation in the 
I-* length provided. 

6-41.5 Fragment Protection 

To ensure that blast valves function properly, they must be protected from 
fragments that may perforate the valves or Jam them in an open position. One 
of several methods of accomplishing the required protection is by offsetting 

K; the opening from the blast valve by means of a blast-resistant duct or tunnel 
^ which would prevent the propagation of fragments to the blast valve. Another 
M 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. 
is 
f-: 6-*2 Types of Blast Valves 

^ 6-'l2.1 General 

\\ Various types of blast valves have been developed and many of thea are 
*> available commercially from suppliers both here and overseas (see table 6- 
>I '•0)« fof present designs, air flow rates from about 300 cfm to 35,000 cfm can 

"'■'2 ^6 Obtained.  Some valve designs are available in more than one size and can 
^ be either blast or remote-actuated. The pressure loss across the valve at the 
:t[. rated air flow is, in most cases, less than one Inch of water. 
r-. 
£• The maximum incident pressure capability of available valves is above 50 psi 
I'- ftitl generally at least 100 psi.  For shelter purposes, these valves may be 

■^ overdesigned since the protection level for many shelters will be less than 
J 50 psi.  Except for cost factors, using a lOO-psi valve for a lO-psl shelter 
|r design should not necessarily present technical problems since a valve must 
I-: operate at all pressures below the maxiiaua design level. 
t;- The best type of actuation (blast or remote) depends partly on the design 
■-- pressure as previously discussed with regard to reaction time and operational 
K considerations.  FOP 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. 
^ ■■ ■ :.'            .       „..,'.'     :..  .'   ,   ■ •          -■■ '                 ■,•:,-.         -. 

.^          '   -  ■ -  '  I .-'■'.        ■■-.         : ,■  "  "            .,.,'"'-'■'.'" 
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6-12.2 Blast Shield 

If it can be assumed that the ventilation system can be closed 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 especially useful for an exterior 
opening which would only be opened periodically, such as maintenance 
facilities where the release of toxic fumes from within the structure is 
required. 

6-12.3 Sand Filter 

In shelters where normal operational air requirements are small, sand filters 
are useful in the attentuation of leakage pressures. With this type of filter 
the pressures continue to increase throughout the positive phase. Thus this 
filter is good only for loads with a relatively short duration. A' sketch of a 
300-cfra sand filter is shown in figure 6-50. 

6-42.1 Blast Resistant Louvers 

The blast resistant louver shown in figure 6-51 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 fig. 6-52). 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 
Ho percent leakage across the valve, especially at lower pressures. 

6-42.5 Poppet Valves 

6-42.5.1 Applications, A poppet valve has many advantages. It has few 
UK), ing'parts which might need repair. It can be blast or remote-actuated, 
la-ching, 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 railliseccnds, making it the only valve that reacts fast 
enough to be used In a contalmaent cell. 

A typical blast-actuated poppet valve is shown in figure 6-53.  The valve i 
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 i 
operations. The normal air flow is around the actuating plate. A blast load i 
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 6-54. In this valve the normal I 
air flow is around the actuating plate through a length of duct. When the j 
valve is subjected to a blast load, the pressure starts moving the actuating j 
plate while at the same time flowing through the duct. The length of the duct | 
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 
expansion chamber may be used to delay the blast. 

•116- 



O     CO— 
lU     3— 

o LU (r '^ z 

"!^^o •V^     CD CO •-C?."^^ 

I 
I 

< 
I 

< 

o 
o 
(0 

.-, i CO 
^^ ris gy 
H^   2„^ g_, 
^g s^ ^lii 
~«- J55 ^fc 

-117- 

1. 
Of 

1 
M 

u 
o 

4= u 

in 
I 

3. 

J 
4. 

-I 



»C\ 

m t-< 

111         - 

552 
2^ 

«    4- 
J     ° 

u - < 

\     OH 
X 

SJ ^ 

3 
♦» 
U 
■a 
I 
♦». M 

in 

3 

•U8- 

-^.v*:v»r ric-.---r<L'-^^-.«^T^ri.■-K-rv^vT.xc^v^T^v^.   .Tf r^ii^ ^.<:ri-.- "y.^;.>riT^ r.:r;:<vr^^.>T.y. r.^^. •.>.<-.•. .-.^. ^. 



ii^^ 

I-BEAM 
(TYR) 

EXPLOSION 
PROTECTION 
VALVE (TYP) 

ELEVATION 

Figure 6-52 Arrangement of multiple louvers for a large volume of air 
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Figure 6-53 Typical blast-actuated poppet valve 
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6-12.5.2 Recommended Specification for Poppet Valves. Presented below la 
an exaisple 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 accor^vjice with this specification shall 
comply with the following codes and standards. 

1.1 Federal Specification (Fed. Spec.) 

TT-P-37D Paint, Alkyd Resin; Exterior 
Trim, Deep Colors 

TT-P-6'<5A Primer, Paint Zinc Chromate 
Alkyd Type 

TT-P-86G Paint,  Red- Lead-Base, 
Ready Mixed 

1.2 American Society for Testing and Materials (ASTM) 

A 53-81 a Pipe, steel Black, 
and Hot-Dipped, 
Zinc-Coated, Welded 
and Seamless 

D 2000-80 Rubber Products In 
Automotive Appli- 

^    cations. Classi- 
fication System 
For 

E-709-80 ,     Magnetic Particle 
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 " 

I.'* American Iron and Steel Institute (AISI) 
301 17-7th 

1.5 American Welding Society (AWS) 
D.1.1   Structural Welding Code (latest edition) 
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2.  SUBhlTTALS:  The following information shall be submitted  for [,• 

approval.  Materials shall not be delivered to the site until approved shop f' 
drawings have been returned to the Contractor.   Partial submittals, or 'J; 
submittals for less than the whole of any system made up of interdependent r* 
components will not be accepted.  Submittals for manufactured items shall be h 
manufacturer's descriptive literature, shop drav;ings, and catalog cuts that A. 
Include the manufacturer's dimensions, capacity, specification reference, and rj 
all other information neceisary to establish contract compliance. J 

t* 

2.1 Qualifications: The Contractor shall submit for approval, data to 
support the qualifications of the manufacturer and installer.  A list of i^ 
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. t* 

2.2 Manufacturer's Data: Before executing any fabrication work, a f 
completely marked and coordinated package of documents sufficient to assure ^ 
full compliance with the drawings and specifications shall be submitted. The ^ 
submittal shall include a complete technical evaluation of the capacity of S 
each valve as described below. The drawings shall include: detailed jj 
fabrication and equipment drawings; assembly showing the complete y 
Installation, including methods for supporting the valves, aubframes and t 
frames; a listing 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 tf 
installation of valves and frames in conjunction with other phases of S 
construction. Structural fabrication drawings shall conform to the ^ 
requirements of AISC and welding shall conform to AWS. Assembly and I 
installation shall be based on field established conditions and shall be fully J 
coordinated with architectural, structural, and mechanical systems. All if 
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 listing, 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 
Contracting Officer stating that the items have been tested with the specified 
organization's methods and that the item conforms to the specified 
organization's standards. 

2.3 Preliminary Hydraulic Characteristics: Prior to Construction, 
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 adjustmants 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. 

-123- 



•:•. 

2.1* Teats and Teat Reports: Except as noted otherwise, the testing 
requirements for materials stated herein or incorporated 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 the same type, quality and manufacture as that furnished for 
this project. 

2.5 Blast pressure analysis calculations and/or results 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 components of 
the valves and subframe subjected to the blast pressures. Calculations 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 responsibility 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 f*' 
covered by this section of the specification, the Constractor shall submit the 
names of the welders to be employed on the work together with certification 
that each of these welders has passed the qualification test using procedures 
covered in AWS Standard D1.1. 

2.7 Operational and Maintenance Manual: Operation and maintenance ' 'fj 
manuals shall be furnished by the Contractor. Complete manuals shall be U 
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. 

•?•< 

■ I, 

3.  MATERIALS 

3.1 Structural steel pipe used for blast valve construction shall *N 

     '    ■                                             P 
-      r-r-     —wv.      »v^.       >y^uoi.      •oj.ic     «.uiloi>l Uk:blUli     oiiaix '■i» 

conform to ASTM A 53 seamless pipe. ij 

3.2 All structural steel plate components of the valve shall consist 
of stainless steel and shall conform to AISI SOU. 'r'.'i 

3.3 Spring type components shall consist of sUInless steel and .-^^ 
conform to AISI 17-7th, Condition C. j^ 

»-, 
3.'» Blast Seal Material: Seals for blast valves shall conform to ASTM ^S 

D 2000. .-^. 

e 
r:0 
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>i.       BLAST VALVE RKQUIREMENTS: All blast valves shall be poppet type and 
Shall have the fcUowlng characteristics. 

H.) Pressure capacity: Each valve shall be capable of withstanding a 
sustained blast pressure of 100 psl as well as the impact force produced by 
the c'osing of the valve. The valve shall be designed to sustain elastic 
deformitlon when subjected to the above loacis. The blast valve shall be 
capable of closing under a force of 15 pounds. 

U.2 Temperature Capacity: Each valve shall be capable of satisfactory 
operation over a temperature range of 35° to 300*^ F. 

^.Z 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. 

t.'l Valve Parameters: A minimum of 12-lnch diameter blast valve shall C, 
be used. After the valve is closed by the blast overpressure, it shal' rer:aln 
in the closed position until manually opened. This shall require tha'. 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 immediately adjacent to the p" 
interior of the valve. Any penetration through the valve or the structure i»i 
must be capable of being sealed against bias'- leakage through the pene- 
tration. 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 
eicher 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. 

iJ.5 Blast Seals:  Blast seals shall be provided between the face of        .;• 
each valve and subfrarae and between the subframe and the frame to provide a        ^1 
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. r.' 

•l.S.I 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. 

M.S.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. 

1.6 Field Reaoval: Blast valves shall have the capabilities of being 
completely field removed and disassembled. 

5.  FABRICATION: 

»•. 
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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 testing of complete 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 and 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 accesdories 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 D1.1. A welding 
sequence to reduce distortion and locked-up stresses to a miniraum 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. Permanent 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 
shall be accurately and neatly made. All full penetration groove Joints shall 

|X ^^  back-chipped and back welded where both sides are accessible. Where both 
i;; sides are not accessible, backing strips not exposed to view may be left in 
|J place unless removal is required for clearance.  Backing strip not removed 

■0 shall be made continuous by welding ends and junctions. 

f-; 5.3.3  Weld Tests: Inspection and tests of welds shall be as 
€i specified in AWS Specification D1.1. All welding shall be subjected to normal 
I*. contlnouous Inspection. 
>•, •     ■      .    •    ■ 

I 
I 
5^ 

5.3.3.1 Nondestructive dye penetrator testing shall 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 D1.1. 

5.3.3.2 Penetration Welds: All full or partial penetration 
corners, tees and inaccessible butt joints shall be subjected to 100 percent 
ultrasonic exaaination. All penetration Joints shall be considered to be 
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tension Joints. All tests shall be perfonced by a testing laboratory approved 
by the Contracting Officer. The testing laboratory shall be responsible for 
interpretation of the testing, which shall be certified and submitted in a 
writv-en report for each test. In addition to the weld examination performed 
by the Contractor, the Contracting Officer reserves the right to perform 
independent examination of any welds at any time. The cost of all Government 
reexamination will be borne by the Government. 

5.3.3.3 Correction of Defective Welds: Welds containing defects 
exceeding the allowable which have been revealed by the above testing shall be 
chipped or ground out for full depth ani rewelded. This correction of the 
defected weld area and retest shall be at the Contractor's expense. 

5.^    Metal Cleaning and Painting: 

5.1.1 Cleaning: Except as ncdified 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 surfaces which become contaminated with 
rust, dirt, oil, grease, or other contaminants shall be washed with solvents 
until thoroughly clean. 

5.'*.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, bare metal 
surfaces. 

^^ 5.'<.3  Priming: Treated surfaces shall be primed as soon as 
1^ practicable after the pretreatment coating has dried. Except as modified 
|lv , herein, the primer shall be a coat of zinc chroraate primer conforming to Fed. 
f-;- Spec. TT-P-6I5, or a coat of red lead paint, Type I or Type "7 conforming to 
*>I Fed. Spec. TT-P-86G, applied to a minimua dry film thic;v.ie.»? of 1.0 mil. 
^-^ Surfaces that will be concealed afte ctnauruction and will require no 
^ overpainting for appearance may be primed "ith a coat of asphalt varnish, 

applied to a minimum dry film thickness of '.0 mil. Damage to primed surfaces 
shall be repaired with the primer. 

^ 
J. 

t:-: 
S.*!.** Painting: Shop painting shall be prowidef* for all metalwork, 

K\ except for non-ferrous metals and corrosion resistar -r^^ils and surfaces to 
!g be embedded in concrete.  Surfaces to be welded f  . not be coated within 
-j three inches of the weld", prior to welding. All machined surfaces in contact 
Is with outer surfaces and bearing surfaces shall not be painted. These surfaces 
j^^ shall be corrosion protected by the application of a corrosion preventive 
|I"> compound.  Surfaces to receive adhesives for gaskets sha'l not be painted. 
|-;' Surfaces shall be thoroughly dry and clean vrtien the paJi  is applied.  No 
^ painting shall be done in freezing or wet weather except, under cover; the 
fi temperature shall be above 45° F but not over 90° F. Paint shall be appliedi 
fr'i In a workmanlike manner and all Joints and crevices shall be coated 
|V thoroughly. Surfaces which will be concealed or inaccessible after assembly 
K-" '      shall be painted prior to assembly.  Paint shall conform to Fed. Spec. TT-P- 
t-3 37D.                                        ... 

i "    ^^^-/V^•■■ ^: -.;■■ .^-:-.-,,^::- ■'■^.■::-  '--..-■■/.     ■;. /..■,: 
5^" ■■"-■■   ■'-'■..                                                               ... 

