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VOLUME V
STRUCTURAL STEEL DESIGN

INTRODUCTION

5-1 Purpose

The purpose of this six volume manual 12 to present methods nf dexign for pro-
tect{ve construction used in facilities for development, testing, production,
maintenance, modification, ILnspectinn, disposal and atorage of explosive

materfals.
5-2 Objectives

The primary objectives are to establlsh design procedurea and conatruction
techniques whereby propagation of explosion (from one bullding or part of a
building to another) or mass detonation can be prevented and protectinn fot
peraonnel and valuable eqiipment will be prnvided.

The =secondary objectives are:

(1) Establl=h the blast load parameters requirad for design of
protective structuras;

(2) Provide methods for calculating the dynamic response of struc-
tural elementa i{ncluding reinforced concrete, structural ateel,
ete.;

(3) Establish construction detaila and procedurez necessary to
afford the required strength to resiat the applied blast loada;

(4) Establiah guidellnes for siting explosive facilities to obtain
maximum coat effectivenesa [n both the planning and atructural
arrangements; providing closures, and preventing damage to in-
terior portions of 2tructures due to structural motion, shock,
and fragment perforation,

5-3 Background

For the firat 60 years of the 20th Century criteria and methods based upon the
reaglta of catastrophic eventa have been used for the de=ign of explosive
facilities. The criteria and methods did not include a detailed or reliable
quantitative basis for assesaing the degree of protection afforded by the pro-
tective facility. 1In the late 1960's quantitative procedures were set forth
in the first edltion of the present manual, "Structures to Resist the Efiects
of{ Accidental Explosiona"., Tnis manual was based on extensive research and
development programs which permitted a more reliable approach to deaign re-
quirements, Since the original publlication of this manual, more extensive
teating and development programs have taken place., This additional research
was directed primarily towards material<s other than reinforced concrete which
was the principal construction material referenced in the initial ver=ion of
the manual.
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Modern methods for the manufacture and =storage of explos{ve materials, which
include many exotic chemicals, fuels, propellants, etc., required less sapace
for a glven quantity of explosive material than was previously needed. Such
concentration of explosives increase the possibility of the propagation of
accidental explosions (one accidental explosion causing the detonation of
other explosive materialas). It [ls evident that a requirement for more accu-
rate de:ign techniques has become essential. This manual describes ratlinnal
design methods to provide the required =tructural protection.

These design methods account for the close-in effects of a detonation {nclud-
ing associated high pressurea and nonuniformity of the blast loaaing on pro-
tective 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 var-
fous materials, or combination of materials, can be calculated, and details
have been developed to provide the properties necessary to supply the required
atrength and ductl{lity specified by the design. Deveitopment of these proce-
dureas has been directed primarily towards analyses of protective atructures
subjected to the effects of high explosive detonation. However, this approach
fa general and is applicable to the de=sign of other expln<1ve environments as
well as other explosive materials as numerated above.

The de=lgn techniquea =et forth in this manual are bascd upon the results of
numerous {ull- and small-scale structural response and exploaive effects Lescs
of varlous materials conducted in conjunction with the development of this
manual and/or related projects.

5-4 Scope of Manual

Thi= manual {2 limited only by variety and range of the assumed design =itua-
tion. An effort has been made to cover the more probable mituationa. How-
ever, sufficient general informatlon on protective design techniques has been
ifrcluded in order that application of the basic theory can be made to ={itua-
tions other than those which were fully conasidered.

This manual is generally applicable to the design of protective satructures
subjected to the effects assoclated with high explosive detonations. For
these design situations, this manual will generally apply for explosive quan-
tities leas than 25,000 pounda for close-in effects. However, this manual (=
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 {n connection with this manual have been
directed primarily towards the response of structwal steel and reinforced
concrete elementa to blast overpressures, this manual concentrates on design
procedures and techniques for these materfals. However, this does not imply
that concrete and steel are the only usef 1l materiales . ,or protectivs construc-~
tion. Teats to eat:bdlish the response of wood, brick dblocks, plaatics, etc.
as well as the blast attenuating and masa effects of soil are contemplated.
The results of these tests may require, at a later date, the supplementat{on
of these de=ign methods for these and other materials.

Other manuals are available which enable one to design protective structures
agalnst the effects of high explosive or nuclear detorations. The procedures

-2 -
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in these manuals will qulte often complement this manual and =should be con-
eulted for apecific applications.

Computer programs, which are consistent with the procedures and techniquex
contained In the manual, have been approved by the appropriate representative
of the U.S. Army, the U.S. Navy, the U.S. Alr Force and the Department of
Defenze Exploaive Safety Board (DDESB). These programs are availan.e tarough
the fullowing repositoriea:

1l 5 Department of the Army

Commander and Director

U.S. Army Engincer

Waterwaya Experiment Station
pPost Office Box 63i

Vicksburg, Mis=issippl 39180

Attn: WESKA

s Department of the Navy

officer-in~-Charge

Civil Engineering Laboratory

Naval Battalion Construction Center
. Port Hueneme, California 93043

Attn: Code LS

S Department of the Air Force

Aecospace Structures

Information and Analysis Center

Wright Paterson Alr Force Base

Ohio 45433 :

Attn: AFFDL/FBR

Limited number of coples of the above program are avallable from 2ach repos-
Ltory upon request. The individual programs are ldentical at each repository.
If any modificatinns and/or additions to these programs are required, they
will be =ubmitted by the organization for raview by DDESB and the above ser-
vices, Upon concurrence of the revisions, the nece=sary changes will be made
and notification of these changes will te made by the individual repositories.

5-5 Format of Manual

Thia manual entitled, "Structures to Resist the ffects of Accidental Explo-
alons,"” [= subdivided into =ix specific volumes dealing with various aspacts
of design. The titles of these volumes are as follows:

Ve me I - Introduction
Volume II - Blast, Fragment-and Shock Loacs
Volume TIII - Principles of Dynamic Analysis
Volume Iv - QReinforced Concrete Design
Volume v - Structural Steel Deaign
‘ Volume VI - Special Considerations i{n Explosive Facillity Design

.




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

Commonly accepted symbols have been used a3 much as possible. However, pro-
tective 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 !s first introduced, and a list
of the symbols, with their deflnitions and units, s contained in Appendix B
of each volume.

VOLUME CONTENTS

5-6 General

This volume containa procedures and guidelines for the design of blast-
resistant steel structures and steel elements. Light construction, steel
framed acceptor structures provide an adequate form Of protection in a
pressure range of 10 psi or less. However, if fragments are present,
light-gage nonatruction may only be partlally approprlate. Use of structural
steel frames [n combination W#ith precast concrete roof and wall panels (Volume
VI) will provide a measure of fragmeni protection at lower pressure ranges.
Containment structures, or steel elements of containment structures, such as
blast doora, vent{latinn closures, fragments shields, etc. can be designed for
almost any pressure range. This volume covers detailed procedures and design
techniques (or the blast-resistant deslgn of =3teel elements ana structures
sJubjected to short-duration, high—intensity blast loading. Provisions for
inelastic, blast-resiostant design will be consistent with conventlional statie
plastic design procedures. Steel elements such as beams, beam columns, open-
web jolats, plates and cold-formed steel panels are consldered. In addition,
the design of steel structures such as rigid frames, and braced frames are
presented as they relate to blast-resistant design. Special ~onsiderations
for blast doours, penetration of fragments into steel and unsymmetrical bending
are also presented.

STEEL STRUCTURES IN PROTECTIVE DESIGN

57 Differences Between Steel Structures and Concrete Structures in
Protective Design.

Qualitative differences between sateel and concrete protective structures are
summarized briefly below:

(1) In nlowe-ia high-impulse design situtatinns where a containment
stractu~2 {8 utilized, a masaive reinfor2ed noncrete structure,
rather than a steel structure, is generally employ-. [n order
to 1limit deflections and to offer protection against the
effects of primary and =secondary fragmenta. However, eiements
of montajnment structures such as blast doors, ventilation
closures, etc., are generally designed using structural

steel. Fragment protection is wusually accomplished by
inoreasing the element thickneas to reslst fragment penetration
or by providing supplementary fragment protection. In some
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cases, structural steel can be wused in the dezxign «f
contajinment cells. However, explosive chdarge welghts are
generally low; thereby preventing brittle modes of failure
(Section 5-18.3) due to high pressure {ntensity.

