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VOLUME IVSREINFORCED CO CETrE DESIGN

INTRODUCTION

•4-1 Pur pos e

The purpose of this six volume manual is to present methods of design for pro-

tective construction used in facilities for developnent, testing, production,

maintenance, modification, in-spection, disposal and storage of explosive

materials.

4-2 Objjecti ves

The primary objectives are to establish design procedures and construction

techniques whereby propagation of explosion (from one building or part of a

building to another) or mass detonation can be prevented, and protection for

personnel and valuable equipment will be provided.

The secondary objectives are:

(1) Establish the blast load parameters required for design of pro-

tective structures;

(2) Provide methods for calculating the dynamic response oi stru.c-

tural elements including reinforced concrete, structural steel,

etc.;

(3) Establish construction details and procedures necessary to

afford the required strength to resist the applied blast loads;

(4) Establish guidelines for siting explosive facilities to obtain

maximum cost effectiveness in both the planning and structural

arrangements; providing closures, and preventing oarnage to in-

terior portions of structures due to structural. motion, shock

and fragment per'for'atiorn.

4-3 Background

For the first 60 years of the 20th century criteria and methods based upon the

results of catastrophic events have been used for the design of explosive

facilities. The criteria and methods did not include detailed or reliable

quantitative basis for assessing the degree of' protection afforded by the pro-

tective facility. In the late 1960's quantitative procedures were set forth

in the first edition of the present manual, "Structures to Resist the Effects

of Accidental Explosions." This manual was based on extensive research and

"development programs which permitted a more reliable approach to design re-

A quiremeents. Since the original. publication of this manual, more extensive

testing and developnent programs have taken place. This additional research

was directed primarily towards materials other than reinforoed concrete which

was the principal construction material referenced in the initial version of

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

These design methods account for the close-in effects of a detonation includ-
ing associated high pressures and nonuniformity of the blast loading on pro--
tective structures or barr'iers 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 vari-
ous materials, or combination of materials, can be calculated, and details
have been developed to provide the properties necessary to supply the required
strength and ductility specified by the design. Development of those proce-
dures 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 envirorments 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- arid small-scale structural response and explosive effects tests
of various materials conducted in cooj unction with the development of this
manual and/or related projects.

Id--_

'4-4l Scope of' Manual

This manual is limited only by vai ety and range of the assumed design situa-
tion. An effort has been made to cover the more probable situations. How- IýN
ever, sufficient general information on protective design techniques) has been
included in order that application of the basic theory can be made to situa-
tions other than those which were fully conrsidered.

This manual is generally applicable to the design of protective structurcs
subjected to the effects associated with higni explosive detonations, For
these design situations, this m:T-hw1aa will generally apply for explosive qian-
tities 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 casesi the design orocedures a:s presented are applicable for,
explosive quantities up to 500,000 pounds which is the maximum quantity of'
high explosive approved for storage facilities in the Department of Defense
manual, "Ammunition and Explosives Safety Standards", DOD 6055.9-ST D.

ris

Because the tests conducted so far in connection with this manual have been __

directed primarily towards the response of structural stoel and reinforced I s
concrete elements to blast ovei pressures, this manual concentrates on design,7
procedures and techniques for these materials. However, this does not imply
that concrete and steel are the only useful materials for protective caonstruc-

tion. Tests to establish the response of wood, brick blocks, plastics, etc.
as well as the blast attenuating and mass effects of soil ar'e contemplated.
The results of these tes•ts may reouire, at a later date, the supplementation
of these dusign methods for these and other materials. %
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Other manuals are availabie which enable one to design protective structures
against the effects of high explosive or nuclear detonations. The procedures

: in these manuals will quite often complement this manual and should be con-
suited for specific applications.

Computer programs, which are consistent with the procedures and techniques
contained in the manual, have been approved by the appropriate representative
of the U. S. Army, the U. S. Navy, the U. S. Air Force and the Department of
Defense Explosive Safety Board (DDESB), These programs are available through
the following repositories:

1. Departin-unt of the Army

Commander and Director
U. S. Army Engineer
Waterways Experiment Station
Post Office Box 631
Vicksburg, Mississippi 39180

Attn: WESKA

L. Department of' the Navy

Officer-in-Charge
Civil Engineering Laboratory

Naval Battalion Construction Center
Port Hueneme, California 93043

Attn: Code L51

3. Department of the Air Force

Aerospace Structures
Information and Analysis Center
Wright Paterson Air Force Base

Ohio 45433

Attn: AFFDL/FBR

The individual programs are identical at each repository. If any modifica-
tions and /or additions to these programs are required, they will be submitted
by the organization for review by DDESB and the above services. Upon concur-
rence of the revisions, the necessary changes will be made and notification of

these changes will be made by the individual repositories.