P '                                                                '■•-.■■■.             ..:■-, 

I \ /■■^■:VV.:.;:■■■::-^^^^^      -^ -•■■■■■:  ■■,■.■'::■■ 
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6.  BLAST VALVE TESTS: 

l^'". 6.1 Response Tests: The following static and dynamic response shall 
^ he performed to demonstrate the blast resistant capabilities of the bl^-st 
1^ value design. These tests shall be witnessed by the Contracting Officer. 
i.i- 
|-/. 6.1.1  Closure Time Test: Prior to shipment to the site, the 
|rl~- Contractor shall perform a test to demonstrate that the closure of the blast 
C;-; valve will not exceed the 20 milliseconds specified.  A suggested method for 
jl recording the valve closure is with the use of a high' speed camera. 

I'.; 6.1.2  Static Pressure Test: Prior to shipment to the site, the 
I".- Contractor shall perform a pneumatic test to demonstrate the static capacity 
^v; of the blast valve design. The valve must sustain the pressure of 100 psi for 

■y a Qinimum of two hours. The total pressure loss during that period shall not 
fn exceed 1 psi. 

fS 6.1.3  Dynamic Pressure Test: Prior to shipment to the site, the 
•'■ Cont'''"Otor 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 stresaes produced by the 
fe 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. 

l^. 6.2 Test: After Installation, a trip test shall be performed and 
^y deiaonstrated 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 
t"" characteristics of each valve and provide the necessary corrections ami 

.- adjustments as stated previously. 

l1 ■-■.--. ■ •' 
i?» SHOCK ISOL&TIOM SYSTEMS 

6-*3 Introauctlon 

>*' Previous sections have presented nethods for the prediction of blast and 
^ fragment effects associated with the detonation of H. E. explosives and the 
>?* design or analysis of structures to withstand these effects. In the design of 
Y'* shelters, an ieportant part of the design process is to insure the survival of 
K*' personnel anu "    Ipssent.  It is possible that the structure could withstand 

the air blast ? ground shock effects but the contents be so severely daaaged 
by structu. . jxttlons that the facility could not accomplish itr Intended 
function. A slrallar problem Is In the design of shelter type structures that 

•126- 

.-jTvffiiut ^rjc\«yrfL'wc-.v\cv*Tjcijcvsr»*r.«LRicSA~*"'jjs 



houses sensitive explosives. These explosives must be protected fro.a 
structure motions since these motions could result in Initiation of the 
explosive. This section deals with the protection of vulnerable components 
from structure motions due to air blast and ground shock. 

6-11 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 attenuatv'^d to 
levels tolerable to personnel and to be various pieces of equipment useo in 
the facility. A second consideration in some cases is to reduce the magnituve 
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 rattle space requirements consistent with system 
effect!veneso and cost. 

Minimize coupling of horizontal anu verticle motions. 

Accommodate a spectrum of inputs of uncertain waveforms. 

Limit the number of cycles of motion of the Isolated body. 

Support the system under normal operating conditions without 
objectionable motions. 

Maintain constant attitude under normal operating conditions. 

Accomodate changes in load and load distribution. 

Maintain system vibration characteristics over long periods of 
time. 

10. Interface properly with other components or parts. 

11. Require mii.imuia maintenance 

S-iSS Structure Motions " '"' v  i - 

Ground shock results from the energy v*iich 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 forss of ground shock wSien 
imparted to a structure will cause the structure to isove in both a vertical 

■%?v»:xKrsr,-5^v3a3ttXE?r.-T^ap!vrtv;vrvii:vr\^ 
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and horizontal direction. Movement of the structure imparts motions to Itena 
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 
3ingle-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 is presented in Volume II 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 Volume III of this manual using ' 
the parameters given in Volume IV ana V for concrete and steel, 
respectively. Maximum displacements, velocities, and accelerations of these 
elements can be determined in a straightforward manner. These quantities can 
be used to determine effects on items attached or located near walls or roofs. 

6-^5 Shock Tolerance of Personnel and Equipaent 

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 equipment car. either be ruggedized to 
increase its shock tolerance or it can be shock isolated. There are practical        I 
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 structure. i 

■■■.--■ '  '  ■       .     1 
6-*l6.1 Personnel j 

The effects of structural motion:? on personnel depend on the lEagnitude, ' 
duration, frequency, and direction of the motion, as well as their position at j 
the time of the loading.  The shock tolerance of personnel is presented In I 
Volume I of this manual. i 

6-46.2 Equipment j 

In many cases, the need for shock isolation of equipment must be established j 
before detailed characteristics of the system components are established. | 
Further, because of the constraints of procurement procedures, shock Isolatioit f 
systems must be designed and built prior to specific knowledge of the 1 
equipment to be installed.  In such Instances, the choice lies between ] 
specifying tnininum acceptable shock tolerances for the new equiprnent or using \ 
whatever data is available for similar types of equipment. 

The most practical means of determining the shock tolerance of a particular 
item of equipment la by testing.  However, even experimental data can be of < 
questionable value if the test input motion characteristics differ greatly 
from thrse that would actually be experienced by the equipment. Since testing 
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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 Volume I of this manual. 

6-17 Shock Isolation Principles 

6-17.1 General  Concepts 

A fall treatment cf 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 Volume III. 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 6-55. The figure represents the simplest case, that of a single- 
degree-of-freedora 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-freedora system shown in figure 6-55 can be used to 
illustrate the Importance of some of the parameters affecting the 
effectiveness 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 

f|j is given by 

f .;_ (386^;^ 

where 

fjj - natural frequency of vibration 

K - unit stiffness of spring 
H « wei^t supported by spring 

When the frequency of the disturbing motion f i3 se^ll coiEpared to ttie natural 
frequency f„ of the single-desree-cf-freedom system, the displaceaent of the 
mass is approximately equal to the displacec^nt of the base. l^en the 
frequency of the base motion is several times that of the systeor, the ootion 
of the @ass is a small fraction of the base option. k'hen the ratio of 
frequencies becoae large (20 to 30), the system can not respond to the base 
iQOtion to any significant degree. At frequency ratios near one, large motions 
of the mass are possible and the' sagnitude is strongly affected by the amount 
of damping in the system. 
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Figure 6-55    Idealized model of shock isolated niass 
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One obvious shock Isolation approach I3 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 inpose 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 isolatio.. jystem equal co one) is obvious. The 
structural motions resulting from an H. E. explosion are not steady-state 
sinusoidal in nature. However, these motions are of an oscillatory type and 
the displacement-frequency relationships discussed above are approximately 
applicable. A more detailed discussion of the effects of load duration, non- 
linear springs, damping, and system frequency on response can be obtained froa 
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 satisfied, the system 
must be altered and the analysis repeated until the criteria are satisfied. 

i 

6-I7.2 Single-Mass Dynamic Systems 1 

A single mass system can have six degrees of Treeiom, that Is, translation in : 
three orthogonal axes and three rotations. The system can also be classified I 
as coupled or uncoupled. | 

A coupled system is one in which forces OP displacements in one mode will 1 
affect or cause a response in another mode.  For example, a vertical ' 
displacement of a single rigid mass might also cause rotation of the mass. An I 
uncoupled system, on the other hand. Is one i*iere forces or displacements in ] 
one mode do not generate a response in another mode.  If the system is < 
completely uncoupled, base translations in any one of the three orthogonal ' 
directions will cause translations of the mass in that direction only. 
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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 V ■' 
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 
unconstrained 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 6-56, 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 tne 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 6-56 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, horlzonUl 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 
slngle-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 Qaxiraum responses would 
neglect differences in phasing and should represent an upper limit of the 
actual motions.  It is recommended that the square root of the sum of the I 
squares of the maxlmums (root mean square values) be used to represent a I 
realistic maxiraum response since it is unlikely that response will occur ' ' 
simultaneously in all modes.  Superposition of modal response is approDriate ] 
for elastic systems only. •-•-«- j 

A dynamically balanced shock Isolation system offers advantages other than a ^ 
simplification of the computation effort.  A balancea system results in j 
reduced motions during oscillation. As a result of the absence of coupling of I 
modes in a balanced system and the usually snail, If any, rotational inputs to I 
the system in protective construction applications, rotational motions of the 1 
shock isolated mass will be minimized.  This is particularly important for i 
large masses where small angles of rotation can result in large displacements | 
at locations far from the center of gravity. • 

Because of the advantages of a dynamically balanced system, various approaches 
are taken to Blnimlze coupling of modes. One criterion is that frequencies In 
the six EKJdes should be separated sufficiently to avoid resonance between 
modes. Because of the Importance of mlnlmlzng rotational modes of response, 
it Is suggested that extremely low stiffnesses In these modes should be 
avoided. 
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Figure 6-56   Shock Isolation system 
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For the analysis of multiple degrees of freedom, single-mass systems where the fi 
various modes of response are coupled, the modal method of analysis or [' 
numerical intogration techniques can be utilized.   The modal method of [; 
analysis requires solution of simultaneous equations of motion to determine ' i 
characteristic shapes and frequencies of each mode and is limited to the f- 
elastic case.  The numerical techniques do not require prediction of mode P 
shapes 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 Ir" 
utilized to analyze the system.  While an in-depth discussion is beyond the i 
scope of this manual, a complete discussion of these methods can oe found in ' 
publications listed in the bibliography. v; 

6-^7.3   shock Isolation Arrangements •.• > • 

6-47.3.1 Individual    versus   Group   Mounting,       The two basic approaches to i 
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 the P 
requirements of the most critical item.  In some oases, where the shock f* 
tolerance of the vanious items differs greatly, a combination of the two A 
approaches may be the most effective solution. Although the relative location a 
or size of some items may make individual mounts the more practical approach L 
in certain cases, group mounting will generally be as reliable and the least v 
costly solution. V 

:•! 
V 

Where personnel must be protected, a platform is the most practical :] 
solution.  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 ^ [5 
not required to be mobile, but rather may be able to remain seated while k 
operating the equipment during hazardous periods, the shock tolerance of the li 
personnel are greatly increased.  This increased tolerance will reduce the 3 
shock isolation requirements while at the same time affording a higher degree f 
of protection for personnel since they are protected from the unknown ?< 
consequences of falling. <* 

i 
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 f 
number of items there is a greater flexibility of controlling the center of h 
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 ' tS 
lower. 
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1.  The size, weight, shape and location of the center of gravity of 
the suspended mass; 
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g_jjY_3,2 PlAtform   Characteristics.      /^   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 tj 
the center of gravity of the total mass to coincide with the elastic center of VT 
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 clastic axes. This uncoupling can be 
accomplished by 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 riay be altered Independently v; 
about the elastic center in the x and y directions. If for practical reasons 
the ballast cannot be located symmetrically about a principle axis, then the 
two directions must be considered simultaneously. 

Providing additional ballast in excess of that requried to balance the plat- [ 
form provides for future changes in equipment or the addition of new equipment 
without actually changing the isolation system. 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 eqipment changes, it is suggested that additional ballast 
equal to 25 percent of the weight of the equipment and the "equired 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 frequency of the spring 
mass system.  When large, heavy items of equipment are involved, platforms |^ 
meeting this stiffness criteria may not be practical.  In such cases, the ;^ 
platform equipment configuration should be treated as a multi-mass system. •-• 

♦It 
6-47.3.3 Isolator  Arrangements.      There are many ways to support a shock ^•• 
isolated item.  Some desirable features have been discussed previously in /r 
connection with dynamically balanced systems. The isolators may be positioned ^ 
in many ways.  The more important factors affecting the selection of an .- 
isolator arrangement are: ;"" 

r 

'0 

2. The direction and magnitude of the input motions; J 

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 v 
nonlinearities; I 

I 
^ 



k.      Coupling of modes should be minimized; 

5. Static and dynamic instability must be prevented; 

6. It is desirable in most oases, and necessary in some, that the 
system return to its nominal position; 

7. Space available for the isolation system; and 

8. Type of isolation devices used. 
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Some of the more common isolator arrangements are shown in figures 6-57 and 6- •'.■ 
58.  The systems shown are assumed to have the same arrangements of isolators ".' 
in • a plane through the center of gravity (e.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 T 
figure 6-56, is probably the least common of all suspension systems. ^■'. 

6~'*7.3.'' Base-Mounted   Isolation   Systems.       In figure 6-57a, the mass is 
supported on four m)   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 coupling between horizontal displacements 
and rotations about horizontal axes.  This arrangement and that shown in 
figure 6-57b are appropriate in those cases where there are no convenient 
supports for horizontal isolators. 

The arrangement of figure 6-57b is preferred since the line of action of the 
Isolators can be directed towards the e.g. of the mass to allow decoupling of F* 
some modes.  As in the case of figure ' 6-57a, the isolators must possess NJ 
adequate stiffness in axial and lateral directions to insure stability under 
static and dynamic conditions. 

r. 

f-: 
«•.. 

'.'. 

In figure 5-57c, 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 e.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 e.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 V" 
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-*7.3.5  Overhead   Pendulum   Shock   Isolation   Systems   Using   Platforms.      Two 
arrangements of overhead pendulum shock isolation devices using platforms to tr^ 
support the sensitive components are shown In figure 6-58. 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. K'- 
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Figure 6-57 Base-mounted Isolation systems conflguraiton 
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Figure 6-58 Overhead pendulum shock Isolation systems using platforms 
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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 awing. Gravity provides the 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 pendulum is a function of the 
length of the pendulum and is given by: 

where ■ '     . 

fjj - natural frequency of vibration 

• L » length of pendulum 

Each pendulum arm includes an isolator which establishes the stiffness of the 
system in the vertical direction. These isolators can introduce 
nonlinearities and coupling between the pendulum and vertical spring nodes. 