(2) Structural steel shapes are conzxiderably more slender, both in
terme of the overall satructure and the components of a typical
member cross-sectlon. As a result, the effect of overall and
local inatability upon the ultimate capacity [a an important
consideratinn in steel design. Moreover, in most casex, plate
slement: and satructures will sustain 1large deformations I[n
comparison to those of more rigid concrete elements.

(3) The amount of rebound Iin concrete =atructures {a considerably
reduced by internal damping (crackiag) and [= essentially
eliminated [n cases where large deformations or Incipient
failure are permitted to occur. In atructural steel, however,
a larger response in rebound, up to 100 percent, can be ob-
tained for a combinatlon of short duratlon locad and a rela-
tively flerible element. A= a result, steel s2tructures require
that apecial provisions be made to account for extreme re-
sponz=es of comparabdle magnitude in both directiona.

. (4) The treatment of stress lateraction is more of a consideration

in ateel shapes since each element of the cross-section must be

consldered subject to a state of combined atreases. In rein-

& forced concrete, the provisiou of =separate =steel reinforcement

for flexure, shear and torsion enables the designer to conaider

these stresses as being carried by more or less independent
systems.

(5) Special care must be taken {n ateel design to provide for con-
nection integrity up to the point of maximum response. For
example, in order to avoid premature brittle fracture in welded
connections, the welding characteristics of the particular
grade of steel must be conaidered and the introduction of any
atress noncentrations at joints and notchea in main elements
must be avoided.

(6) If fragments are {nvolved, special care must bde given to
brittle modes of failure as they affect construction methods.
For example, fragment penetration depth may govern the
thickness of a =teel plate.

5-8 Economy of De=ign of Protective Structures in the Inelastic Range.

The economy of facility deaign generally requires that blast-resistant struc-

tures be deslgned to perform in the {1elastic response range during an acci-

dent. In order .., insure the struclure's integrity throughout =such severe
conditions, the facillty gesigner must be cognizant of the various »>ossible

° fallwe modes and their inter-relationshipsz. The limiting design vaiues are
dictated by the attainment of inelastic deflectinns and rotations without com-

plete collapse. The amount of inelaatic deformation is dependent not only

. . upon the ductllity characteristics of the material, but al=o upon the intended
use of the structure following' an accident aa well as the protection
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required. In order for the structure to maintain such large deformations,
steps must be taken to prevent premature failwe by either brittle fracture or
instability (local or overall). Guidelinea and criteria for dealing with
these effects are prenented {n the body of this volume.

5-9 Applications of Steel Elements and Structures In Protective Design.

The design procedues and applications of this volume are directed toward
ateel acceptor- and donor-type structurea.

Acceptor-type structures are removed from the immediate vicinity of the deto-
nation. These {nclude typical frame structures with beams, columns and beam-
columns composed of standard structural shapes and built-up sectiona. In many
cases, the relatively low blast preasures suggest the use of standard building
components such as open-web joists, prefabricated wall panels and roof decking
detaliled as required to carry the full magnitude of the dynamnic 1loads.
Another economical application ran be the use of entire pre-engineered build-
ings, strengthened locally, to adapt their designs to low blast pressures (up
to 2 pai) with short duration. For guidelines on the blast evyaluation of pre-
engineered bufldings, see "Special Provisions for Pre-engineered Buildings",
Volume VI.

Donor-type satructures, which are located iIn the immediate vizcinity of the
detonation may (nclude steel contaimmernt cells or steel components of rein-
forced conorete containment structures such as blast doors or ventilation and
electrical closure plates. In some cases, the use of suppressive shielding to ‘
control or conflne the hazardous blast, fragment and flame effects of o ‘
detonations may be an exonomically feasible alternative. A brief review of /
suppressive shield design and criterta is outlined in Section 6-23 to 6-26 aof
Volume VI. The high blast pressures encountered in these struct:res suggest
the wuse of large plates or built-up =sections with relatively high

resistaices. In some [nstances, [(ragment impact or pressure leakage L=
permitted.
5-10 Application of Dynamic Analysis.

The first step in a dynamic design entails the development of a trial design
considering facility requirements, available materials and economy with mem-
bers aized by a simple preliminary procedure. The next step involves the per-
formanne of a dynamic analysis to determine the response of the trial design
to the blast and the comparlson of the maximum response with the deformation
llmits specified {2 this volume. The final design i3 then uetermined by
acnieviig an economical balance between stiffness and resiatance such that the
Cdlzulated response under the blast loading lles within the limiting values
dinstated by the Operational requirements of the facility.

The dynami~ reaponse cal>ulation i{nvolves either a saingle-degree-of-freedom
analyais using the response charta in Volume [II, or, in more complex struc-
tures, a multi-degree-of-freedom analysis wusing avalilable dynamic elasto- =
plastic frame programs.

A singi=~degree-of-freedom analysis may be performed for the design analysis
of either a given structural element or of an element for which a preliminary
design has been performed according to procedures given 1n this volume. Since .
thia type of dynamic analysis (s described fully with accompanying charts and
tables {n Volume III, it will not be dupllcated herein. In principle, the ‘
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structure or structural element {s characterized by an jfdealized, bilinear,
elasto-plastic resistaince fuiction and the loading is treated as an [deallzad
triangular (or bi-linear) pulse with zero rise time (Volume I[I). Response
charta are preseanted in Volume [II Jor determining the ratio of the maximum
responae to the elastin reaponae and the time to reach maximum rezponse for
the {nittal respcnse. The equations presented for the dynamic reactions are
also applicable to this volume.

Multi-degree-of-freedom non-linear dynamic analyses of braced and wu:braced
rigid frames can be performed using programs available theough the repoai

torles llated i{n Section 5-4 and through the reports listed (a the biblio

graphy at the end of this volume.

PROPERTIES OF STRUCTURAL STEEL

5-11 General

Structural steel [s known to be a atrong and ductile building material. The
significant engineering propertles of steel are atrength expressed in terms of
yield stress and ultimate tensile satrength, ductility expressed la terms oOf
percent elongation at rupture, and rigidity expreased in terms of modulus of
elaatlnity. Thia sectlon covera the mechanjcal properties of structural steel
subjected to static loading and dynamic loading. Recommended dynamic deaign
stresses for bending and shear are then derived. Structural ateels that are
admisaiblie in plaatic design are llsted.

S5=-12 Mechanical Properties

5-12.1 Mechanical Properties Under Stati: Loading - Static Design Stresses

Structuwral steel generally can be considered as exhibiting a linear stress-
atrain relationship up to the proportional limit, which is either close ta, or
identf{cal to, the yield point. Beyond th2 yleld point, it can stretch sub-
atantfally «~ithout apprecziable lncrease {n stresa, the amount of elougation
reachiag 10 to 15 times that needed to reach yield, a range that (3 termed
"the yi=1ld plateau". Beyond that range, strain hardening occurs, {.e., addi-
tional elongatlion is assoclated with an increase in stress. After reaching a
maximum nominal stress called "the tensile strength", a drop in the nominal
atreas accompanies further elongation and precedea fracture at an elongation
(at rupture) amounting to 20 to 30 percent of the apecimen's ori{ginal length
(see flgure 5-1). It is this ability of structural steel to undergo stzable
permanent (plaatic) deformations before fracturing, {.e., its ductility, that
makes 3ateel a3 conatruction material with the required properties for blast-
resistant de=ign.

Some high strength structural steels do not exhibit a sharp, well defined
yteld plateau, but rather show continuous yielding with a curved stress-strain
relatinn. For those steeles {t {s generally accepted to deflne a quantity
analogous to the yfeld point, called "the yield streas”, aa that stress which
would produce a permanent strain of 0.2 percent or a total unit elongation of
0.4 to 0.5 percent. Although such steels usually have a higher yield stress
than those steels which exhibit definite ylield and tensile stresses, their
elongation at rupture [s generally smaller. Therefore, they shouald bhe used
with caution when large ductili{ties are a prerequisite of dezlign.