4-5 Format of Manual

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

Vol ume I - Introduction
Volume II - Blast, Fragment and Shock Loads

Volume III - Principles of Dynamic Analysis
Volume IV - Reinforced Concrete Design
Volume V - Structural Steel Design

Volume VI - Special Considerations in Explosive Facility Design

-3-C
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Appendix A is presented at the end of each volutme. This appendix contains
procedures and illustrative examples which describe the material contained in
that particular volume.

Commonly accepted symbols have been used as 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 is first introduced, and a list
of the symbols, with their definitions and units, is contained in Appendix B
of each volume.

VOLUME CONTENTS

4-6 G ener.al

This volume is concerned with the design of above ground blast resistant. con-
crete structures. Procedures are presented to obtain the dynamic strength of
the various structu, al components of concrete structures. Except for the par-
ticular case of the design of laced reinforced concrete elements, the dynamic
analysis of the structural components is presented in Volume III.

The dynamic strengths of both the concrete and reinforcement under various
stress conditions are given for the applicable design range and the allowable!
deflection range. Using these strengths, the ultimate dynamic capacity of
various concrete elements are given. These capacities include the ultimate
monent capacity for various possible cross-section types, ultimate shear capa-
city as a measure of diagonal tension as well as ultimate direct shear and
punching shear, torsion capacity of beans, and the development of the rein- .6
forcement through bond with the concrete. N

This voltume contains procedLres for the design of non-laced (conventional
reinforcement) and laced concrete slabs and walls as well as procedures for,
the design of flat slabs, beams and columns. Procediues are presented for the
design of laced and non-laced slabs and beams for close-in effects whereas3
procedures for the design of non-laced and flat slabs, beams and columns are
given for far range effects. It is not economical to use laced slabs for far
range effects. Design procedures are given for the flexural response of one-

and two-way non-laced slabs, beams and flat slabs which undergo limited de-
fleetiorns. Procedires are also given for large deflections of' these elements V
when they undergo tensile membrane action. Laced reinforced slabs are de-
signed for flexural action for both l.imited and large deflections. Lastly,
the design of columns is presented for elastic or, at best, slight plastic
action.

The above design procedures are concerned with the ductile response of struc-
tural elements. Procedures are also given for the brittle mode response of
concrete elements. The occurrence of both sallling and scabbing of the con-
crete as well as protection agai nt their effects is treated. In addition,
procedures are presented for post--failure fragment design of laced concrete .
walls and slabs. The resistance of concrete elements to primary fraginent im-
pact is considered. For the primar'y fragments determined in Volume II, meth- 0
ods are presented to determine if a fragment is embedded in or perforates a
concrete wall. If embedment occurs, the depth of penetration is de-termined
and the occurrence of spalling of the far face carn be evaluated. If perfora- r'.§.
tion occtus, the residual velocity ef the fragment is determined.
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Required construction details and procedures for conventionally reinforced and
laced reinforced concrete structures is the last item discussed in the
volume. Conformance to these details will insure a ductile response of the
structure to the applied dynamic loads.

BASIS FOR STRUCTURAL DESIGN

1-'7 Gener al

Explosive storage and operating facilities are designed to provide a predeter-
mined level of protection against the hazards of accidental explosions. The
type of protective structure depends upon both the donor and acceptor systems.

The donor system (amount, type and location of the potentially detonating ex-
plosives) produces the damaging output while the acceptor system (personnel,
equipment, and "acceptor" explosives) requires a level of protection. The
protective structure or structural elements are designed to shield against orL
attenuate the hazardous effects to levels which are tolerable to the acceptor
a ys temr.

Protective concrete structures are classified as either shelters or barriers.

Shelters enclose the receiver system and are generally located far from a po-
tential explosion. Barriers, on the other hand, generally enclose the donor
system and, consequently, are located close to the potential explosion. A
shelter is a fully enclosed structure which is designed to prevent its con-
tents (acceptor system) frain being subjected to the direct effects of blast
pressures and fragments. A barrier may be either a fulJy enclosed structure
(containment structure) or an open structure (barricade or cubicle type struc-
Lutue in whinr one or more surfaces are frangible or open to the atmosphere).
Barriers are generally designed to resist close-in detonations. Their purpose
is to prevent acceptor explosives, and to a lesser extent, personnel and
equipment from being subjected to primary fragment impact and to attenuate
blast pressures in accordance with the structural configuration of the
barri er.