1%; The system is linear for small angular displacements, that is, when the 
1^ angular change 9 of the pendulum arm from the vertical position is 
31* approximately equal to the sine of the angle (9 - sin 9). The system can be 
I/" considered uncoupled if the pendulum frequency is not near one half of the 
|v vertical spring frequency. If the pendulum frequency is in the vicinity of 
I"-' one half the vertical frequency, the interchange of energy between the modes 
r.' can lead to pendulum motions greatly exceeding those predicted by linear 
'^ '     assumptions. 
M 
py In a shock spectra maximum displacements occur at low frequencies, maximum 
5.-'! ' velocities at intermediate frequencies, and maximum accelerations at hi^ 
>'; frequencies.  Since most pendulum systems have low natural frequencies, they 
k!< are displacement sensitive.  These systems attain maximum displacements and 
Si minimum accelerations.  Consequently, they will normally require greater 
M rattle space than other systems while at the same time providing maximum 
f.^ protection against horizontal accelerations at minimum costs.  It should be 
^> realized that for H. E. explosions, maxiEum displacements are comparatively 
K: small and can be accoffimodated.  One of the main advantages of overhead 
pji pendulum systems is that they do not require horizontal stiffness elesients. 
?'J^ Their attractiveness is greatly diminished in those cases requiring horizontal 
M damping because of large motions. 

The swivel joint attaching the pendulua arm to the platform determines the 
location of the horizontal elastic axis of the system. Figure 6-58b 

|-'! Illustrates two ways of varying tha point of attachment of the pendulum arm to 
^Ji the platform. The horizontal elastic axis is raised to coincide with the 
JI4 center of gravity of the suspended nass at the equilibrium position and help 
t'j minimize coupling between modes of response. At the left side of the platform 
K<-' *^6 isolator is contained in a housing rigidly attached to the piatfora. At 
Vj!; , the right side, a structural member is rigidly attached to the piatfora aiid 
^" '       the isolator is included in the pendulum ara. 
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|--! In addition to supporting personnel and equipment, overhead pendulum systems 
|!;- can be used to shock-isolate building utilities.  Individual utility runs may 
I-; be isolated or several different utilities may be supported on a single 
"^ platform.   A single platform may cover an entire room and all building 
;^N services may be supported.  They would include a hung ceiling, lighting 
yl; fixtures, utility piping, HVAC ducts, electrical cables and process piping. 
^S Of course, flexible connections must be used when connecting the services to 
*1\ the building or equipment. 

1 

.^ 

^ 

V 

6-48 Shock Isolation Devices 

6-48.1 Introduction 

i'- A fundamental element of every shock isolation system is some sort of energy 
I' storage or energy dissipative device.  These devices must be capable of 
^ supporting 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 

C\ these devices include: 

1. The dynaalc 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 transmission 
of high frequency actions to the supported mass. 

3. The frequency of the isolator should remain constant with changes 
in load, uhat is, its stiffness should vary in direct proportion to 
the load it supports. This allows the system to remain dynamically 
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 
applications possess these characteristics in varying degrees. Any real 
isolator has some isass, and in sorae applications, the mass can be quite large 
and must be considered in the final analysis. Nonlinear force-displacement 
characteristics are often accepted to gain sorae other advantage. In energy 
dissipative systems, it may be necessary to provide other means of restoring 
th^ system to its original position. In general, most devices are some 
compromise combination of the desirable features which best suit the 
particular design situation. 

The Inclusion of energy dissipative (dasping) devices in the isolation system 
offers several significant advantages, that is, damping can: 
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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; 

1.  Decrease the sensitivity of the system to variations in input 
motions. 

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 lew frequency components of input notior.s but 
can increase the severity of high frequency components. Also, a danping 
device could prevent the system from return'ig to its nominal equilibrium 
position. Thus, care must be exercised in eltl - designing a system employing 
isolator devices possessing inherent damping cha icteristics 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 H. E. 
explosions, 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 (fig. 6-59) 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 isolation 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 tho 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 
characteristics 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 
diameter, 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-^8.2 Helical Coil Springs 

A helical coil spring is fabricated from bar stock OP wire which is colled 
into a helical form. Figiire 6-59 illustrates several spring mounts. 

The helical coil spring has numerous advantages and comparatively few 
disadvantages.   The ad^ntages are that the spring is not strain-rate 

;.-i "       sensitive, self-restoring after an applied load has been rersoved, resists both 
> axial and lateral loads, linear spring rate and requires little or no 
I maintenance. For most applications, the coil spring usually requires a larger 
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Figure 6-59 Helical compression spring mounts 
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space compared to other available shock Isolators, and the spring cannot be 
adjusted to compensate for changes in loading conditions. If the weight of 
the supported object is changed, it Is necessary t i either change the spring 
or add additional springs. For most purposes, the helical coll spi'lng can be 
considered to have zero damping. If damping is required, It must be provided 
by external means. 

Helical coll springs may be used in either 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 snock isolation applications, coil springs are generally used 
in compression. 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 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 force required to buckle the spring. 
If space is at a premium, the energy storage capacity may be increased by i 
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. 
This can be accomplished in various ways, but the most common approach in the ; 
case of helical coil springs is to prevent inelastic action of the spring. "i 

i 

Helical coil springs are capable of resisting lateral load.  While it is ..,   I 
possible to use springs in this application, care snould be exercised. There i 
are possible arrangements which avoid subjecting the springs to this type of j 
loading. | 

^ i 
While the actual design of the helical coll spring is done by the i 
manufacturer, the engineer must be certain that the springs he is specifying ! 
can actually be obtained and the "jpace 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 suggested that available 
manufacturer's data be used for this purpose. 

6-*}8.J 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 torsion lever which is part of the torsion spring system. A typical torsion 
spring shock isolation system is illustrated in figure 6-60. 

Since the axis of a torsion spring is normal to the direction of dlsplaeesent, 
it can be used advantageously when space In the direction of dlsplacei^nt is 
limited. Torsion springs havs linear spring rates, are not strain-rate 
sensitive, are self-restoring, and require little or no maintenance. 
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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. 

6-18.4 Pneumatic Springs 

Pneumatic springs are springs whose action is due to the resiliency of 
compressed air. They are used In a manner similar to coil springs. The two 
basic types are the pneumatic cylinder with single or compound air chambers 
and the pneumatic bellows. The pneumatic cylinder Is shown schetratlcally in 
figure 6-51. ' 

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 which 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 variable orifice controlled by 
differential pressure between chamber and reservoir; 

S.      A nearly 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; 

, t.  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 
construction. They have a limited life span In comparison to mechanical 
springs and must be maintained. Also these springs provide resistance for 
axial loads only. 

6-48.5 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. 
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Figure 6-61   Schematic of single and double acting pneumatic cylinders 
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T>ie configurations of liquid springs are divided into three major classes ;-,"j 

6-48.6.2 Belleville Springs. Belleville springs, also called Belleville 
washers or coned-disc springs, are essentially spring steel washers which have 
been formed into a slightly conical shape. A typical Belleville spring is 
illustrated in figure 6-63. 
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L 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 compression of the 
li'jcjid in the cylinders.  Schematics of the tension and compression types are 
shown in figure 6-52. The co.npound spring is merely a more complex mechanical *!;} 
combination of the two basic types.  The tension type is the more common in J^j 
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- \i 
restoring and can absorb larger amounts of energy. They are highly sensitive 
to changes in temperature and fluid volume changes.  Because liquid springs d 
normally operate at high pressures, high quality, close tolerance seals are  .       1-J 
required around the piston.  Friction between the seal and piston provides *■ n appreciable damping and increases the spring rate from 2 to 5 percent. Liquid 
springs are high pressure vessels requiring high quality materials and pre- I'I'j 
cislon machine work, and as a result, they are expensive.  However, they are r* 
difficult to equal as compact energy absorption devices. rl 

6-48.6 Other Devices t.^ 
■   h 

6-48.6.1lntroduction. The helical, torsion, pneumatic and liquid springs are i<i 
the fflofe common types of isolators for larger masses. There are other devices f^ 
especially suited for particular applications and smaller loads.  Some of ^ 
these isolators are discussed below. 

t 
The main advantage of Belleville springs over other types of springs is the K 
ability to support large loads at small deflections with mimlmum space h* 
requirements in the direction of loading.  They are useful in applications t^ 
requiring 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. '^ 

t 
6-48.6.3 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 tv;o basic configurations are the simple 
spring with one element and leaf springs with multiple elements. Flat springs rj 
normally require only a limited amount of space in the' direction of 
displacement and provide linear, non-strain-rate sensitive and self-restoring 
spring. They require little or no maintenance. Single eletasnt flat springs 
can be' considered to have no damping while leaf springs will exhibit some 
damping due to the friction between individual elements. 
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J,: ; £i<»5to/.or Springs. Solid elastomer springs are made from 
rubberliKe material.-s. They arc often called shock mounL:-. because of their 
^If^/T.'" ^""f i:^oUtion applications.  They are normally used In medium to '-J 
light duty applications and represent an economical solution to the i.'jolation 
or small ite.-ns of equipment. However, these springs will allow only small 
displacements. These springs are fabricated from a wide variety of natural 
and synthetic rubbers and compounds and in numerous si/.es and shapes to 
satisfy a wide range of applications. Becsuse of the range 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 will require little space and 
exhibits good weight to energy storage ratios. Use of these springs requires 
consideration of the operating environment. The desirable properties of some 
elastomers can be significantly degraded when exposed to low or high 
temperatures, sunlight, ozone, water or petroleum products. 

The response of elastomeric springs Is nonlinear in most applications because 
SirJ "f^^f^^ stress-strain properties of elastomers. The springs are 
self-damping because of the viscoelastic properties of the elastomers. They 
»n^ ^ ,^/^?^^ ^" compression because of bonding limitations. These 
springs will only permit comparatively small displacements. 

6-^9 HardiDOunted Systems 

Some items of equipment do not require shock isolation because the predicted 
™°H\vf < ""!''' ^"^"^   °^   attachment to the supporting structure does not 
tnnn^lf   .     tolerance. Those items can normally be hardmounted to the ' H 
been <,ni?i.f'^? ?'. ^ ^^^^'"°""t is a method Of atuchment which has not N 
been specifically designed to provide a significant reduction in the input i'v' 
motions to the equipment. Since all methods of attachment exhibit some flexi- '   ^> 
bility. there is no precise division between shock Isolators and hardmcunts. L":", 

™oi?ffL^^f e^V'^l ""'^^ """^^^^ ^"P"'^ "^"^^^"^ ^° ^°"^ ^eS'-ee- However, the N'J 
Si! f ?"-° , ''"'' motions produced by hardmounts will generally be small f^ 
While shock isolators can greatly affect these motions. ^ 

\°^!'}''^^^   ^°   ^^°°'' isolation systems, hardmounted systems will normally        ■•-:■' 
!^^I^ ^"^^r^!^/'"^''"^"''^^-"' ™°^ ^^^^^'^  '^^^" «^^°3e corresponding to the lower        "/"-U 
TrrtL   .y,     T'""" °'  '^' s^PPO'-tlng structure. Although this characterisUc 
l/rZLT. ,^^^  °^  '^^^"°^'' rattlespace. it also provides for the more        '' 
m^Mni ? transmission of higher frequency components of the suport structure 
tuP.? . 1   ^,"^°'^^ "^"'- '^^""' '"^  "°"" ^PP^^'' that a more exact str!^- 
IZli  Sr   '^f^^ .^  required for hardmounted systems in order to include higher 

Sn^i Ji^      J ^^^^'^  ^^''^""^ °^ ^^^^y  i" "'°"nt design and equipment       '.---<1 
de3?«ns  I'^or; "°"fr'.' '"'' "" "'^P''°""' °^" '^^'^ '°  unrealistic attacKt        H 
?tmi?3 ^he fund!Jn^»f ^^ ^'"''°^°'' ^' ^° °*^°°""' °'' '^^^^S"' attachments which limits the fundamental frequency of the hardmounted system. A lower freouencv -. « 
system provides some attenuation of higher frequency Inpit JtiTns. and re-        <i 
TrlVT.  P°^^i^ility Of resonance with high frequency motions resulting frL        - '^ 
natural frL?^''^? r'''^'" structural elements. Although the cholcf o7l 
anS thi ZlT      I  r^^ f^P'"^ °" ""^^  properties of the supporting structure 
?S2o cvow   "^'' equipment, fundamental frequencies in the ran|e of 10 to 
1000 cycles per second are reasonable for most applications. 

>.-i 
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The approach chosen for hardmount design Is normally a combination of higher 
safety factors and tne use of lower frequency systems. The design will be 
based upon considerations of cost, importance of the Item supported, the size 
and weight of the Item, and the consequence of failure of the atUchnen't 
system. 

The use of shork spectra to define the Input motions of hardmount systems Is 
considered adequate for final design of all slrple hardmount systems of a non- 
critical nature. It is also 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 a more exact dynamic analysis wherever practical. 

6-50 Attachments 

6-50.1 Introduction 

In a shelter type structure subjected to air blast and ground shock effects, 
all interior contents must be firrr.ly attached to the structure. This attach- 
ment insures that the building contents will not bj dislodged and become a 
source of injury to personnel or damage to critical equipment. The building 
contents would Include not ony equipment which is either shock isolated or 
hardmoutned (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, elecirlcal cables, light fixtures and electrical 
receptacles. ' 

6-50.2 Design Lodds 

An object subjected to a shock loading produces an inertial force which acts 
through its center of gravity. The magnitude of this force is given by: 

Wa 

where 
F - Inertial force 

W - Weight of object 

a ■ acceleration in g's 

Accelerations may be imparted to the object in one or more directions pro- 
ducing inertial forces in the respective directions. These inurtial 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 obUined by considering the static equilibrium of the system 

--■p 
■•-1^ 
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APPENDIX 6A  ILLUSTRATIVE EXAMPLES 

Problem 6A-1 Kasonry Wall Design 

Problem:  Design a reinforced masonry wall for an exterior blast load. 