1)




Stress, f(psi)

tu
[ ASTM STRAIN RATE
————RAPID STRAIN RATE
0.070 <€, <0.23 in./in. APPROX,
.0l TO 0.02 in./in. APPROX.
STRAIN, €(in/in)
Figure 5-1 Typical stress-strain curves for steel
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Blaat-resistant deslgn {2 commonly associated with plast{2 deaign since pro-
tective structwes are generally desigied with the assumption that economy can
be achiaved when plastio deformations are permitted. The =teels to be used
should at leaaxt meet the requirementa of the American Inatitute of Steel
Conatruction (AISC) Specificatfon in regard to thelr adequany for plasti-
desaign.

Since the average yleld streas for structurial steels having a uapecified min-
imum yielu stress of 50 k3l or less [s generally higher than the specified
minimum, it {8 recommended that the miaimum Jdesizgn yleld stress, as specifled
by the AISC specification, be increased by 10 percent, that ls, the average
yield atress to be used in a blast resistant desigi, shall be 1.7 times the
mininum yield stress for these steels. Thia increase, which is referred to as
the iacrease factor (a), should not be applied to high strength steels sa{nce
the average lincrease may be lessa than 5 percent,

and the tensile stresz, [ (minimus) for struc-

£
tural steel shapes and plates which conform to the ASTM Specification, are
listed [n table S-1. All are admissable (n plaati2 deaign except for ASTM
AS51'Y4 which exhibits the amalleat reserve (i1 ductility since the minimum ten-
sile streas is only 10 percent higher than the mirnimum yield stress. However,
elastic dynamic design may require the use of this steel or its bolle~ plate
equivalent, ASTM:AS1T.

The minimun yleld stress, ry,

5-12.2 Mechanical Properties Under Dynamic Loading - Dynamic Increase
Factors

The effects of rapid loading on the mechani~al behavior of structural ateel

have been observed and measwred in uniaxial tensl(le stress tests. Under rap-

idly applied loads, the rate of straln increasea and this has a marked influ-
2nce on the mechanical properties of structural steel.

wider static loading as a basis, the
and can be

Considering the mechanical propertieaz
effects of {ncreasing atrain rates are tllustrat2d in figue 5-1

aummari zed as [ollows:

The yleld point increases substantially to the dyaamie yield
atress value. This effect (s termed the dwami: increase

factor for yleld atreas.

()

The modul as of elastiz2ity in ge:neral will remain {nsensjitive to
the rate of loading.

The ultimate tensile strength increasea slightly. However, the
percentage increase (s less than that for the yield stress,.
This effect {3 termed the dynamlc i{ncrease factor ‘for ultimate
stress.

The elongation at rupture elther remains unchanged or is
slightly reduced, due to {ncreased strain rate,

(4)

Ia actual members aubjected to blast loading, the dynamic eflects resulting
from the rapid strain ratea may be expresaed as a fuiction of the time to
reach ylelding. In this case, the mechanical behavior depends on both the
loading regime and the response of the system which determines the dynaaic
effect felt by the particular material.
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Table 5-1 Static Design Stresses for Materials
Material r’ min ru min
(ASTM) (kai) (kai)
" A36 36 58
AS529 42 60
ALY 40 60
42 53
46 67
50 70
AS572 42 60
50 65
60 75
65 80
A2U2 42 63
46 67
50 70
A538 42 63
"4 67
50 70
AS1Y4 90 100
100 110
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For members made of A36 and AS514 steels, studies have been made to determine
the percentage increase in the yield stress as a function of atraln rate. De-
algn curves for the dynamic increase factors (DIF) for yield stresses of A36
and A514 =tructural steel are [llustrated in figure 5-2. Even thnough ASTM
A514 {= not recommended for plastic de=izn, the curve in (lgure 5-2 may bhe
used for dynamic elastic de=ign.

The strain rate, asaumed to be a constant from zero atrain to ylielding, may be
determined according to equation S5-1:

f: - fds/EstE 5-1

where

£ = average atrain rate in the elastic range of
the steel (in/in/sec)

CE = time to yleld (=sec)

Fds = dynamic design stress (Sect. 5-13)

Dynamic increase factors for yield stresses in various preszure levels in the
bending, tenaion and compreasion modes are listed {n tadle 5-2. The valuen
for bending assume a sirain rate of 0.10 in/in/sec In the low design pressure
range and 0.30 In/in/se¢ in the high preasure dealgn range. For tenaion and
compre=s=lon members, the DIF values asaume the strain ratea are 0.02 in/in/sec
in the low design pressure range and 0.05 in/in/sec in the high deaign
pressure range. Lower =train rates are =selected for the tenalnn and
compression memdera aince they are likely to carry the reaction of a beam or
girder which may exhibit a =ignificant rise time, thereby lacreasing the time
to reach yield in the tension or compression mode.

On the basi=s of the above, the dynamic increase factors for yleld stre=sses are
aummarized in table 5-2 are recommended for use in dyramic design. However, a
more accurat2 representation may be derived using figure 5-2 once the atrain
rate has been determined.

teel protectlive structures and members are generally not designed for excea-
sive deflections, that la, deflections associated with elongations well into
the atrain-hardening region (see flgure S5-1). However, situations arise where
excessive deflections may be tolerated and will not lead to atructural €:llure
or ¢ollapse, In this case, the ultimate atresses and associated dynamin in-
crease factors for ultimate atresses must b2 considered. Table 5-3 liats che
dynamic increase factors [u.~ ultimate stresses of steela. 1Unlike the dynanic
increase factors for yield =u.ess, these values are Independent of the
pressure range=s.
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Table 5-2 Dynamic Increase Factor, ¢, for Yield
Stress of Structural Steels

Bending Tension or Compression
Soc it Low High Low High
Preasure Pressure Presaure Preasure
(& =~ 0.10 in/in/sec) { (¢ = 0.30) (¢ = 0.02) (é ~ .05)
A36 1.29 1.36 1.19 1.24
AS588 1.19% 1.24* 1.12% 1.15%
AS1Y 1.09 1.12 1.05 .0

*Eatimated

*Eatimated

Table 5-3 Dynamic Increase Factor, for Ultimate
Stress of Structural Steels

Material c
A36 1.10
A588 1.05%
AS14 1.00
5 . _ &
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5=13 Recommended Dynamic Design Stresses

5-13.1 General

The yield point of steel under unjiaxial tensile streas [s generally used as a
base to determine yield stresses uider other loading states namely, bending,
shear and compression or teinslon. The design stresses are also funections of
the average strengtn increase factor, a, and the dynamiz {ncrease factor, 2.

5-13.2 Dynamic Design Stress for Ductiliry Ratio y § 10

To determine the plastin strength of a sention under dynamic loadlng, the
appropriate dynamnic yield atress, fdy' must be used., For a ductility ratio
(see Sectlon 5-16.3) u § 10, the dynamin design stress, f,., 1 equal to the
dynamic yield stresa, rdy' In general terms, the dynamic yield streas, fdy'

shall be equal to the product of tne dynami2 inecrease factor, 7, the average
yleld atrength increase factor, a, (3ee Section 5-12.1) and the specified
minimum yield atress of the ateel. The dynanle design stress, rda' for
bending, tension and compreazisn =hall be:

s - " -7
rds rdy X a X fy 5-2

where
= dyanamic yi2ld strenn
3 = dyaaml > lacrease factor on the yield stress
(figue 5-2 or tabdble 5-2)

a = average strength inercasa factor
(= 1.1 for strelz with a apeciflied min{mum

yield atress of 50 kai or less; = 1.0 otherwise)

£ = stati? yield atress from table 5-1

7

«J

.

5-13.3 Dynamic Design Stress foc Ductility Ratio, y > 10

Where exsesaive deflections or ducrtllity ratine may be tolerated, the dynamic
design atraess man b2 {nor2ased to arnount for deformations {n the strain-
hardening region. Tt this eas2, for y > 10, the dynamic deaign satress, rds'
deocomes

)74 5-3
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where:

rdy = dynamic yield atre=s from equation 5-1

rdu - dynamic ultimate stresa equal to the product of

ru from table 5-1 and the value of ¢ from table 5-3

or flgure 5-2
It should be noted that the average strength increase flactor,
a, does not apply to rdu'
5-13.4 Dynamic Design Stress for Shear

The dynamic design stress in shear shall be:

(9]
]
=

Lay = 0-55 Tyq

where rds is from equation 5-2 or 5-3.

DYNAMIC RESPONSE OF STEEL STRUCTURES IN THE PLASTIC RANGE
5-14 Plastic Behavior of Steel Structures

Although plastic behavior is not generally permlasable under service loading
conditfons, it ias quite appropriate for design when the structure (s subjected
to a severe blast loading only once or at most a few time= during its exia-
tence. Under blast pressurea, it will usually be uneconomical to design a
atructure to remain elastic and, as a result, plaatic behavior 12 normally
anticipated {n order to utillize more fully the energy-absorbing capacity of
blaat-resistant structures, Plastic design for flexure {= Dbased on the
asaumption that the atructure or member resistance is fully developed with the
formation of near totally plastifled =ections at the most highly streased
locatlon=, For economical design, the atructure should be proportioned to
asaure [ts ductile behavior up to the limit of its load-carrying capacity.
The =atructure or structural element can attain {t= (ull plastic capaclity
provided that premature impairment of strength, due to secondary effect=2, 2auch
as brittle fracture or inatability, does not occur.

Structural resistance is determined on the basis of plastic deaign concepts,
taking into account dynamic yield strength valuea., The design proceeds with
the hasic objective that the computed deformations of either the individunl
members or the sltructure as a whole, due to the anticipated hlast 1loading,
should be limited to pre=zcribed maximum values consistent with 2afety and the
deajred post-accident conditlon,
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5-15 Relationahip Between Structure Function and Deformations
5-15.1 General .

Deformation criteria are specified in detail for two categories of structures,
namely, acceptor-type structures in the low pressure range, and structures {n R
the high pressure rauge which may either be acceptor- or donor-type. A
description of the two categories of structures follow.

5-15.2 Acceptor-type Structures in the Low Pressure Ranges.

The maximum deformatlons to be specified i{n this ca'.egory are consistent with
maintaining structural {ntegrity into the plastic rarnge while providing =safety
for personnel and equipment. The type of structure generally asaocfated with
tnis dexign category may be constructed of one or two storles with braced or
riglid frames. Main members, consisting of columns and main beams, should be
fab~icated from hot rolled steel, while secondary members, consisting of
purlins or girts, which spa:n the frame members can be hot-rolled I-shapes and
chanaels or cold-formed Z-shapes and channels. The structure skin shall
consiat of cold-formed siding and deckiag spaniiing between the wall girts or
ronf purlins,

5-15.3 Acceptor or Donor-type Structires in the High Pressire Range

The deformation coriteria specified {a this category cover the severe

conditions associated with structures located close-in to a blast. Ia ca=es =
where the design objective iz the containment of an explosion the deformations

should be limited. In other cases where prevention of explosion propagation

or of missle generation is required, the structure may be allowed to approach .
incipient fallure, and deformations well into the strain hardening region may

be permitted for energy absorption. In general, plate element= and curved

plate-type structires fall under these categories.

5-16 Deformation Criteria
5~16.1 General

The deformation criteria presented {n this volume will be consistent with
deaigning the structure for one accident. However, if it is desirable for a
structure to sustain two or three "incidents" in its lifetime, the designer
may limit de=ign deformations 2o that, in its poat-accident condition, the
structure (3 suitadble for repair and re-use.

The deformation criteria for beams (including purlins, spandrels and girts) {s=
presented [n Section 5-16.5. The criteria for frames, fncluding sidesaway, is
preseated in Section 5-16.6 and that for plates {= given in Section 5-16.7.
Special consideratinn {s given to the deformation criteria for open-web jnists
(Section 5-33) and oold-formed metal decking (Section 5-34). Deformation
2riteria are summarized i1 Seation 5-35.

5-16.2 Structural Response Quantities

In order to restrict damage to a structure or element which is subjected to -
the effects of accidental explosion, limiting values must be assigned to
ippropriate rezponse quantities., Generally speaking, two different types of
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values are specified, namely: limitas on the level of Inelastiz dynamic
reaponse and limits on the maximum deflections and rotaticns.

For elements which can be represented as =single-degree-of-freedom systema such
as beams, floor and wall panels, open-web joists, and plates, the appropriate
quantities are taken as the maximum ductility ratio and the maximum rotatinn
at an end support.

For sy3tems such as frame structures which can be represented by
multi-degree-of-freedom systems, the appropriate quantities are taken an the
sidesway deflection and individual frame member rotatinns.

5-16. 3 Ductility Ratio,

Followlng the development {n Volume2 II[ of this Manual, the ductllivy ratio,
u, is defined as the ratio of the maximum deflection (xm) to the equivalent

elastic deflection (XE) corresponding to the developmant of the limiting
resistarice on the bilinear resistarine diagram for the element. Thus, a
duntility ratin of 3 correaponds to a maximum dynamic response three times the
equivalent elastic response.

I1 the case of individual beam elements, ductility ratios as high as 20 can be
achieved provided that suffizient braning exista. Sabsequent sections of thls
vylune cover bracing requirements for beam elements, In the case of plate
elementa, ductility ratios are important insamuch as the higher ductility
ratios permit the use of higher deslgn streases.

Support rotatfons, as discussed in the aext paragraph, provide the basis for
beam and plate design. For a beam element, the ductlility ratlo must be
checked to determine whether the specified rotation can be reached <Jithout
premature buckling of the member. A similar provision shall apply to plates
aven though they may undergo larger ductllity ratios (n the abseince of
premature buckling.

5-16.4 Support Rotation, g

The ead roctat{on, 6, and the assocliated maximum deflectlon, Xm, for a beam

are [llustrated [n figure S5-3. As ahown, B8 is the angle between the chord
joining the supports and the poiat on the element where the deflection is a
aax!aum.

5-16.5 Limiting Deformations for Beams

A steel beam element may be designed to attain large deflectlions correspondiig
to 12 degrees support rotation. To assure the integrity of the beam element,
it must be adequately braced to permit this high level of ductile behavior.
In no case, however, shall the duztility ratlo exceed 20.

A limiting support rotation of 2 degrees, as well as a limitinag ductllity
ratio of 10 (whichever governs) are specified as reasonable estimates of the
absolute magnitude of the beam deformation where safety for personnel and
equipment is required. These deformations are consistent with maintafning
structural 1ntegrity into the plastic range. Adequate bracing shall be
present to assure the corresponding level of ductile behavior.
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The interrelatf{onship between the various parameters [nvolved [n the des={za of
beams i3 readily described in the idealized resistance-deflection curve shown
in figure 5-4. In that figure, the values shown for the ductility ratio, u,

= and the =upport rotation 8, are arbitrary. For example, the deflection
corresponding to a 2-degree support rotation can be greater than that
corresponding Lo a ductility ratio of 10.

5-16.6 Application of Deformation Criteria to a Prame Structure

In the detailed analysis of a frame structure, representation of the response
by a single quantity (s not pos=sible. This fact combdined with the wide range
and time-~varying nature of the end conditions of the individual frame members
makes the concept of ductility rat{o [ntractable. Hence, for this case, the
response quantities referred to in the criter{a are the sidesway deflection of
each story and the end rotation, 8, of the jandividual members with relerence
to a chord joining the member ends, as {llustrated {n fligure 5-3. G
addition, in lieu of a ductility ratio criterion, the amount of (nelastic
deformation is restricted by means of a limitatict on the {ndividual member
rotation. For membera which are not loaded between their ends, such as an
interior column, 0 is zero and only the alideaway c¢riteria must Dbe
considered. The max{mum member end rotation, A shown ia figure 5-3, shall be
2 degrees. The maximum =idesway deflection {2 limited to 1/25 of the story

hefght .