Procedure: 

Step 1.  Establish design parameters; 

:r^ 

■5 

a. Pressure-time loadirig. 

b. Structural configuration including geometry, support conditions 
and type of wall (i.e. reusable or non-reusable). 

Step 2. Select masonry unit size and the size and type of reinforcement. 
Assume the distance between the tension and compression 
reinforcement (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 
compress!ve strength of the concrete may be Ignored. See Section 6- 
8.3). 

Step 'J. 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 U and the equations of table 3-1 (if the 
wall is a one-way spanning eleaent) 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 I^,. 
Calculate the moment of inertia of the cracked section I^, using 
equation 6-7 and the value of d^ from Step 2. Determine the average 
moment of inertia, using the values of I„"and 
equation 6-6. 

from above and 

Step 7.  Calculate the modulus of elasticity of the masonry unit E^^^   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 
stiffness. For a two-way spanning wall, use the methods of Section 
3-13 to calculate the equivalent elastic stiffness. 

n 
A-1 

Si 
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I'v Step 9. Determine the equivalent elastic deflection using the ultimate 

* ■•'- resistance (Step 5), the equivalent stiffness (Step 8) and equatior. 
3~36. 

Step 10. Find the load-mass factor K,^,, for the elastic, elasto-plastic and 
plastic ranges from table 3"l2 or 3-13. Average the values of K, „ 
for the elastic and elasto-plastic ranges. Average that value with 
the K,„ for the plastic range to find the value of K, „ to be used 
^°^   the elment.  Calculate the unit mass of the masonry unit and 

r".- multiply the unit mass by K^^ to obtain the effective unit mass of 
>V the wall. n 
>.; step 11. Calculate the natural period of vibration from equation 3-6O, the 
|.;-; effective mass from Step 10 and the equivalent stiffness from'Step 

I"""- " 
Step 12. Determine response chart parameters: 

i t< 

■A 

% 

i 
rt 

i 
1/ 

a. Peak dynamic loading P (Step 1). 
b. Ulitmate resistance r^ (Step 5). 
c. Duration of load T (Step 1). 
d. Natural period of vibration T^ (Step 11). 

% Calculate the ratio of ultimate resistance to peak dynamic loading 
|-> .       ^"^xj^")  and duration of load to natural period (T/T„).  Using these 
f.-) ratios and the appropriate figures (figs. 3-54 through 3-266) 
!••. determine the ductility ratio X„/Xt.. 
E-*, ID  C< 

^ Step 13. Compute the maximum deflection X^, by multiplying the ductility ratio 
J by the elastic deflection of Step 9. From table 3-5 (for a one-way 
K , spanning wall.  For a two-way spanning wall use table 3-6) and the 

^ *"■• ^^^"® °f ^m' ^^"^ ^"^^  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 lij. Determine the ultimate shear stress at djj/2 from the support. Using 
equation 5-4 or 6-5, compute the area of shear reinforcement 
required for the above shear stress. 

Step 15. Using X^/Xg and T/T^ (both values from step 12) find the rebound 
resistance from figure 3-268. With rebound resisUnce 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 
reinforcement from step 3. 

Exauq>le 6A-1 Hasonry Hall Design 

Requirej: Design a Joint reinforced masonry wall supported by steel columns 
for an exterior blast load. 

Jfej>t<*iEi»t;ia4!>ateia».a3a-^ ^IIA. t-jij^skJ£Ma.}ygfei^iijSriia^^ 



Solution: 

Step 1.  Given: .  a 

a. Pres3ure-time loading (fig. 6A-1). 

b. Wall spans in one direction only, is rigidly supported at both 
ends, and has a clear span between colurms of 150 inches. The 
wall is part of a reusable structure. 

J 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 d^ = 10" for this type of reinforcing. 

For hollow concrete masonry units the static compresslve stress (f ) 
is 1350 psi. For joint reinforcement the yield stress of 70,000 psi 
is increased 10 percent to 77,000 psi. 

Step 3.  Calculate dynamic design stresses of the reinforcement; 

a. Dynamic Increase factors 

flexure: 1.17 
shear:  1.00 

b. Dynamic strengths 

4 ■ 

^3 
1^: 

•-■V 

flexure f^j - 1.17 X 77,000 
- 90,090 psi 

shear   f^j - 1.0 X 77,000 
- 77,000 psi 

Step k.      Determine the ultimate moment capacity of the wall. 

a.  Calculate the area of reinforcement per unit width of the wall. 

^', Use one layer of reinforcement between every masonry unit 
|v •  Joint, therefore 8 Inches o.c. 

;^ Ag - 0.0206/8 - 0.0026 in^/in       -. . .  - - ; 

^- b.  Ultimate moment capacity Ceq. 6-2). 

v ■•■■: % ' *3Vc 
^ ; - 0.0026 X 90,090 X 10 

■jy '/ _ - 2342 in-lbs/in 

,1^1 - Step 5.      Calculate ultimate resistance (table 3-1) 
• ^    _8(Mj,.Mp) 

: ^ "    CT- 
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AT COLUMN 

(C) 
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- 6(23'<2 ♦ 23^2) 

» 1.66 pal 

Step 6.  Find the average moment of Inertia. 

a. Moment of inertia of net section (table 6-3). 

For a 12 inch unit 

I^ - 83.3 in''/in 

b. Moment of inertia of cracked section (eq. 6-7). 

Ig » 0.005 X d| 

0. 005 X  10^ 

5. 0 in''/in 

ige moment o 

In ^ Ic 
2 

83 .3 +5.0 
•    2     • 

kU .2 InVin 

Step 7.  Compute modulus of elasticity of the masonry unit (eq. 6-1). 

E_ - 1000 f' in       in ■ , •, 

- 1000 X 1350 

- 1.35 X 10^ psl >. > .: 

Step 8.  Determine the equivalent elastic stiffness (table 3-8). 

- 307 X 1.35 X 10^ X 14.2 

15?* 

- 36.19 psi/in 

A-5 
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step 9. . Calculate the equivalent elastic deflection (eq. 3-36). 

■^ 

- 1.66/36.19 

- 0.0tl6 in 

Step 10. Calculate the effective unit mass of the wall. 

a. Find the average load-mass factor K^  (table 3-12) 

Elastic K^^  - 0.77 
Elasto-plastic K^w - 0.78 
Plastic K^^  - 0.5b 

For limited plastic deflections 

Kjj^ - [(0.77 + 0.78)/2 + 0.66]/2 = 0.72 

b. Determine the unit mass of wall. 

Using table 6-1 

W -  [(16 X 12) -2(ij.25 X 9)]    X    150 pcf - 0.627 psi 
13 123 

a - w^ - 0.627 °  1622.7 psi-ms^ 
8      32.2 X 12 X 10"^ i" 

c. Calculate effective unit mass, 

nig - KL„m 

- 0.72 X 1622.7 '■■■' 

- 1168.3 psi-ms^/in 

Step 11. Determine the natural period of vibration (eq. 3-60). 

T,^ - 2n(mg/Kg)^''2 . ::^'   ,  1 J. - 

- 2n(1l68.3/36.19)^'^^    . : ■ J 
,''':,''■'.:     -  35.7 ms  :     •  '. ".\ : ']''.   -' 

step 12  Determine the response of the wall. 

a.  Calculate design chart parameters. 

^/^f^ - 100.0/35.7 =■ 2.80 

Ty/P - 1.66/2.0 - 0.83 

A-6 
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b.  From figure 3-51 

V - \^h 8.0 

Step 13. Check support rotation. 

a. Compute maximum deflection. 

- 8.0 X 0.016 

- 0.368 in 

b. Calculate support rotation (table 3-5) 

0 tan"'' (2X^/L) 

■1, tan '(2 X 0.368/150) 

-   0.28" 

c.  Compare rotation with criteria. 

From tcble 6-2 

e > 0.5' > 0.28°        O.K. 

Step 11. Design shear reinforcement. 

a.  Calculate shear force d^/2 from support. 

V, u Pu(L-dc) 

- 1.66(150-10) 
■  2 . •. . ■ ^ 

- 116.2 lb/in 

b.  Find net area of section from table 6-1. 

Ap - 2b X Face thickness/b 

- 2 X 8 X 1.5/8 V- 

<               - 3.0 in^/in 

0.  Compute ultimate shear stress (eq. 6-3) 

V V « u 

A-7 
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116.2 

d. 

3.0 

- 38.73 psi 

Find area of shear re inforcement requ ired (eq. 6- -H) 

Assume s - M". 

A . ^"''^ "v   - 
*fy 

- 38.73 X 8 X y 
0.85 X 77,000 

- 0.0189 in^ Use No. 8 G age 

Use 3 legs of No. 8 gage wire at ^"  o.c. between each cross rod. •. 

Step 15. Design rebound anchor ties. * 

■        f a. Find rebound resistance force. * 

T/T^ » 2.8 

Xjj/Xg   -   8.0 r- 

From figure 3-268 . 

p~/ry - 0.17 

r" - 0.17 X 1.66 

- 0.78 psi 

b. Calculate rebound shear at support 

Vp - r"L 
2 

- 0.78 X 150 

- 58.5 lb/in '     . .   I 

c. Required area of anchor reinforcing I 

^dy 

58.5    -   0.00065 in^/in 
90,090 

A-8 
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Problem: 

Procedure 

Step 1. 

Step 2. 

Step 3. 

Step >^. 

NOTE: 

Step 5. 

Use one anchor between every masonry unit Joint, t^ierefore 8" o.c. 

Ap - 0.00065 X 8  . 

- 0.0052 In^/anchor 

UsP 3/16" diameter triangular ties. 

Problem 6A-2 Design of Prestressed Precast Element 

Design a prestressed precast element for a given blast load. 

Establish design parameters: 

a. Pressure-time loading. 

b. Material strength. 

c. Span length. 

d. Static loads. 

e. Deflection criteria. 

Select a standard precast section from the PCI Design Handbook or 
manufacturer's catalogs. Also select a standard strand pattern. 

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 DIP and the static stresses. 

From Volume IV 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 prestressing 
tendons, calculate the modular ratio. 

If the section has a flange (e.g. a single or double tee section) it 
must be designed according to the principles of Volume IV. The 
flange is a one-way, non-prestressed slab spanning between webs. 
The critical section is usually a cantilever. - 

Calculate the properties of the section: 

a.  Gross area.   •■.■.■". ■       .- - '. ■'''i -r.-• 

Gross raoaient of inertia. 

Unit weight. " > - 

k 

P 
i. 

I i 
N 

i 

i 

«-» 

^ .o—". ^ « 



d. Distance from extreme compression fiber to the centroid of the 
prestressing tendon, d^. 

e. Area of prestressing tendons. 

f. Prestressed reinforcement ratio (eq, 6-23). 

Seep 7. With the reinforcement ratio from step 5e, the average stress in the 
prestressing tendon and the value of 6^ from step 6, and the dynamic 
Strength of materials from step 3i check that reinforcement ratios 
are less than the maximum permitted by equation 5-30 or 6-31. 

Step 10. Calculate the moment of inertia of the cracked section I , using 
equation 6-33f the modular ratio from step H and the area of 
prestressing tendons, the value of dp and the prestressed 
reinforcement ratio from step 5. Using this value of I^, and the 
gross moment of inertia of step 5b, find the average moment of 
inertia from equation 6-32. 

Step yH.    Determine the response chart parameters: 

b.  Natural period of vibration Tjj (step 13). 

I 

I 
Step 6.  Given the type of prestressing tendon, determine Y .  Using the r.. 

dynamic concrete stress from step 3, calculate 8.,.  using equation * L'. 
6-27, 6-28 or 6-29 and the values of Y and B^ from above, calculate -'^ 
the average stress in the prestressing tendon. 

N', 

Step 8.  Using the area of reinforcement and the value of d from step 5, the i, 
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 5-21), 

Step 9.  With the equations of table 3-1 and the moment capacity of step 8, Ic, 
calculate the ultimate unit resistance.  As precast buildings are f^, 
only subject to low blast pressures, the static loads become 
significant. To determine the resistance available to resist the 
blast load/ subtract the static dead and live loads from the 
ultimate unit resistance. {!•• 

t 

I Step 11. Using the equations of table 3-8, the modulus of elasticity for 
concrete from step >i  and the average moment of inertia from step 10, 'Vl 
calculate the elastic stiffness of the section. S"-! 

■■j*' 

Step 12. Determine the load-mass factor Kj^j^, in the elastic range for the j"I-i 
• appropriate loading condition from table 3-12. Also, calculate the l 

;  ^ ;  unit mass of the section and multiply it by Ky^ 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     "   j^-^ 
T|,j, of the section. ^ 

■   ■ ■■     ..- ■     ■ • ■ . ■  V 
..■,■..■.:-■■.,   ^ y 

a.  Duration of load T (step 1). • • •■. -  - ,.1  J : * ^"^ 
y: 
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t 

Calculate the ratio T/T^ and using this ratio, determine the dynair.'c 
load factor DLF from figures 3-''9 through 3-53. Section must remain 
elastic, and hence the actual resistance obtained by the elemen*: 
(which is equal to the peak dynamic load from step 1 roultlpUed by 
the DLF) must be less than the resistance available. If the section 
does not remain elastic steps 1 through 14 must be repeated. 

NOTE: For bilinear loads, calculate the ratio of the peak dynamic load P 
to the resistance available. Using P/r^ and the value of T/Tw 
calculated above, enter the appropriate response chart (figs. 3-6'< 
through 3-266) and find the ductility ratio X^/Xg. 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 X^^ by adding the dead and 
live loads (step 1), and Lhe resistance obtained by the structure 
(step H) 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 
1e. If comparison is satisfactory continue with step 16. If 
comparison is not satisfactory repeat steps 1 through 15. 

Step 16. Calculate the elastic deflection Xg from equation 3-3o, using the p 
ultimate resistance of step 9 and the elastic stiffness of step •*■• 
11. Then calculate the ductility ratio X^/Xj. using the value of X^j, 
from step 15. With the ductility ratio and tne ratio T/T^ from step 
11, 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 t;- 
equlvalent 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 reinforcement does not exceed fci 
the maximum permitted by equation 6-36 or 6-37. L 

Step 19. Using the equations of table k- ,  the value of the dp of step 5c and \ 
the total load (which is the resistance obtained by the  structure J."- 
plu3 the dead and live loads) calculate the shear stress at dp auay 
from the support. Also calculate the allowable shear stress on an 
unreinforced web' using the dynamic design stress (step 16), and 
equation 1- .  Design the shear reinforcement according to the 

I 
provision of Section 4- . »;. 

:> 



step 20. Calculate the shear at the support V^ 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 and equation ti- . 
Compare the allowable shear with V^j. If V^ is greater than the size 
of the section must be increased. 

Step 21. Check if section is adequate for service loads using the PCI Design 
■ Handbook and the ACI Code. 

Required 1 

Solution: 

Step 1. 

Exaaple 6A-2 Design of a Prestressed Precast Hoof Panel 

Design a prestressed precast roof subject to an overhead blast 
load. Use a double tee section. 

Given: 
a.  Presure-tirae loading (fig 6A-2). 

b.  Material strenghts 

Concrete: fp - 5000 psl 

Prestressing Steel: f  - 270,000 psi 

fy - 65,000 psi Welded Wire Fabric 

Reinforcing Bars    f - 60,000 psl 

c. 

d. 

e. 

Step 2. 

Span length is HO  ft. - kSO  in. ;' 

Live load is 15 psf ■   • ,' 

Maximum ductility ratio < 1.0 

Maximum support rotation < 2" 

Select a double tee section and strand pattern. 

Try 8DT2JJ (fig. 6A-2) 

Section properties from PCI Design Handbook: 

A - HOI ln2 y^ . 6.65 in 

Ig - 20,985 In^      w - JJlS lb/ft. 

Try strand pattern tS-S, two 1/2 inch diameter straight strands In 
each tec. 

A-12 
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I.lpsi 

TIME (ms) 

(O) 

PRESSURE-TIME   LOADING 

r 
S: 

•.-«l 

CENTROID 
OF SECTION 

CENTROID   OF 
PRESTRESSING 
STEEL 

(b) 

DOUBLE  TEE  SECTION 

Flg.6A-2 
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e - yU.\5  in 

1.5(f')l/2 

33(150)^ •5{5000)^''2 

E^ - 33wjj'-5(f^) 

- 1.29 X 10^ p3l 

b.  Steel 

^c   11.29 X 10^ 

Area of each strand - 0.153 in^ l\ 

Step 3.  Determine design stresses. i- 

a. Dynamic increase factors: . 

Concrete flexure: 1.19 •\ 
diagonal tension: 1.00 f* 

direct shear: 1.10 .••.- 
Prestressing Steel: 1.00 
Welding Wire Fabric: 1.10 ': 
Reinforcing Steel flexure: 1.17 

shear: 1.00 !; 

b. Dynamic strengths. ^ . 

Concrete                                      " 

- flexure: f^c- 1'19 X 5,000 •= 5950 psi 

- diagonal tension: f^^ -1.0 X 5,000 = 5000 psl 

- direct shear: ^dc " '"^ ^ 5,000 - 5500 psi 

Prestressing Steel: f - 1.0 X 270,000 - 270,000 psi 

Welded Wire Fabric: f^j^ - 1.10 X 1.10 X 65,000 - 78,650 pal 

Reinforcing Bars 

- flexure: f^jy - 1.17 X 1.10 X 60,000 - 77,220 psi 

- shear:  f^j -1.0 X 1.10 X 60,000 - 66,000 psi 

Step iJ.  Calculate modulus of elasticity and modular ratio. 

a.  Concrete 

i"' 

1/ 

c 

i6.». >:• Eg - 29.0 X 10° p3i t-^.. 
E. 

c.  n - '^ - 29.0 X 10^ - 6.76 ' t 

t< 
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NOTE: The flange is designed in accordance with the principles of Volume 
IV. Considering the flange a one-way non-prestresspd 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.J4 X 
W2.0 in the top and 6 X 6-W1 .4 X Wl.4 in the bottom. 

Step 5. Calculate the section properties of the double tee with a 3 inch 
flange. 

a. 

■ b. 

c. 

d. 

e. 

new A = ^97 in^ 

new yj. = 6.143 in 

new I = 25180 in^ 

w = H97 X 150 pcf/123 - 143.1 lb/in 

dp = 7.85 + T4.15 - 22.0 in 

Apg = i> X 0.153 = 0.612 in^ 

f.  Prestressed reinforcement ratio (eq. 6-23) 

Pp » Apg/bdp - 0.612/(96 X 22.0) • 0.000290 

Step 6.  Determire the average stress in the prestressing tendon. 

a.  f^„/r„., - 0.85 .';. T - 0.40 f /f 
py pu 

b. 6^ - 0.85 - O.05(5950-'4000)/1000 - 0.7525 

c. Average stress (eq. 6-27) 

ps 
f [1^ (p _E!i)] 

dc 

- 270,000 r1 - 0.^)0 (0.000290 X 270.000^1 
:; 0.7525 5950 

fp3 - 268,111 psi 

Step 7.  Check maximum reinforcement ratio (eq. 6-30) 

PpV^dc i  0:3661 

Ppfpg/fdc - 0-000290 X 268,111/5950 

^  - 0.0131 

0.366^-0.36X0.7525 

- 0.2709 > 0.0131        0.r. 
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step 8.  Calculate moment capacity of beam. 

From equation 6-21 

A f 
pS p3 0.612 X 268,111 

- oifeS X 5950'X 96 " °-3'» i" 

c - a/Bi - 0.3i?/0.7525 = 0.45 < 3.0 in thick flange 

Hence the neutral axis is within the flange and the sectLor can be 
analyzed as a rectanfalar section. If the neutral ax-s had extended 
Into the web, a strain compatibility analysis would be required. 

From equation 6-20 

«u ■ WPS^S ■ ^^^^ 
- 0.612 X 268.111 (22.0 - 0.3!</2) 

My - 3582 k-in 

Step 9.  Find the resistance available to resist blast load. 

a. Find the ultimate resistance (table 3-1). 

r^ - m^/i? 

- 8 X 3582/480^ - 0.121 k/in 

- 124 lbs/in 

b. Resistance available for blast load 

'"avail •r^-'^^^-^ 

- 12H - 43.1 - (15 psf X 8 ft/12) 

- 124 - 43.1 - 10.0 

.- 70.9 lb/in 

Step 10. Determine the average moitent of Inertia. 

a.  Moment of inertia of cracked section (eq. 6-33). 

I. 

- 6.76 X 0.612(22.0)2 [1-(0.00029)^'2] 

.g - nAp3d^[1-{Pp)1^23 

1970 in' 

I <■:. A-16 
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1"-'     c 

I. 

'•;;i 

A'-er'ig.} rr/jmenl of   Inertia   (»q.   6-3?) 

.   (25130  +   1970)/2 

«   13575  in" 

,-"1 Step  11.     Using equations of table  3-8,  oalculate  tie elastic  stiffness. 

^ 381 E„I- fi 
jl Kg =     ^ ^      =    38'< X  ').29 X 10° X 135'.'5 

;. 5L'' 5 X '180'' 

C =    84.25 Ib/in/in 

^. Step  12.    Calculate ttie effective mass 

a.      Load-mass factor  (table 3-12) 

In the elastic range 

K^H- 0.78 

b. Unit mass 

m « w/g -  143.1/(32.2 X  12) 

- 0.1116 Ib-s^/m^ 

* = 11.16 X 10** Ib-ms^/in- 

c. Effective mass 

- 0.78 X 11.16 X 10'' - "■ - . 

- 8.70 X 10'' Ib-ms^/in^ 

Step 13. Calculate the natural period of vibration (eq. 3-60). 

- 2n(8.70 X 10''/8l».25)^''^ " 

- 201.9 ms 

Step 11. Determine response of beam. 

i'> T - duration of load - 13.9 ms (stap la) 

Tji - natural period - 201.9 ms (step 13) 
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T/T^ - 13.9/201.9 - 0.217 

From figure 3-I9 

DL,F - 0.65 

Actual resistance obtained r » DLF X P < r_ ,,, 

P  » peak dynamic load 

-1.1 psi (step la) 

r  - 0.65 X (1.1 X 96) 

- 68.1* lb/in < 70.9 lb/in (rgy^jj^, step 9)    O.K. 

Step 15. Check rotation. 

a. Total load on beam - (DLF X p) + DL + LL 

- 68.!» + 13.1 ♦ 10.0 

- 121.5 lb/in 

b. Maximum deflection: 

Xj, - (121.5 lb/in)/Kg 

- 121.5/81.25 

- 1.11 in 

c. Support rotation (table 3-5) 

e - tan"'(2Xjj/L) 

- tan"''(2 X 1.11/180) 

- 0.31" < 2" O.K. 

Step 16. Calculate percent of rebound. 

a.  Calculate elastic deflection (eq. 3-36) 

Xg - r^/Kg 

- 121/81.25 - 

- 1.17 in 

A-18 
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b. Calculate ductility ratio. 

- 1 .^'^/^ .M? 

- 0.98 

c. Find pep'ient of rebound from figure 3-258. 

X^/Xg - 0.98 and T/Tjj = 0.216 

r~/r =1.0 

.*. 100 percent rebound 

Step 17. Determine required rebound moment capacity. 

a. Required rebound resistance 

'•req. - i^" " DL > r^vail^^ 

- 68.1 - ^O.l 

- 25.3 lb/in 

''avail''^ ' "^0.9/2 - 35.»» > 25.3 lb/in 

,*. Use 35.*» lb/in or considering a single tee 

b. Required moment capacity (table 3-1)« 

- 17.7 X »J8o2/8 

Mj] - 509,760 in-lb/3tem 

Step 18. Determine rebound reinforcement. 
a.  Approximate value of d~  " 

d' - h - cover - ♦^^^3 - t^ie " *^^ 
2 

- 25 - 0.625 - 0.135 - 0.375 - 0.5/2 

- 23.62 in 
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b.  Rebound concrete strength 

f - O.HYf^e 

- O.**? X 5950 

- 2796.5 P3i 

e.      Required rebound reinforcement 

Assume a - 2.0 in 

A3 - Hy/[fjjy(d" - a/2] (eq.  e-S^J) 

- 509,760/C77,220(23.62 - 2.0/2)] 

- 0.29 in^ 

*s^dy 

(0.47fdc)b 

- 0.29 X 77,220 
2796.5 X 3.75    = 2.1   in - 2.0 in O.K. 

Use 2 No. JJ bars in each stem 

Ag - 0.40 in^ 

d.  Check maximum reinforcement (eq. 6-36). 

0.ll7f .„B, 87,000 - 0.378nfi 
.- < dc 1   r , dc        -I. .- A  S —J  [ ;  jbd 

dy     (87,000 - 0.378nf. + f^ ) dc   dy 

- 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 (?.75 X 23.62) 

- 1.16 in^ > O.iJO In^       O.K. 

Step 19. Design the shear reinforcement. ~ " 

Calculate shear at distance d- from support. 

Vy - r(L/2 - dp)/b„dp 

r - 121.5 lb/in (total load on beam, step 15a) 

Vy - 121.5 (480/2 - 22.0)/(2 X 4.75 X 22.0) 

:■:...     - 127 psi ■,.-..-■-,.■■■■ . .' /■■.: ■'r■^^: 
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b. Maximum allowable shear stress. | 

10 (fg)^^^ « 10 X (5000)^^^ , I 
i 

=■ 707 psl > 127 psi    O.K. -       \ 

c. Allowable shear stress on unreinforced web, v '    < 

v^ = 1.9(fc)^^^ + 2500pp < 2.28(f^)^^2 

1 

- 1.9(5000)^''^ + 2500 ( li.^1? ) 
2 X '(.75 X 22 

- 1t2 psi 

2.28(fg)^^^ •= 2.28(5000)^''^ 

- 161 psi > 1H2 psi    O.K. 

d. Excess shear, 

v-v>v u        c _    c 

Vy - Vjj -  127 - TJa - -15 P3i 

. • . use Vj, 

e. Shear reinforcement. 

Assume #3 closed ties 

2 ' '-! Ay - 2 X 0.11 - 0.22 in'^ 

*v*^y  0.22 X 0.85 X 66,000 ' 
^3 " V b "     142 X 4.75 ■ c 

- 18.3 in 
■ 

f. Check maximum spacing and raiminum required reinforcement. 

3 < d/2 - 22.0/2 - 11.0 in. 

*v ^ 0.0015bSg ' 

-0.0015X4.75X11.0 ~; 

- 0.08 in^ > 0.22 in^ 

Shear reinforcement is thus #3 ties at 11 Inches in both stems. 
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step 20. Check direct shear. 

a. Calculate shear at the support (table 3-9) ■•«: 

Vjj - rL/2           • 

- 121.5 X i<80/2 

- 29160 lbs 

b. Calculate allowable direct shear. 

Vji < O-lSf^bd 

- 0.18 X 5,500 X (2 X 1.75) 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. 

WWF 6x6 
WI.4xW2.0 

VmF6x6 
WI.4 X WI.4 

1/2 
PRESTRESSING 

STRANDS 

Figure 6A-3 
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Problem 6A-3 Design of Windows 

Problem: Determine the minimum thickness of glazing to resist a given blast 
load, and the design loads for the framing. 

Procedure: 

Step 1.  Establish design parameters: 

a. Pressure-time loading. 

b. Dimensions of paneCs). 

c. Type of glazing. 

Step 2.  Calculate aspect ratio ot pane. 

Step 3. With the type of glazing (step 1c) and the aspect ratio of the pane 
(step 2) determine from table 6-6 which set of curves (from figure 
6-28 through 6-42) apply. Using the peak pressure of the dynamic 
load, its duration and the short dimension of the pane, determeine 
the minimum required glazing thickness. 