These response quantities, ={desway deflection and end rotatfon, are part of

the required output of various computer programs which perform an inelastie,
- multi-degree-of-freedom analysis of frame structuwres, These programs are
available through the repositories listed in Section 5-4 and several reports
listed in the bibliography at the ead of this volume. The designer can use
the output of these programs to check the sjidesway d<flection of each atory
and the maximum rotation of each member.

5-16.7 Limiting Deformations for Plates

Plates and plate-type structures cian undergo large deformations with regard to
support rotaticns and ductility ratios. The effect of overall and local
instability upon the ultimate capacity is considerably more {mportant to
atructural steel <shapes than to plates. Depending wupon the functicnal
requirements for a plate, the following deformation criteria should be
consldered in the de=ign of a plate:

(a) large deflections at or close to, {ncipient fFailure,.

(b) moderate deflections where the atructure {s deafgned to sustain
two or three "incident=s" before being non-reusable.

(2) limited deflections where performance of the atructwe {s
ceritical during the blast as [n the case of a blast door
designed to contalin pressure and/or [ire leakage.

(d) elastic deflections where the structure must Aaot sustain
permanent deflections, as in the case of an explosives test
chamber .
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This ls a partial list of design rmurnsiderations for plates. It can be agen
that the designer must establish deformation crite~ia bas=ed on the fuiction of
the plate or plate system.

A plate or plate-type structu~e may undergo a 3upport rotation, as [liustrated
in figure 3-22 of Volume [II of 12 degrees. The corresponding allowable -
ductility ratlo shall -0t exceed 20. It should be noted that higher design
stressex can be utilized when the ductllity ratio exceeds 10 (See Sec

BLow 5-13.3) .

A limiting support rotation of 2 degrees (s specified anz a reasonable estimate
of the absolute magnitude of the plate aupport rotation where safety f{or
personnel and equipment [a an accmptor-type structure s reqilred. 4s i1 the
deformation ¢riteria for beams, the ductility ratio shall not exceed 10.

Two edge oconditions may govern the deformation of plates (7 the plasti=
region. The first occurs whea npposite edges are not built-in. In this case,
elastin plate deflection theory and ylield-line theory apply. The sacond
involves tension—membrane action which occurs when at least two npposite edges
are clamped. In this case, tensile-membrane action can occur before the plate
element reaches a support rotation of 12 degrees. Tensile-mambrane action of
bailt-in plates {3 not covered (n this volume. However, Lhe denigier can
utilize yield-line theory for limited plate derllection problems.

The {nterrelationshlp between the various parameters involved In the design of
plates is readily described (a the ldeallzed resistanice-deflectinng curve shown
[n figure 5-5. In that figure, the values ahowia for the ductility ratio,

y,and the support rotation, 6, are arbitrary. For example, the deflection
correxponding to a 2-degree support rotation can be greater than that
correaxponding to a ductility ratlio of 10.

517 Rebound

Another aspect of dynamic design of steel structures subjected to blast load-
ings ix the vccurrence of rebound. Ualike the conditiona prevailing In rein-
forced concrete structures where rebound considerat{ons may not b2 of primary
Joncern, steel atructures will be subjected Lo relatively large stress rever-
fals zaused by redound and will require lateral bracing of uietayed nompres-
sion flanges which were formerly in tension. Rebound is more critical for
elenents supporting iizht dead loadz and subjected Lo blast pressuarex of short
duration. It i{s also a primary oouncern in the design of reversal bolts for
blasat acors.

5 = |(s) Secondary Modes of Failure

5-18.1 General

In rhe proceas of designing for the plasti~2 cr ductile mode of faflure, {t {=
Important to follow certairn provizions {n order to avoid prematue failure of
the structure, [.e., to lnsure that the satructure can develop its Cull plastie
resistance.
These zecondary modes of failure can be grouped in two main categoriex:

(1) Inatability modes of failure
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(2) Brittle modea of failure

5-18.2 Instability Modes of Failure

In this category, the problem of structural instabilily at two levels i3 of
cosicernl, namely, overall buckling of the structwral system as a whole, and
bunkl ing of the onmponent elements.

Overall buckling of framed structuresx can occuw (1 two esaentially different
manners. In the firat case, the load and the structure are symmetri2;

deformations remain also symmetrls up to a critical value of the load for

which a =sudden

change In

configuration will produce {nwtant anti-aymmetry,

large sidesway and diseplacement, and eventually a failu~e Dy 20llapse, i not

by exceszive deformations.

This type of {nstibility can also occur |n the

elastic domaln, before substantlal deformatlion or any plastificiation haa taken
place. It is called "instability by dbifurcation”.

In the second case, the loading or the structure or both are non-symmetriz.
Wwith the application of the load, aidesway develops progresaively. In such
cases, the verti{cal 1loads acting through the =idesway displacements, commonly
called "the P-A effect", create second order bending moments that magnify, {(n
turn, the deformation. Because of rapidly Increaaing displacements, plastic
hinges form, thereby decreasing the rigidity of the atructure and nausing more
sfdesway. This type of inatability {s related to a contiluous deterioratlion
of the «tiffness leading to an early failure by either a collap=e mechanism or

excess{ve sideaway.

Frame [nstability need not ba expllcitly considered in the plasti~s design of
one- and two-story undraced frames provided that the indlvidual columns and
girders are desigied according to the beam-column criteria of Sectlon 5-37.
For framea greater than two stories, bracing is nommally required according to
the AISC provisions for plastic design in order to [nsure the overall sta-
bility of the atructure. However, if an i(nelastic dynamic frame analysis (s
performed to determine the complete time-history of the atructural response Lo
the blast loading, (n2luding the P-A effectes, It may be established, i par-

ticular

nases,

two atories,

that lateral bracing is not neceszary In a frame greater than
A= mentioned previously, computer programs whicn perform an {n-

2lastic, multi-degree-of-freedom analysis of Crame structures may be employed
for auch an analysis.

Buckling of an element ln the structure (e2.g., 3 beam, girder or column) can
occur under certain loading and end conditiovns. Instability {s of two types,
namely, buckling of the member as a whole, e.g., lateral torsional buckling,
and local buckling at certain wsections, including flange buckling and web

erippling.

Provisions for plaati2 design of heams and columns are presented in a separate
section of this volume.

5-18.3 Brittle Modes ol Pailure

Onder dynamic loading, there is 3an enhanzed possibility that brittle fracture
can develop under certain conditions. 3ince this type of failure Is sudden In
nature and difficult to predict, it f{s very important to diminish the riak of

such premature failure.
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The complexity of the brittle fracture phenomena precludes a complete quanti-

As a result, it is impossible to establish simple rules
in flexural

tative definition.
for design. Brittle fracture will be associaced with a losas

resistance.

Brittle fractures are caused by a combination of adverse circumstances that
may include a few, some, or all of the following:

(1) Local streas concentrationa and residual atresses,

(2) Poor welding,

(3) The use of a notch sensitive steel,

(4) Shock loading or rapid strain rate,

(5) Low temperatures,

{6) Decreased ductility due to atrain aging, C

(7) The existence of a plane =train condition causing a atate of
tri-axial tension streases, eapecially in thiak gusset plates,
thick weba and {11 the vicinity of welds, and

(8) Inappropriate use of some forms of connections.

The problem of brittle fracture (3 closely related to the detalling of connee-
tions, a toplc that will be treated in a separate section of this volume.
However, there are certain general gaidelines to follow in order to minimize
the danger of brittle fracture:

{1)

(3)

5-19

Steel material must be selected to conform with the condition
antizipated [n service,

Fabricatlon and workmanship =hould meet high standards, e.g.,
sheared edges and notches should be avoided, and matertal that
has been severely cvld-worked should oe removed, and

Proportioaning and detailing of connections should be =such that
free movement of the base material is permitted, stresz concen-
trations and triaxial stress conditions are avcided, and ade-
quate ductility is provided.

DESIGN OF SINGLE SPAN AND CONTINUOUS BEAMS

General

The emphasi=s {n this =section {8 on the dynamic plastins deaign of structural

ateel Dbeams.