NOTE: If given window geometry differs from chart parameters, 
interpolation as outlined in Section 6-28.t may be required. 

Step H. Find the static ultimate resistance r^ of the glazing from table 6-7 
for the given aspect ratio, the short dimension and the thickness of 
the glazing (interpolate if required). 

Step 5. From table 6-8 and the aspect ratio determine the design 
" coefficients Cp, C^^ and Cy for the window frame loading. With these 

coefficients, the dimensions of the pane from step lb, the static 
ultimate resistance of step 1 and equations 6-41, 6-45 and 6-46, 
calculate the design load along the short span of the pane, along 
the long span and at the corners. 

Bxa^>le 6A-3 Desisn of Hindows 

Required: Find the mlniraum glazing thickness and the design loads on the frame 
of a non-operable window consisting of four equal size panes of 
glass. 

Solution: ^    ^*        ' .^ 

Step 1.     Given: '   •' -'■ ;   ■.:,-^ ■:.;. v ■ :^ ■,:-"■■■■,..■,;.'•.; 

a.      Pressure-time loading (fig. 6A-4) 
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b. Each pane Is 22.5 inches long by 18 Inches high. 

c. The glazing Is heat-treated tempered glass meeting Federal 
Specification DO-G-1403B and ANSI Z97.1-1975. 

a. 5 

ec 

<n 
ki 

a. 

500 
TIME (mt) 

Figure Sk~^ 

step 2.  Calculate apsect ratio. . .* ^--, 

a/b - 22.5/18 - 1.25 

Step 3.  Determine minimum glazing thickness. 

a. For a/b - 1.25 and tempered glass use figures 6-30 and 6-31 
(table 6-1). 

b. From figure 6-31b, when T - 500 ms and b - 18 In, a pane 3/16 
.. Inch thick can resist a blast load of 5,7 psi. 

P - 5.0 psi < 5.7 psl •   ; '  ' 

.*. t - 3/16 in. nominal. .   " - 

Step 1.  Find static ultimate resistance r„, (table 6-7). 

■ '"■■'  If a/b - 1.25   . / -i^';jv ':^'-_-; -V-.■^;- y.':,-::-}::■,-:■: :■■  v-: '■'■■■,>:';:-/'"■-v- 

b - 18 inches 

t - 3/16 inch V b   '    -'"'' ■   ^ " -i. 

from table 6-7 "    .  '  > 

r„ - 9.18 psi 

The window frame eust be designed to safely support, without undue 
deflections, a static unlfora load of 9.18 psl applied normal to the 
glazing. 

K--' 

C ■ 

tf-2* 
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step 5.      Compute design loads on window frame. 

a. Determine design coefficients from table 6-8,   interpolating for 
a/b =  1.25. 

Cjj - 0.077 

Cjj - 0.545 

Cy - 0.5^)3 • 

b. Calculate  the unit  shear along  t'n»  long  span of the  frame  (eq. 
6-1U). 

Vjj = CjjPyb 3ln(nx/a) 

- 0.5'<5 X 9.18 X  18 3ln  (nx/22.5) 

» 90.1  3ln(nx/22.5) lb/in 

c. Calculate the unit shear along the short span of the fram3 (eq. 

Vy - Cyr^b 3in(ny/b) 

- 0.513 X 9.18 X 18 3in(ny/l8) 

- 89.7 3ln(ny/l8) lb/in 

d. Calculate the uplift force at the corners of the panes (eq. 
6-16). 

Rg.-Cjiry 

- -0.077 X 9.18 X 18^ 

- -229 lbs. 

The final design loads for the window frame are shown In figure 
6A-5, below. 
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Problem Sk-'i  Design of Shock Isolation System i.'^ 

- • I -'f 
Problem: Design an overhead pendulum shock I'iolition sy.-jtrim using H pUtform ^ 

for a given loading. fc-* 

Step 1.  Establish design parameters: ••> 

/ a. Structural configuratioo. > •'- 
b. Magnitude and location or loads on platform. '^ 
c. Shock spectra for horizontal and vertical motion. I   \ 
d. Maximum allowable motion. ,-".| 

Step 2.  Compute member size.-i of platform. i-"_4 

Step 3.  Compute center of gravity of the loads (live and dead) on platform. ^; 
-■ I.; 

step >i.      Compui-e the elastic center of the spring supporting .-.ystem. -.-A 

Step 5.  Determine the required weight and loration of ballast to balance the :\'A 
: ■  system (i.e. to move the center  of gravity of loads to oolricide with ^-j 

the elastic center of the spring supporting system). ^T^ 

Step 6. Compute tne total weight of the isolation system. Additional 
ballast equal to 25J of the weignt of 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 

•■:r'A ■:.„,.,..;      ■^"■-:i:/'>-. ^  9.87  Elg ■■•.-;■ ". r-   ^■ 

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 alowable.  In addition, deterraiae the displacement at 

C;   /: : this frequency. 

Step 9.  Verify rigid body motion of the platform. 

- ■■:'-^V'^';:-' 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 f^ 
sizes, and repeat Steps 3 through 7. 
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step 10. Determine the natural frequency for horizontal motion (pendulum        ^j_ 
action) of the platform where >■' 

f              - 1- (^5^)^           (6-56)               - R 
horizontal motion   2n ^ L ' t, ,, 

where L is the suspended length.                         '        ' [^A 
"■"in- 

step 11. Verify that dynamic coupling will not occur between vertical and |;>v 
• horizontal motions.  According to Section 6-'J7.3.2 dynamic coaplir^ ^-*. 

Kill not occur if bj 

^'horizontal motion < ''2 ^ vertical motion ;;.-| 
'•'."it 

'• -t" 
Step 12, Fi'om the shock spectra for horizontal mctior, detern.ini, the maximum pj 

dynamic displacement, velocity and acceleration using the frequency i..| 
computed in Step 10. '.[% 

Verify that the maximum acceleration is less than the allowable. .:;| 

Step 13. Compute the load in each uprlng. H 

Total Load ;■.•;]' 
Load in each spring - ^-^-^ ^^  Springs Kl 

■■ f-:1 
* r" '*■ 

step 11!. Determine stiffness of springs to produce the required frequency of i^ 
■    the system. Compute the static and maximum displacement. Using the 

static displacement and the load in each spring from Step 13t 
calculate the required spring stiffness K from, 

load in each spring ^, 
static displacement |I' 

Or using the vertical frequency from Step 8, and the mass on each c;- 
spring the stiffness can be calculated from ^-^ 

■                                    ^'    '                    ■'■■■■■                                 ■■■.•■■■•■ 'fi 
.;-:■-.:■:,:,.;.:■; .    K. (2nf,erJn.                                  :    ']    :   , y 

■-■ ■■       -'                          ■■ - '   ■■■  ■    .   ^'    ' ■■■■''■ ^J 
In addition,  compute the travel of the spring according to Section fv 
6-118.2,   i.e. ^} 

Maxiirum displacement 
travel ^^  
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Example bk-f^    Design Shock Isolation System 

Required:   Design   an  overhead   penduJum  shock   Isolation   syatem  using  a   platfon 
for a given  loading. 

Step 1.  Given: 

I 
a.  Structural configuration shown in figure 6A-6a and figure 6A- 

6b. 

B 

S 

-^ y//////////// / //// ///^/ ///////// / /// t 
V SWIVEL JOINT 

(TYR) 

/-SPRING 
1/     (TYP) 

13.1' 14.1' 16.1' 

V PLATFORM 

ELEVATION 

I 

I 

R9.6A-6b 

•SECCn'CArtfMEMBERS (TYP.) 

■PRIMARY MEMBER (TYP.) 

PLATFORM (PLAN) 

Fig. 6A - 6a 
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b.  Magnitiide and location of loads on platform (figure 6A-7) 

Equipment: E, = i4960 lbs. 
Eg - 'igSO lbs. 
E-j = H960 lb3. 

Floor panel     » 5.5 psf (covers the whole area of 
platform) 

Grating        - 7.2 psf 
Live load       - 150 psf 

6.0' 

PLATFORM (PLAN) 

FLOOR PANEL -I L GR41 GRATIMG FOR 
SUPPOslT OF 
BALLAST 

SECTION 

Figure 6A-7 

c. Shock spectra for horizontal and verticle motions are given in 
figure 6A-8a and 6A-8b, respectively. 

d. Maximum allowable acceleration 

Vertical Motion  - 0.5g 

Horizontal Motion - 0.75g - 
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step 2. Member jizes 

Design LodJ3: 

Dead load 
Live Load 

20 psf (assume) 
150 psf 

Primary Mt;.Tiber (a): - (See fig. 6A-6a), 

w = 170 X (7.05 * 8.05) 
= 2567 lbs/ft. 

Maximum Beading moment wL' 
(at center) 

" 2567 X 10.8 
8     ■ 

- 37'*27 lb.-ft. 

Using allowable stress design, 

Allowable bending stress » 0.66Fy (for compact shapes AISC). 

Maximum Bending Moment 
.-.Required S„ -  rr-,-- 

Allowable Bending Stress 

37') 27 X 12 
O.SE X 36,000 

- 18.9 in3 

Try section W10 X 21, 

Sj^ - 21.5 in^ > 18.9 in- O.K. 

Check deflection: 

Maximum allowable deflection 

Maximum deflection 

FOP WIO X 21» 
.-■ I 

Maximum deflection 

lection L 
'    360 

10.8 X 12 
■36O 

384E:I 
(at center) 

107 ln3 

5 X (2567/12) X (10.d X 12)" 

38n X 29,000 X 10^ X 107 

0.25 In < 0.36 in.   O.K. 
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.*. Use W10 X 21 for all primary members. 

Secondary Member (b): See fig. 6A-5a. 

w - 170 (1.0 + 1.2) 
- ST^J lb/ft. 

Maximum Bending moment wL 
(at center) 

371 X 16.1' 
8 

- 12118 lb. ft. 

Using allowable stress design, 

Allowable bending stress = 0.66 F (for compact shapes, AISC). 

!••: "^^"^''^'^ ^x - o!66'x 36!ooo -''.''  ^"^ 

Try section W8 x 13, 

Sjj - 9.90 in^ > 6.12 in^   O.K. 

Check deflection; 

Maximum allowable deflection ■= L 
360 

\ 
m 

16.1 X 12 
■36O 

,   - 0.51 in. 

For H8 X 13, 
I - 39.6 in** 

Haximum deflection >  "WTT 

5 X (371/12) X (16.1 X 12) 

Step 3. 

381X29,000X10^X39.6 

- 0.19 < 0.51        O.K. 

.*. Use W8 X 13 for all secondary members. 

NOTE; Members should be checked for concentrated equipment loads. 

Find center of gravity of the loads on the platform (see Figure 6A- 
9). 

r < 

m 

s 
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7/ 

Item 
Weight 

Wl 
(lb3.) 

X 
(ft.) (ft.) 

H^X 
(lb.  ft.) (lb,  ft.) 

AjAj.-.A^ 226.8 0.0 5.1 0.0 122'4.7 

B,B2...B6 226.8 13.1 5.1 2971.1 1221.7 

CjCj-.-Cg 226.8 27.2 5.1 6169.0 122U.7 

D,D2...D5 226.8 13.3 5.1 9820.1 1221.7 

A,B,CiD, 562.9 21.65 10.8 12187.0 6079.3 

A2B2C2D2 562.9 21.65 8.1 12187.0 1728.1 

A3B3C3D3 562.9 21.65 6.1 12187.0 3602,6 

A^jBijCi^Djj 562.9 21.65 1.^ 12187.0 2176.8 

A5B5C5D5 562.9 21.65 2.1 12187.0 1351.0 

Ae^eCeDe 562.9 21,65 0.0 12187.0 0.0 

=1 Jigeo.o 5.9 1.0 29261.0 1960.0 

Eg »»960.0 20.3 1.0 100688.0 1960.0 

^3 i»960.0 31.8 1,0 172608.0 1960.0 

A,D,D2A2 718.2 21.65 9.6 16199.0 7183.0 

As'^s'^eAe 7'»8.2 21.65 1.2 16199.0 897.8 

A2^11°12*5 259.2 3.0 5.4 777.6 1100.0 

°2°5^^^^^5 259.2 H.O d.n 10368.0 1100.0 

Floor Panel 2572.0 21.65 5.4 55681.0 13889.0 

I 23751.»» I 193870.0 62786.7 

i-' 

{-. 

E^   ■ 

k 
"A 
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Fig,   6A-9 
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Center of gravity of load.i {'lead + live) -  |x  Y 

X,      - —i- 

193870 

Then, 

23751.»< 

- 20.8 ft. 

ZW^Y 

ZV 

62786.7 
23751.14 

- 2.61 ft. 

Step 1.Elastic center of the spring support system. 

Y 

S2 S4 ,S6 38 

2.4" 

*«D 2.0' 
O '2.0' 

2.0" 

k 
2.4' 

Si 

111' 
S3 

14.1' 
S5 

16.1' 
S7 X 

" 

m u 
^■v 

■r^ 

Figure 6A-10 

KOTE: All springs have the same stiffness. 
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Spring 
No. 

Force 
(W) 

X 
(ft.) 

Y 
(ft.) 

wx WY 

Si P 0 0 0 0 

Sg P 0 10.8 0 10.8P 

S3 P 13.1 0 13.IP 0 

su P 13.1 10.8 13.IP 10.8? 

S5 P 27.2 0 27.2P 0 

S6 P 27.2 10.8 27.2P 10.8P 

S7 P '♦3.3 0 '<3.3P 0 

H P ^3.3 10.8 '43.3P 10.8P 

I 8P I 167.2P 113.2P 

FA " 

r.rs 

Elastic center of spring support system - {x , Y }, 
S   ,3 

\ 
- Iwx 

167.2P 
■  8P 

1 * 
- 20.9 ft 

K .1^ 
13.2P 

■ dp 

- s."* ft. 

\ H- 

•i  t 
i 

Step 5. Find the weight and location of ballast to balance the system 
(relocate the e.g. of the platform to coincide with the elastic 
center of the isolation system). 

a. For the x direction - Try placing ballast at x - 39.3 ft., i.e. 
1 feet from the right edge of the platform. The ballast i3 
placed symmetrically about the x axis of the elastic center so 

[V 
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as not to affect the location of the center of gi-d/liy In the y 
direction. 

Weight of ballast - W BX 

IWjX 39.3W BX X (Iw, s^^  1 «3X^ 

•igBSTO +  39.3W BX 20,9(23751.1 + Wg^) 

'BX 253'^. 3/18.^4 

137.7  lbs. 

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 plac-jd 
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 » Wgy 

Iw^y * 9.6Wgy - YJIW^ * Wgy) 

62786.7 + 9.6W3Y - 5.'4(2375.1  * Wgy) 

Wgy - 65'»70.9/'4.2 

- 15588.3 lbs. 

Total ballast 

'B '^BX * "By 

- 137.7 + 15588.3 

■ ■ ;■''  --■'::-''       «15726 lbs. ■/;';'■'.''-*•■'' 

Step 6.  Total load on the platform and equivalent uniform load. 

a.  Total load. 

Dead Load: '" , 
Floor panel - 2572 lbs. 
Members - 428'».6 
Grating - 201^.8 

I - 887K'» lbs. 

Live Load:      ' 
Equipment   - mSSO lbs. 
Ballast    - 15726 

Additional Ballast - 0.25(30606) - 7651.6 
Personnel (5 §,150 lb.) - 750 

I  - 39007.5 lbs. 
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b. 

Total load 

Equivalent uniform load 

10.8 X i)3.3 

102.1 par i 170 psf 

8871.1 + 39007.5 

17878.9 lbs. 
r' 

^4^ 
ts 
& 

O.K. 

Preliminary design of platform members is O.K. However, members 
supporting ballast must be checked as their actual load may Le 
higher than the equivalent uniform load. 

Step 7.  Natural frequency uf the individual mumbnrs of the platform. 

For a 3impl-- supported member with a uniform load, 

Natura frequency f 9.87 
2n 

3Ig 

Primary J j^bers (a): A portion of the adjacent slab acts with 
the beam. Add 20J of the mass of the slab on each side of the beam 
to the aott^l mass of the beam. 

f.J 

I"--. 

W10 X ?1 

I - 107 in^. 

L. - 10.8 X 12 
- 129.6 inches 

"b - 0.10(7.05 ♦ 8.05) 
- 6.01 feet 

ig' - 386.1 in/sec^ 

R - 29000 X 1o3 psi. 

(Use equivalent uniform load). 

w - 102.1 X-6.01 

i;- 618.5 lb/ft 

' - 51.51 lb/in 

) i 

l>- 
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]a 

/£    4 

1 

I 

Is 

9.87   ,29000  X 10/ X  iq? X  386^U  '^ 
2n 

1U.3 cps 

51.51 X  (?9.6) 

Secondary Mernbcrs (b): Since the spacing of the secndary beams is 
less than 1/^ of the length of the beams the total mass of the slab 
act with the beam. 

w 8 X 13 I 

L 

- 39.6 in" 

- 16.1 X 12 
- 193.2 in. 

b - 2.2 ft. 

w - 102.11 X 2.2 
- 225.3 lb/ft 
- 18.78 lb/in 

29000 X 10^ psi 

386.iJ in/sec^ 

9.87 ,29,000 X 10^ X 39.6 X 386.n/^ 

18.78 X (193.2) 

« 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-8b as 

f - 1 cps 

which produces a maximum acceleration of O.lg and a maximum dynamic 
displacement of ^.7 inches. 

Step 9.  Verification of rigid body motion of platform. 

^^"glS^ii^^ ' ^ ^ ^^y='^«'» 

From Step 8., 

system 1 cps 
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From Step 7. i 

f  ,     - 11.2 CDS > 5 cp3 prirarv O.K. 

f    .   - 6.5 cp3 > 5 cps    - „ secondary      '^     *^     O.K. 

Therefore, platform is in rigid body motion. 

Step 10. Natural frequency of platform for horizontal motion (i.e. pendulum 
' type action). ; 

Assume the center of gravity of supported mass is located at the top 
of the platforn so that the length of the pendulum ana is 17.1 feet. 

Frequency of platform for horizontal motion 

.        1  386.1 „ , 

1   386.11 
2n 17.1 X 12 

- 0.22 cps 

Step 11. Check for dymanic coupling of vertical and horizontal motion. 

From Step 8., 

^vertical motion " ^ ^ps 

From Step 10., 

^horizontal motion ° °'^^ °P^ ^ ^^^  ^vertical motion " ^^^ °P^ 

Dynamic coupling will not occur. 

Step  12. Maximum dynamic displacement,  velocity and acceleration  for 
horizontal motion. 

From shock spectra for horizontal motion, (fig. 6A-8a) 
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. 
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The maximum dynamic displacement is the required "rattle space" or 
the minimum horizontal clearance between the platform and the 
structure or anything attached to the structure. 

'."! ^        Step 13. Load in each spring. 

v^ Load m each spring     '^°^^^ ^°^'^ 
Number of Springs 

17878.9 
8 

5985 lbs. 

Step 11. Design the springs. 

a.  Static displacement 

From Step 8., 

For a .naxiraum acceleration of 0.18g the maximum dynmic 
displacement ■= 4.7 in. r--. 

t**' .!• Static displacement - 4.7/0.48 

b.  Stiffness of spring - 4.7/0.48 

j, _    Load in each spring 
Static displacement 

• -   1^11 - 611.2 lb/in 

or 

K-    (2nf,3,,)2m 

- (2n X 1cp3)^(5985/386.4) 
> • -.■■".,-.. .^,.. ■,  -... ■ 

K ■       K - 611.5 lb/in 

c.  Maximum travel of spring. 

Maximum displacement - (static + dynamic) displacement 

- 9.79 * 4.7 
: <•       .    " -■■■•■ ■-,.„■:"■-'^./^'■.- .■*•":■■ :■ ':\^ ■-■^- ■       ■     ■ ■ 

.'^ •    , -■*,   .:'-'T'--rs^:..:■■"■■-[   :;,''..:V,:v.'^,; ■■.. r  '■::/[■-■ 

I 
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From Section 6-10.2 

Travel of spring maximum dl splaceraent 

ii.jjg 
0.85 

17.0 in 

0 

• 

.85 

Thus the vertical rattle space (clearance) is 17.0 inches. 

K'UH 
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APPENDIX 6B - LIST OF SYMBOLS 

a        (1) acceleration (In./ms ) 

(2) depth of equivalent rectangular stress block (in.) 

(3) long span of a panel (in.) 

A        area (in. ) 

Ag       area of diagonal bars at the support within a width b (in.^) 

Aji        door area (in. ) 

Ag        area of gross section (in ) 

A_       net area of section (in. ) 
p 

Ajj       area of openings (ft ) 

A_j      area of prestressed reinforcement (in. ) 

Aj       area of tension reinforcement within a width b (in.^) 

A|       area of compression reinforcement within a width b (in.^) 

j^       area of rebound reinforcement (in.^) "- 

*8H       ^®^ °^ flexural reinforcement within a width b in the horizontal 

direction on each face (In.'^)* 

*8V       ®''®* °^ flexural reinforcement within a width b in the vertical 

direction on each face (In.^)* 

k^ total area of stirrups or lacing reinforcement in tension within a 

distance, Sg or Sj^ and a width bg or b, (In.^). 

Aj, Ajj   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.) . 

•  See note at end of symbols. ■,. 
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bg        width of concrete strip in which the diagonal tension stresses are 

resisted by stirrups of area Ay (in.) 

bj^        width of concrete atrip in which the diagonal tension stresses are 

resisted by lacing of area Ay (in.) ' 

B        constant defined in pargraph 

o (1) distance from the resultant applied load to the axis of 

rotaton (in.) 

(2) damping coefficient 

(3) distance from extreme compression fiber to neutral axis (in.) 

Cj.Cjj    dist^ince from the resultant applied load to the axis of rotation 

for sectors I and II, respectively (in.) 

0«        dllatational velocity of concrete (ft/sec) 

C        shear coefficient 

CQP critical damping 

Cji        shear coefficient for ultimate shear stress of one-way elements 

Cf       post-failure fragment coefficient (Ib^-ms^/in.") 

Cj^ force coefficient for shear at the corners of a window frame 

C|« ■     peak reflected pressure coefficient at angle of Incidence a 

C,        shear coefficient for ultimate support shear for one-way elements 

Crfi       shear coefficient for ultimate support shear in horizontal 

direction for two-way elements* 

Cjy       shear coefficient for ultimate support shear in vertical direction 

/'■■''' for two-way elements* 

CQ       drag coefficient 

C0q       drag pressure (ps i) •    " 

See note at end of symbols. 
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C(jQo      peak drag pressure (psi) 

Cg        equivalent load factor 

C„        shear coefficient for ultimate shear stress in horizontal 
n    . 

direction for two-way elements* 

C,        leakage pressure coefficient 

CM       maximum shear coefficient 

C„ impulse coefficient at deflection X^ (psi-ms'^/in. ) 

C» ^ impulse coefficient at deflection X^^ (psi-ras'^/in. ) 

n shear coefficient for ultimate shear stress in vertical direction 

for two-way elements* 

C_       shear coefficient for tho ultimate shear along the long side of 

window frame 

C        shear coefficient for the ultimate shear along the short side of 

window frame 

C|        (1) impulse coefficient at deflection X^ (psl-ms /in. ) 

(2) parameter defined in figure 

(3) ratio of gas load to shook load 

Cl      ; impulse coefficient at deflection X^ (psi-ms^/in.^) 

Cg       ratio of gas load duration to shock load duration -" 

4        distance from extreme compression fiber to centroid of tension 

:      reinforcement (in.) ; 

«|*       distance from extreme compression fiber to centroid of compression 

reinforcement (in.) 

<L,       distance between the oentroids of the compression and tension 

reinforcement (In.) 

*     See note at end of 3yB£>ol3. 
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dgo      diameter of steel core (In.) 

'^e distance fron support and equal to distance d or d„ (In.) 

^^i       inside diameter of cylindrical explosive container (In.) 

d^        distance between center lines of adjacent lacing bends measured 

normal to flexural reinforcement (In.) 

^'p        distance from extreme compression fiber to centrold of prestressed 

reinforcement (In.) 

^1       diameter of cylindrical portion of primary fragment (In.) 

D        (1) unit flexural rigidity (Ib-in.) 

(2) location of shock front for maximum stress (ft) 

(3) rainlraum magazine separation distance (ft) 

DQ       nominal diameter of reinforcing bar (in.) 

^E       equivalent loaded width of structure for non-planar wave front (ft) 

DIP      dynamic increase factor 

DLF      dynamic load factor 

e        (1) base of natural logarithms and equal to 2.71828... 

(2) distance from centrold of section to centrold of prestressed 

reinforcement (in.) 

(2E')     Gurney Energy Constant (ft/sec) 

E        modulus of elasticity ' 

E<j       modulus of elasticity of concrete (pal) 

^m       modulus of elasticity of masonry units (psi) 

Eg       modulus of elasticity of reinforcement (psi) 

f        (1) unit external force (psi) ' - .,^^^^    r ' ' 

(2) frequency of vibration (cps) ., 

^c        static ultimate compresslve strength of concrete at 28 days (psi) 

B-* 
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f^g       dynamic ultimate compreaalve strength of concrete (psl) 

f^^ dyn^niic ultimate ccmpresslve strength of .nasonry units (psl) 

py 

B-5 

f(jg dynamic design stress for reinforcement (psi) K' 

fjj^j dynamic ultimate stress of reinforcement (psi) K 

fjj dynamic yield stress of reinforcement (psi) 

f static ultimate compressive strength of masonry units (psi) I* 

f^ natural frequency of vibration (cps) 

fpg average stress in the prestressed reinforcement at ultimate load (psi) 

fpy specified tensile strength of prestressing tendon (psi) 

fjjy yield stress of prestressing tendon corresponding to a 1 percent        ^ 

c 
elongation (psi) 

fg       static design stress for reinforcement (a function of f„, f„ and 9 
y  j 

(psi) 

fgg      effective stress in prestressed reinforcement after allowances for 

all prestress losses (psi) ' ^i 

fy       static ultimate stress of reinforcement (psi) 

fy       static yield stress of reinforcement (psi) 

F   ■    (1) total external force (lbs) 

(2) coefficient for moment of inertia of cracked section 

. ;  .   (3) function of C2 & C^ for bilinear triangular load 

FQ       force in the reinforcing bars (lbs) 

Fg       equivalent external force (lbs) 

g        {1} variable defined in table ^-3 

;•  (2) acceleration due to gravity (ft/sec^^ 

G        shear modulus (psi) 

f' 
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y.A 

h 

H 

1 

1- 

1» 

^bt 

'ba 

^bd 

(1) charge location parameter (ft) 

(2) height of masonry wall 

clear height between floor slab and roof slab 

(1) span height (in.) 