De=ign data have been de~ived from the stati: provisions of the

AISC Spe~illication with necesszary modifications and additions for blast de-

sign.

It =hsald be noted Lnac all provizions on plastiec design in the AISC

Spareciflcation apply, except az modified in this volume.

The 2alculation of the dynamic f(lexural
The neres3ary 1formatinn is presented for determining the equivalent

detafl.

capat2ity of beams i3 dezeribed in
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bilinear resistance-deflection functions used in evaluating the basic flexural
response of beams. Also presented are the supplementary oconsiderations of
adequate shear capacity and local and overall stabilliy which are necessary
for the process of hinge formation, moment redist~ibution and inelastic ninge
rotation to proceed to the development of a full nollapse mechanism.

5-20 Dynamic Flexural Capacity
5-20.1 General

The ultimate dynamic moment resisting capaclity of a steel beam {s given by
M =f Z 5=5

where [ , is the dynamic deaign stress (as deacribed In Section 5-13) of the

material and Z (s the plastic section modulus. The plastic section modulus
can be caloulated as the sum of. the statli<s moments of the fully ylelded
elements of the rqual cross-section areas above and below the neutral axia,
{f.e.:

Z = Acm‘ + l\.tm2 5-6

Note: A‘“:n1 = Atm2 for a doubly-symmetriz sedtion

where A_ = area of cross-section in compression
A, = area of crosas-section in tenslon

m, = distance from neutral axis to the centroid
of the area in compreaslon

m., = diatance from neutral axis to the centroid
of the area in tension

For standard I-shaped sectlons (S, W and M shapes), the plastis section
modulus ia approximately 1.15 times the elastic modulus for satrong axis
bending and may be obtained from standard manuals on structural steel design.

It [s generally assumed that a fully plastic section offers no additional re-
a{stanre to load. However, additional resistance due to strain hardening of
the material is presant as the deformation nontinues beyond the yield level of
the beam. In the analysis of structural steel beams, [t {3 assumed that the
plastic hinge formation i’ concentrated at a section. Actually, the plastic
region extends over a certain length that depends on the type of loading (con-
centrated or distributed) on the magnitude of the deformation, and on the
shape factor of the cross-section, The extent of the plastic hinge has no
substantial influence on the ultimate capa>ity; it has, however, an influence
on the final magnitude of the dellection. For all practical purpose=s, the
assumption of a conrcentrated plastic hinge iIs adequate,
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In blast design, although straina well {nto the atrain-hardening range may be
tolerated, the corresponding additional resistance is generally not sufficient
to warrant analyti{cal oonaideration since excessive support rotations and/or
ductility ratios of beams, which are susceptible to local flaange or lateral
torsional bick!ing, are not recommended.

5-20.2 Moment-curvature Relationship for Beams

Figare 5-6 shows the stress distribution at various stages of deformation for
a plastlic hinge section. Theoretically, the beam bends elasatically until the

outer fiber atress reaches t'd:,l and the yleld mwument deslgnated by My is

attained (figure 5-6a). As the moment fncreases above M the yield stress

lnward from the outer fibera of the section towards the neutral

y'

progresses
axis as ahown In figure 5-6b. As the moment approaches the fully plastic mo-
ment, a rectangular stress distribution as shown in flgure 5-6c iz
approached. The ratio between the fully plastic moment to the yield mament (s

tha shape factor, £, for the section, i.e., the ratio between the plastic and

elastic seccion moduli.
A representative moment-curvature relationship for a simply-supported steel
beam is shown in figue 5-7. The behavior {a elastie until the yleld moment

the curvatire inreases at a
Following

M., is reachned. With further lncrease in load,
greater rate as the fully pla3ztic moment value, M2, is approached.

the attainment of My, the curvature inoreases ajignificantly, with only a small
increase [n moment capacity.

purpisea, a bllinear representatinn of the moment-curvature rela-
For beams
= M].

For design
tionsnip (s employea as shown by the dashed lines in figue 5-7.
with a moderate design ductility ratios (u § 3), the design moment M

P
for beams with a larger design ductility ratio (g > 3), the desigu moment
Mp - Mz-

5-20.3 Desiyn Plastic Moment, Mp

The equivalent plasti~ de={g: moment shall be computed as follows:
Fo~ beams with duntility ratios less than or equal to 3:

Mp = .“”‘s (s + 2)/2 5-7
Where S and € are the elastic and plastic section moduli, ~espectively.
ro~ beams winh ducti{lity ratios grealer than 3 and heam col.mns:

M s f, 2 5-8
g3.:ation 5-7 {2 consistent with test results for beams with moderate duntll-
lties, Fo~ beamr which are allowed ', undergo large ductilitiea, equation

5-8, baszad upo>n Tull plastifieation of the seatinn, i3 cousidered reasonable
~or desjgn pu~poses.
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Figure S5-6 Theoretical stress distribution for pure bending at

various stages of dynamic loading
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Figure 5-7 Moment-curvature diagram for simple-supported,
dynamically loaded, I-shaped beams

~28-




It ls important to note that the above pertalns to beams which are suppirted
against buckling. Design provislona for guarding againat local and overall
buckling of beams during plastiz deformation are discussed {n Sections 5-24,

5-25 and 5-26.

5-21 Resistance and Stiffness Functlions

S5=21.1 General

The aingle~degree-of-freedom analysis whi>h serves as the basia for the flex-
ural reaponse calculation requires that the equivalent stiffness and ultimate
resjistance bYe defined for both single-span beams and continuoua beams. The
ultimate reslistarice values correspond to developing a full collapae mecha:nism
in each caze. The equivalent stiffnesaes correspond to load-deflection rela-
tionships that have been ldeallzed as biflinear fuictions with [nitlal slopes
30 deflned that the areas under the idealized load deflection diagrams are
equal to the areas under the actual diagrams at the point of (nception of
fully plasti2 behavior of the beam. This concept {s covered in Section 3-13

of Volume III,
5=271, 2 Single-span Beanms

Formulas for determining the stiffness and resxistanne for one-way steel beam
elements are presented in tables 3-1 and 3-8 of Volume [II. The values of M
{n tabla 3-1 represents the plantic dezxign moment, Mp. For exanple, the value

of £ for the f{xed-=imple, uniformly loaded beam beccmes Vi - 12 Mp/La.

5-21.3 Multi-span Beams

The beam relationships for defining the bilinear resistance function for
multi-apan continuous beams under uniform loading are summar{zed below. These
axpressions are predicated upon the formation of a three-hinge mechanism (n
each span. Maximun economy normally dictatesx that the =pan lengths and/or
member aizes be adjusted such that 3 mechanism forms =slmultaneously fa all

apans.

It must be noted that the development of a mechanism in a particular span of
a continuous dbeam assumes compatible stiffnesz properties at the end supports.
If the ratio of the length of the adjacent spans to the span being constidered
{s excessive (say, greater than 3), {t may not be possible to reach the limit
load without the beam failing by excess|ve deflection.

For uniformly-distributed loading on equal =pans or spans which do not differ
in length by more than 20 percent, the following relationships can be uszed to
define the bilinear resistance fuwiction:

Two—apan contiauwous beam:

Ru = r‘ubL s 12 Mp/L 3=9

KE = 163 EZI/I.,3 5110

Exterior span of ocontinuous beams with 3 or more spans:

- 29-




Ru = rubL = 11.7Mp/L 5=-11

KE: = Iu3i-:I/L3 512
Interior span of cont{nuous beam with 3 or more spans:

Ru = rubL = 16.0Mp/L 5=

ke = 300e1/L3 5-14

For design situations which do not meet the required conditions, the bilinear
reslstaice fuiction may be Jevaloped by the application of the basic proce-
dures of plastiz analysis.

5-22 Design for Flexure

5-22.1 General

The design of a structure to resist the blast of an accidental explosion con-
3ixta easeatially of the determination of the atructural resistance requlred
to limit calzulated deflections to within the prescribed maximum values as
outlined in Section 5-35. In general, the resistance and cdeflection may be
oymputed on the bisis of flexure provided that the shear capacity of the webd
is not exceeded. Zlastlis shearing ceformations of steel members are negli-
Zible as long a2 the depth to span ratio {2 leas than about 0.2 and hence, a
fiexural analysi3 is normally suffizient for establishing maximum deflections.