(2) distance between reflecting surface(3) and/or free edge(3) in 

vertical direction (ft) 

height of charge above ground (ft) 

scaled height of charge above ground (ft/lb^''^) 

height of structure (ft) 

scaled height of triple point (ft/lb^''^) 

unit positive impulse (psi-ms) 

unit negative impulse (psi-ms) 

sum of scaled unit blast impulse capacity of receiver panel and 

scaled unit blast impulse attenuat d through concrete and sand 

in a composite element (psi-ms/lb^^^) 

unit blast impulse (psi-ms) 

scaled unit blast impulse (psi-ns/lb^^^) 

total scaled unit blast impulse capacity of composite element 

(P3l-m3/lb^''3) 

scaled unit blast impulse capacity of receiver panel of composite 

element (psi-ms/lfc^''^) 

scaled unit blast impulse capacity of donor panel of composite 

element (psi-ms/lb^''^) 

unit excess blast Impulse (psi-ms) 

unit positive normal reflected impulse (psi-ms) 

unit negative noribal reflected iopulte (psi-as) 

, 

'^■i 

[■■ 
I-' 

I.. 

y4 

n 
1 
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L>- 

^3- 

k 

K 

H 

unit positive incident impulse (psi-ms) 

unit negative incident impulse (psi-ms) 

moment of inertia (in. ) 

average of gross and cracked moments of Inertia of width b (In. ) 

moment of inertia of cracked concrete section of width b (in. ) 

moment of Inertia of gross concrete section of width b (in. ) 

mass moment of inertia (Ib-ms -in.) 
H 

moment of inertia of net section of masonry unit (In. ) 

ratio of distance between centroids of compression and tension 

forces to the depth a 

constant defined in paragraph 

(1) unit stiffness (psi-in for slabs) (Ib/in/in for beams)(lb/in 

for springs) 

(2) constant defined in pairagraph 

elastic un<t stiffness (psi/in for slabs) (Ib/in/in for beams) 

elasto-plastic unit stiffness (psi-in for slabs) (psi for beams) 

equivalent elastic unit stiffness (psi-in for slabs) (psi for 

beams) ,  . 

equivalent spring constant 

load factor     .       . ...  .. 

load-mass factor . ;    ^ 

load-mass factor in the ultimate range 

load-mass factor in the post-ultimate range 

mass factor ... 

resistance factor .:        . >- s    - 

factor defined in paragraph 
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KE 

1 

1_ 

L„- 

Luh» L 'wb' ^wd 

m.. 

"up 

kinetic energy 

charge location parameter (ft) 

spacing of same type of lacing bar (in.) 

(1) span length (in.)* 

(2) distance between reflecting surface(s) and/or iree edge(s) in 

horizontal direction (ft) 

length of lacing bar required in distance s-^  (in.) 

eabedment length of reinforcing bars (in.) 

length of shaft (in.) 

wave length of positive pressure phase (ft) 

wave length of negative pressure phase (ft) 

wave length of positive pressure i;^ase at points b and d, 

respectively (ft) 

total length of sector of element normal to axis of rotation (in.) 

unit mass (psi-ms^/in.) 

average of the effective elastic and plastic unit masses       . 

(psi-ms^/in.) 

effective unit mass (psl-ms^/in.) 

effective unit mass in the ultimate range (psi-ms^/in.) 

effective unit mass in the post-ultimate range (psi-ms^/in.) 

(1) unit bending moment (in-lbs/ln.) 

(2) total mass (Ib-ms^/in.) 

effective total mass (Ib-ms^/in.) 

ultimate unit resisting moment (In-lbs/ln.) , ' 

ultimate unit rebound moment (in-lbs/in.) 

r-r 

■-%;,• 

1 

•  See note at end of symbols. 
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"HN 

'HP 

"VN 

■"VP 

N 

«f 

P 

P* 

Pb 

Pp 

Pm 

moment of concentrated loads about lliie of rotation of sector 

(in.-lbs) ■ 

fragment distribution parameter 

equivalent total mass (Ib-ms /in.) 

ultimate unit negative moment capacity in horizontal direction 

(in.-lbs/in.)» 

ultimate unit positive moment capacity in horizontal direction 

(in.-lbs/in.)» 

ultimate unit negative moment capacity at supports (in.-lbs/in.) 

ultimate unit positive moment capacity at mldspan (in.-lbs/In.) 

ultimate unit negative moment capacity In vertical direction (in.- 

lbs/in.)» 

ultimate unit positive moment capacity in vertical direction 

(in.-lbs/in.)» 

(1) modular ratio 

(2) number of time Intervals 

(3) number of glass pane tests 

number of adjacent reflecting surfaces 

number of primary fragments larger than Wj. 

reinforcement ratio equal to s or a 
bd bd. 

reinforcement ratio equal to a or *3 

bd bd. 

reinforcement ratio producing balanced cx)nditions at ultimate 

strength 

prestressed reinforcement ratio equal to A__/bd_ pa  p 

mean pressure in a partially vented chamber (psi) 

. .*■ 

I 

L 

•  See note at end of symbols. 
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•'mo 

PH 

PT 

Pv 

p(x) 

P 

fp- 

Pra 

''sb' ''se 

Pso 

Pso- 

^sob' ^sod' 

p ■^soe 

4 

%'  % 

%b'<i. oe 

peak mean pressure in a partially vented chamber (psi) 

reinforcement ratio in horizontal direction on each face* 

reinforcement ratio equal to pu + p^ 

reinforoeraei.t ratio in vertical ditection on each face* 

distributed load per unit length 

(1) pressure (psi) 

(2) concentrated load (lbs) 

negat ye pressure (psi) 

Interior pressure within structure (psi) 

interior pressure increment (psi) 

fictitious peak pressure (psi) 

peak pressure (psi) 

peak positive norral reflected pressure (psi) 

peak negative normal reflected pressure (psi) 

peak reflected pressure at angle of incidence a (psi) 

posivive incident pressure (psi) 

positive incident pressure at points b and e, respectively (psi) 

peak positive incident pressure (psi) 

peak negative incident pressure 

peak positive incident pressure at points b, d, and e, 

respectively (psi) 

dynamic pressure (psi) 

dynamic pressure at points b and e, respectively (psi) 

p-jak dynamic pressure (psi) 

peak dynamic presure at points b and e, respectively (psi) 

•  See note  at end of symbols. 
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r (1) unit resistance (psl)                    * 

(2) radius of spherical TNT (density equals 95 IS/ft^ charge 

(ft)) 

V        r- unit rebound resistance (psi, for panels) (lb/in for beams) 

Ar change In unit resistance (psi, for panels) (lb/in for beams) 

r^ radius from center of impulse load to center of door rotation 

(in.) 

Pg elastic unit resistance (psi, for panels) (lb/in for beams) 

r_- elasto-plastic unit resistance (psi, for panels) (lb/in for beams) ep 

r„ radius of shaft Un.) 

Py Ultimate unit resistance (psi, for panels) (lb/in for beams) 

^         r post-ultimate unit resistant (psi) 

|-""'         r. radius of hemispherical portion of primary fragment (in.) 

V*- '■       R (1) total internal resistance (lbs) 

P^ (2) slant distance (ft) 
■3 " • 

K'l         Rf distance traveled by primary fragment (ft) 

f/]         R- uplift force at corners of window frame (lbs) 

J        ■ i?v                       R, radius of lacing bend (in.) 
I.v *    ■ 

f/-'         R. normal distance (ft) 
j".     ■   . *    ■ 
:!.•■ ■'-.■.: 

?^ ... .                 - * 

f.-.         ^ equivalent total internal resistance (lbs) 
jj .•.■■■■-,-■-■■■■."■ 
f^         RQ ground distance (ft) 

!^ . ^■•■:-,. ...-' 

C-.1         R,, total ultimate resistance 
k'   ■ ^ ■ 
W         ^I»^II total internal resistance of sectors I and II, respectively (lbs) 

i^                       3 sample standard deviation 

K:^        Ss spacing of stirrups in the direction parallel to the longitudinal 

^v reinforcement (in.) 

B-11 



r-: 

'•j 

s^ spacing of lacing in the direction parallel to the longitudinal 

reinforcement (in.) 

S        height of front wail or one-half its width, whichever is smaller 

(ft) 

SE        strain energy 

t        time (ms) 

At        time increment (ma) 

t^        any time (ms) 

tjj, tg, t|. time of arrival of blast wave at points b, e, and f, respectively 

(ms) 

tg        (1) clearing time for reflected pressures (ms) 

(2) container thickness of explosive charges (in.) 

tjj        rise time (ms) 

tg        time to reach maximum elastic deflection 

t^        time at which maximum deflection occurs (ms) 

tjj        duration of positive phase of blast pressure (ms) 

t^-       duration of negative phase of blast pressure (ms) 

fictitious positive phase pressure duration (ms) 

fictitious negative phase pressure duration (ms) 

'f. fictitious reflected pressure duration (ms) 

iy        time at which ultimate deflection occurs (ms) 

y time to reach yield (ms) 

■H time of arrival of blast wave (ms) 

'■f time at which partial failure occurs (ms) 

r        (1) duration of equivalent triangular loading function (ms) 

(2) thickness of masonry wall 

•-of 

tof- 
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Tc 
c 

1 % 

h 
Tl 

1 
V. ^3 

i u 

N* u„ u 
-,• U 
•*! 

h "s 

thicknens of concrete section (In.) 

scaled thickness of concrete section  (ft/lb^''^) 

thickness of glass (in.) 

angular impulse load (Ib-ms-in.) 

effective natural period of vibration (ms) 

ri5e time (ms) 

. thickness of sand fill (in.) 

scaled thickness of sand fill (ft/lb^''^) 

particle velocity (ft/ms) 

ultimate flexural or anchorage bond stress (psi) 

shock front velocity (ft/ms) 

strain energy 

V        velocity (in./ms) 

»^       instantaneous velocity at any time (in./ms) 

Vjj       boundary velocity for primary fragments (ft/sec) 

Vjj        ultimate shear stresn permitted on an unreinforced web (psi) 

Vf maximum post-failure fragment velocity (in./ms) 

Vj. (avg.)  average post-failure fragment velocity (in./ms) 

r^ velocity at incipient failure deflection (in./ms) 

Vp        initial velocity of primary fragment (ft/sec) 

v^       residual velocity of primary fragment after perforation (ft/sec) 

[^ ▼-        striking velocity of primary fragment (ft/sec) 

r-. 'u       ultimate shear stress (psi) 

v,^       ultimate sh^ar stress at distance dg from the horizontal support 

:     (psi)» 

a T 

■r- 
•r. 

f' 

k 

'1% 

»  See note at end of symbols. 
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*uV       ultimate shear stress at distance dg from the vertical support 

(psi)» 

t volume of partially vented chamber (ft^) 

*<|        ultimate direct shear capacity of the concrete of width b (lbs) 

*(1H      shear at distance d^ from the vertical support on a unit width 

(lb3./in.)» 

Vjjy .     shear at distance dg from the horizontal support on a unit width 

(lbs/in.)» 

Vp       volume of structure (ft^) 

*»       shear at the support (lb/In, for panels) (lbs for beam) 

f,jj       shear at the vertical support on a unit width (lbs/in.)» 

Vgy       shear at the horizontal support on a unit width (lbs/in.)» 

Vy       total shear on a width b (lbs) 

unit shear along the long side of window frame (lb/in.) 

unit shear along the short side of window frame, (lbs/in.) 

w        unit weight (psi, for panels) (lb/in for beam) 

"c        weight density of concrete (lbs/ft^) 

>*3       weight density of sand (lbs/ft^) 

M        (1) charge weight (lbs) ; :. 

(2) weight (lbs) \   'r-;j^;^^^      :. 

**©       total weight of explosive containers (lbs) 

Mf       weight of primary fragment (oz) 

^co       total weight of steel core (lbs) 

"cT^cZ   total weight of plates 1 and 2, respectively (lbs) 

^s"       width of structure (ft) . ' - 

TO     .. work done        ' :-■" 

V 
^ 
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X yield line location In horizontal direction (In.)* 

X deflection (In,) 

X, any deflection (In.) 

X lateral deflection to which a masonry wall develops no resistance 

Xg       elastic deflection (In.) ' 

X__      elasto-plastlc deflection (In.) ep 

X~ maximum penetration Into concrete of armor-piercing fragaents 

(in.) 

Xi       maximum penetration into concrete of fragments other than armor- 

piercing (in.) 

)L       maximum transient deflection (in.) 

X_       plastic deflection (in.) 

X_       (1) maximum penetration into sand of aroor-piercing fragments (in.) 

(2) Static deflection 

Xy       ultimate deflection (in.) 

Xg       equivalent elastic deflection (in.) 

Xf       (1) partial failure deflection (in.) 

(2) deflection at maximum ultimate resistance of masonry wall (in.) 

f yield line location in vertical direction (in.)« 

ffc     .. distance from the top of section to centrold (in.) 

Z        scaled slant distance (ft/lb^^^) 

Z.       scaled normal distance (.tt/lb^^) 

ZQ       scaled ground distance (ft/lb '^) ' " 

»  See note at end of symbols. 



«        (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 

i (1) coefficient for determining elastic and elasto-plastic 

resistances 

(2) particular support rotation angle (deg) 

(3) rejection coefficient 

$^ factor equal to 0.85 for concrete strengths up to ^4000 psi and is 

reduced by 0.05 for each 1,000 psi in excess of 1,000 psi 

y coefficient for determining elastic and elasto-plastic deflections 

Yp       factor for type of prestressing tendon 

e^j       unit strain in mortar (in./in.) 

6        support rotation angle (deg) 

6        angular acceleration (rad/ms ) 

e^gjj      maximum support rotation angle (deg) 

9^ horizontal rotation angle (deg)« 

6y       vertical rotation angle (deg)» 

k increase in support rotation angle after partial failure (deg) 

p        ductility factor 

V        Poisson's ratio ' , _, : - 

I^       effective perimeter of reinforcing bars (in.) 

EM       summation of moments (in.-lbs) 

ZH^ sum of the ultimate unit resisting raomants acting along the 

negative yield lines (in.-lbs) 

•   See note at end of syabols. 
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sum of the ultimate unit resisting moments acting along the 

positive yield lines fin.-lbs) 

maximum shear stress In the shaft (p?i) 

(1) capacity reduction factor 

(2) bar diameter (in.) 

assumed shape function for concentrated loads 

assumed shape function for distributed loads free edge 

angular velocity (rad./ms) 

simple support 

fixed support 

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 element is treated as being rotated 

into a vertical position. 
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