5-22.2 Response Charts

Dyniami~ rezponae charts (or one-degree-of-freedom saysatems [{n the elastic or
elasto-plastic range uider various dynamic loads are given in Volume III. To
use the charts, the effective natural period of vibration of a structural
ntez2l beam must be determined. The procedures for determining the natural
pariod of vibration for one-way elements are outlined in Section 3-17.4 of
Volume [II. Equation S5-15 ca: be used to determine the natual perind of
vibration for any ayatem for whizch the total effective masa, Mg, and
eqiivalent elastie tiffness, KE are known:

T, = 2 (M /K )& 5-15

N B

5-22.3 Prelininary Dynamic load Pactars

For preliminary flexural dezig: of beams situated {n low pressute range, {t is
~uggested that an =quivaient static ultimate resistance equal to the peak
blast pressure b2 used for those beams desigined for 2 degrees support
rotation. For large support rotations, a preliminary dynamic load factor of
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0.5 {8 recommended. Since the duration of the loading for low pressute raigr
will generally be the same or longer than the pe~iod of vibration of the
satructure, revisions to this prellminary design fron a dynamic analysis will
uaually not be substantial. Howaver, [or =structures where the loading
anvironment preszJure Is such that the load duratlon ia short as mmpared wit',
the period of vibration of the =atructue, this procedure may result (1 a4
auybstantial overestimate of the required reaxistance,

5-22.4% Additional Consideratinas (n Flexural Deslygn

Onee a dynami~ analyais is performed on the aingle 2pdant or contiiuous bean,
the deformations must be checked with the limitations set [n the c-~ite-~{a.
The provisions for local buckliing, web crippling and lateral bracing muat be
met. The deformation cr~iteria for beam clementa innluding purlina, spandrels
and gi~ts ls summarized in Sestinn 5-35.

The rebound behavior of the atructure must not be overlooked. The [nformation
requlired for calzulating the elasti2 rebddiund of structures (3 contalned (n
figue 3-268. The proviziluna for local busckiing, lateral bracing, 38 outlined
in subsequent sections of this voluma, shall 3pply {n the desi{g for rebound,

5-213 Design for Shear

Sheariag foreoea are of siguifieannce (2 plastiec dexign primasily because of
their possible influence on the plastic moment capaity of 3 =veel member. Al
mints where large bending moments and shear forces exist, rLhe anaumption of
an ldeal elasto-plastic stress-strain relationship indicates that during tne
progresslve formation of a plastiz2 hiage, there [s a redudtiasn of the web arsza
avallable for shear. This reduced area could result in an {attiation of shear

vsieldlng and poss{bly reduce the moment capacity.

How“ever, it nas been fownd experimentally that I-shaped section achieve their
fully plastic moment oapaclty providsd that Lhe average shear atresx ovar the
fall web area i3 less than the yield stress [n shear. This result can basi>
ally be attributed to the fact that I-shaped sestions carry moment predomi-
na:itly through the flanges and shear predominantly tarough Lhe web. 0Other
wnatribeting ractors include -“he beneficial eifects of straln hardening and
tn2 faot that combinations of high shear and high momenl generally oc2ur at
locations where the moment gradient is steep.

The yield capacity of steel beams | shear la given by:

Vo= A 5-16

where Vp is the shear capacity, rdv is the dyhamic yleld strexs [n shear of

the steel (eq. 5-4), and A, is the area of the web. For I-shiped beams and

2imilar “lexural members with thin webs, only the web area batween (lange
plat2a should? be used in caleulating Ay-

For several partizula~ load and support oconditions, equations for the support
aaears, V, for one-way elemeats are given {n table 3-9 of Volume [II. As dis-
cussed ablve, as long as the acting shear V does ot exceed Vp, I-shaped
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sections can be conaidered capable of achiaving thelr full plastic moment., If
V is greater than Vp, the web area of the chosen section is Inadequate and

either the web must be strengthened or a different section should be selected.

However, for 2ases where the web (= bejng relied upoa to carry a signlflcant
portion of the moment capacity of the =ection, svch as rectangilar cross-
section beamax or built-up sections, the (nfluence of =shear on the avaliable
mome:nt capacity must b2 considered as treated la Section S5-31.

5-24 Local Buckling

In order to insure thac a ateel beam will attain fully plastis behavior and
acttaln cthe desir2d ductility at plastic hinge incations, it is necessary that
the elements of tne b2am section meet minimum thiskaexs requirements suffi-
2ient to prevent a local buckiing failue. Adopting the plastic design re-
quirements of tne AISC Specification, the width-thickness ratio for flanges of
rolled I- and W-shapea and =imilar built-up single web shapes that wouid be
suabjected Lo comprexsion iavolvinag plastic hinge rotatinn shall not excesd the
followiig values:

£, (kai) be/2tp

where .“y i’ the spacified minimum 3tati~n yi2ld stress For the ateel (table 5-

1), D, i2 the flange width and te is the flange thicknesa.
The width-thickness ratins of similarly compresaed flange plates {n box aec-
riona and 20ver plate=s shiall nol exceed 190/({',/)/2. for this pupose, the
widtn of a 20ver plate shall be taken as the distance between loagitudinal
lines of cornnenti=g rivets, high-strength bolta or welds.

The depth-thickneas ratic of wabs of menbera audjected to plastic bending
shz11 1ot exceed the value given by Equatlon 5-17 or 5-18 as applinable.

412 < 0.27

<
— « —=- (1 = 1.4 ?-—) when-P— S=i1 T
tw ¢ Py Py
Y
(-]
?(1 s L g Te > 0-2T 5-18
W r
y 4 -
herae P = the applied onmpresaive load

P = the plastic axial load »qual to the cross-sectional -
area times the anpecified minimum atatic yleld stress, fy
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These equatlions which are applicable to local buckling under dynamic load! :ag
have been adopted (rom the AISC provisions for static loading. Howaver, 3i: e
the actual procesa of buckling takea a finlte p2riod of time, the memder mues:
dccelerate laterally and the mass of the member provides an {nertial forre re-
Larding this acceleration. For this reazon, load: that might otherw!{se wiuse
fallure may be applied to the members for very short duratjons I they are re-
moved before the buckling has occurred. Hence, (t (s appropriate and mnser-
vative to 4apply the criteria developed for static loiads to the case of dynamic
loadig of relatively short duration.

These requlr~ements on cross-section geometry ahould be adhered to in the de-
sign of all members for blast loading. However, in the event that it la nec-
essary to evaluate the load-carrylng capacity of an exiatiag struttural member
which does not meet these proviajons, the ultimate capacity should bde reduced
{n ancordanne with the recommendatiosns made in the Commentary and Appendix

of the AISC Specification.
5-25 Web Crippl ing

Since concentrated loads arid reactions along a short leagth of flange are
carried by compreaxsive atresses In the web of the supporting member, luecal
ytelding may occur (ollowed by crippling or crumpling of the web. Stiffenerca
bearig against the flanges at load poinats and fastened to the web 3r2 usually
raployed in such aftuations to provide a graduial transfer of thea2 forces 1o

the web,

Proviaions for web stiffeners, as given in Section 1.15.5 of the AISC Speci‘i-
caticn, should be used jin dynamic design. In applying these provisions, t‘y
should be taken equal to the specified atatic yield strength of the ateel.

5-26 lateral Bracing
5-26.1 General

Lateral brazing support [s often provided by floor beams, joists or purlins
wnich frame [nto the member to be briced. The wunbraced lengtha (1(_,{,, as

defined tn Sections 5-26.2 and 5-26.3) are either {ixed by the spacing of the
purllns and girts or by the apizing of supplementary bracing.

Whan the rompression flange 1s securely connected to steel decking or siding,
this will constitute adequate lateral bracing in most cases. In additlon, (-
flention points (points of contraflexure) can be considered as braced pofnats.

Members built {nto a masonry wall and having their web perpendicular to this
wall 24n be assuned to be laterally supported with respect to thei~ weak axis
of bending. In addition, points of coatraflexure can be considered as braced

points, if neresudry.
Members aubjected to bending abdut their 3trong axis may b2 suacepiible to

lateral-torsional buckling In the direction of the weak axis {f their com-
presalon flange is not laterally braced. Therefore, {n order for a plastic-
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ally-desigrned member to reach {ts collapse mechanism, lateral supports must be
provided at the plastic hinge locations and &t a certain distance from the
hinge location. Rebound, which constitutes striss reversals, is an {mportant
cons{deration for lateral braciag support. )

5-26.2 Reguirements for Members with y s 3

3ince members with the design ductility ratios leas than or equal to 3 underg
moderate amounts oOf plastic deformation, the bracing requirements are somewhat
less stringent.

For this case, the following relationohip may be used:
; e 5 s
L/ - [¢(102 x 10 Lb)/fds] 5-19

where
t = distance between nross-secti{ons braced against twist
or lateral displacement of the compression flange,

r.. = radius of gyration of a section comprising the compresrion
flange plus one-third of the compression web area taken
about an axis [n the plane of the web, and

C, = bending coefficient deflned t{n Section 1.5.1.4.5 .
of the AISC Specification

5-26-3 Reguirements for Members Wirh > 3

In order to develop the full plastic moment, M_ for members with design duc-
tility ratios greater than 3, the distance from the brace at the hinge loca-
tion to the aljacent bdbraced points should not be greater than lcr as deter-
mined Crom cither equation 5-20 or 5-21, as applicable:

2

< > - 0.

2. 1373 4 55 unen s 1.0 2 M2 7 0.5 5-20
P f M

ds p
ber 1375 M
B — = whea - 0.5 > — > - 1.0 5-21

r £ — e —

y ds p

where ry « the radiis of gyration of the member about {t3 weak axis

M = the lesser of the mome:nt: at the ends of the unbraced segment
— = the end moment ratioa. The moment ratio is positive when
p the =egment {2 bent {n reverse curvature and negative when
bent, in =2inzle curvature. o

B = critical langth correction factor (See Figure 5-8) R
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Figure 5-8 Values of B for use in equaticns 5-20 and 5-21
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The critical 1l=2ngth correction factor, 8, accounts for the fact that the
required spacing of bracing, 1cr' decreases with luncreased ductility ratio.

For example, for a particular member with r, = 2 in. and qu = 51 ksi and

Y
using the equation for M/Mp = 0, we get ch = 71.7 in. for yu = 6 ang 1cr =

39.7 in. for u = 20.
5-26.% Requirements for Elements Subjected to Rebound

The bracing cequirements for non-yielded segments of members and the bracing
requirements for members in rebound can be determined trom the following rela-
tionship:

2
P e (2770

r=1.67 [2/3 - -«m——7r—]f 5-22
1530 « 107,

where

f = the maximum bending stresa in the member, and
in no case greater than qu

When [ equals fds. this equation reduces to the ZIrT requirement of equation
S=IH9

5-26.5 Requirements for Braclng Members

In order to fuirtion adequately, the bracing member must meet certain minimum
requirements on axial strength and axial stiffness. These requireme:ats are
quite minimal in relation to the properties Lf typical framing members.

Lateral braces should be welded or securely bolted to the compression flange
and, {2 addirlon, a vertical stiffener should generally be provided at bracing
poiats wha2re concentrated vertic2l loada are also being transferred. Plastic
hiage locations within uniformly loaded spans do not generally require a stif-
fener. Examples 5f lateral bdracing details are presented in figure 5-9.

DESIGN OF PJ.ATES
S=27. General

The emphasais [ this =ection !s on the dynamic plastic design of plates. As
inn the case for =imply =upported a:d wontinuous beams, des{gn data have been
derived from the s=taciy | -viaions of the AISC Specification with nenesaary
modificatlions and additions ror hiast deslgn.

This section covars the dynamic flexural ocapacity of plates, as well as the
a-eessary  iaformation for determiaing the equivalent bilinear resiatance-
d:flaction fuaerions uzes {1 evalualing the flexural response of plates. Also
nresented i3 the supplementary wconsideration of adequate s=hear capanity at
negative yleld lines.
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Figure 5-9 Typical lateral bracing details
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$5-28 Dynamic Flexural Capacity

A3 is the case for standard I-shaped sections, the ultimate dynamic moment-
resisting capacity of a steel plate is a fuiction of the elastic and plastic
moduli and the dynamic desigy stresas. For plates or rectangular cross-section
beams, the plastic section modulus is 1.5 times the elastic section modulus.

A representative moment-curvature relationshlip for a simplLy-supported sateel
plate is shown in figue S5-10. The behavior is elastic unti{l a curvature
norresponding to the yleld moment M, is reached. With further increase 1in

y !
load, the curvature [noreases at a greater rate azs the fully plastic moment
value, Mz, {3 approached. Followinng the attainment of Mo,y the curvature

increases while the manent remalns constant.

For plates and rectangular cross-section beams, M2 ia 50 percent greater than

My and the natue of the transition from yield to the fuily plastic condition
depends upo'l the plate geometry and end conditions. It is recommend2d that a
capazity midway between My and M2 be used to define the plastic design moment,
Hp (My in Figure 5-11), for plates aad rectangular cross-section beams.
Therefore, for plates with any duztility ratio, @quation 5-7 applies.

3-29 Resistance and Stiffness Functlons

Procedu'es for determiaing 2tiffness and resistance factors for one- and two~
way plate elements are outlined {n Volume II(. Theae lactors are based upon
elaatic deflebtion theory and the yield-line method, and are appropriate for
defining the stiffness and uitimate load-carrying capacity of ductile struce
tural steel plates. In applying these factors to steel plates, the modulus of
elastizity should d2 taken equal to 29,600,000 pst. For two-way Isotropic
aheel plates, the ultimate unit positive and negative moments are equal in all
directions; i.a.

L . p - "o _
where Mp is defined by equation 5-7 and the remaining values are ultimate unit
moment capacities as deflned in Section 3-9.3 of Volume [II. Sinice the

stiffnesz factors WJere derived For plates with equal stiffnesa properties (n
2avh direction, they are not applicable to the case of orthotropic steel
plata=, such ax atifferied plates, shiech have different stiffness properties in
each Jdi{r=ation.

5-30 Design for Flexure

The proc=du~e [or the [laxural dewig: of a steel plate (s essentially the same
s the design of 3 beam. As fo~ beams, [t i3 suggested that preliminary dy-
iami2 1oad fantors listed in table 5-4 be used for piate structures. With the
iniffnens and ~esiziane2 factors from Seotion 5-29 and taking into acoouat the
influsan~e of snear oa the avajilable plate moment capacity as defined [n Sec—

_33_




D P e e ey . =
e i

e —
=My Im stz
S Mp =M; =145 (=5 )
o
=

CURVATURE

NOTE: SEE FIGURE 5-7
— FOR My, M, AND M,

Figure 5-10 Mament-curvature diagram for dynamically loaded pla:t=s
and rectangul ar cross-section beams
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Table 5-4 Prellminary Dynamic Load Factors for Plates

Deflection Deformation*

Magni tude 6 max y max DLF
Small 2 5 1.0
Moderate ] 10 0.8
Large 12 20 0.6

*  Whicnever governs
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tion 5-31, the dynamic response and rebound for a given blast loading may be
determined from the response charta (n Volume TII. It should be noted that
for u>10, the dynamic design atress, incorporatling the dynamie ultimate
atress, f, , may be used (see equation 5-2).

5-31 Design for Shear

In the design of rectangular plates, the effect of simultaneous high moment
and high shear at negative yield lines upon the plastic atrength of the plate
may be significant. In such cases, the following interaction formula de-
scribes the efrect of the support =hear, V, upoi the avalladle aoment capal-
ey, M

]
M/M_ = 1 = (V/V) -2
P ( P 5=23
where Mp is the fully plastlc moment capacity in the absance of ahea~ ¢al~u-
lated (rom equation 5-7 and V_ (s the ultimate shear capacity in the absaine

o}
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