4-8 Modes of Structural Behavior,

The response of a concrete element can be expressed in terms of two modeos of
structural behavior; ductile and brittle. In the ductile mode of response the
element rpay attain !a- ge inelastic deflectiorn without complete collapse.
While, in the brittle mode, partial failure or total collapse of the element
occurs. The selected behavior of an element for a particular design is gov-
erned by: (1) the magnitude and duration of the blast output, (2) the occur-
rence of primary fragments, and (3) the function of the protective structure,
i.e., shelter or barrier depending uIPn the protection level required.

4-9 Structural Behavior of Reinforced Concrete

4-9.1 General

When a reinforced concrete element is dynamically loaded, the elemt: ;t deflects
until such time that: (1) the strain energy of the element is developed suf-
ficiently to balance the kinetic energy produced by the blast load and the
element comes to rest, or (2) -ragmentation of the concrete occurs resulting
in either partial or total collapse of the element. Thu maximum deflecti on
attainable is a function of the span of the element, the depth of the element,

-5-
Lb
,'N



and the type, amount, and details of the reinforcement used in a particular'

desi gn.r

The resistance-deflection curve shown in figure 4-I demonstrates the flexural f
action of a reinforced concrete element. When the element is first loaded,

the resistance ideally increases linearly with deflection until yielding of

the reinforcement is first initiated. As the element continues to deflect,

all the reinforcing steel yields and the res-.istance is constant with

increasing deflection. Within this yield range at a deflection corresponding

to 2 degrees support rotation, the compression concrete cruches. For elements

without shear reinforcement, this crushing of the concrete rt• ults in failure

of the element. For elements with shear reinforcement (single leg stirrups

shown in figure 4-2 or lacing shown in figure 4--3) which properly tie the

flexiral reinforcement, the crushing of the concrete results in a slight loss

of capacity since the comipressive force is transferred to the compreession

reinforcement. As the element is further deflected, the reinforcement enters

into its strain har'dening region, and the resistance increases with increasing

deflection. Single. leg stirrups will restrain the compression reinforcement

for a short time into its strain hardening region. At four (4) degrees

support rotation, the element loses its structural integrity and fails. On

the other hand, lacing through its truss action wil 1 restrai n the

reinforcement through its entire strain hardening region until tension failure

of the reinforcement occurs at 12 deg'ees support rotation.

Sufficient shear capacity must be afforded by the concrete alone or in

combination with shear reinforcenent in ordev to develop the flexural capacity

of an element (figure 4-1). An abrupt shear failure can occur at any time
during the f!cxu ral respo nse if the flexural caf"city exceeds the s A,\a,

capacity of the element.

4-9.2 Ductile Mode of Behavior in the Par Design Range

In the far design range, the distribution of the applied blast loads is fairly

uniform and the deflections required to absoro the loading are comparati vely

small. Conventionally reinforced (i.e., non-laced) concrete elements with

comparatively minor changes to standard reinforcing details] are perfectly ade-

quate to resist such loads. While laced reinforcement could be used, it would

be extremely uneconomical to do so.

The flexural response of non-laced reinforced concrete elements is demon-

strated through the resi.stance-deflection curve of figure 14-1. For elements

without shear reinforcement, the ultimate deflection is limited to deflections,
corresponding to 2 degrees support rotation whereas elements with shear rein-

forcement are capable of attaining 4 degrees support rotation. For ease of

construction, single leg stirrups (fig 4-2) are used as shear reinforcment in

slabs and walls. This type of reinforcement is capable of providing shear re-

sistance as well as the necessary restraint of the flexural reinforcenent to

enable the slab to achieve this increased deflection.

A conventionally reinforced slab mnay attain substantially larger deflections

than those corresponding to 4 degrees support rotations. These increased de-

flections are possible only if the element has sufficient lateral restrairnt to

develop in-plane forces. The resistance-deflection curve of figure 4--4 illus-

trates the structural respvnse of an element having lateral restraint. Ini- Ci
tially, the element behaves essentially as a flexural member. If she lateral

-6-



YIELD
FAILURE OF COMPRESSION CONCRETE

I3EGINING OF STRAINw lHARDENING uf

X(e= 2) X(9- 40) X (09 120) DEFLECTION

NO SHEAR
REINE

MAXIMUM SINGLE LEG STIRRUPS

DEFLECTION

LACING _ _

Ll.

Figurc 4-1 Typical rcsistai)cc-deflection curve for flexurl 2-
response of colicrete clements

-7- 7 -



FLEXURAL REINF.

Figure 4-2 siryice leg stirrups



LONGITUDINAL FLEXURAL REINF.

( LACING REINE

TRANSVERSE FLEXURAL REINF.

Figure 4-3 Lacing reinforccment



zwU

DEFLECTION

FLEXURAL ACTION TENSION MEMBRANE ACTION

lit

Pigure 4-4 Typical resistance-deflection curve for tension

memnbrane response of concrete

-10-



restraint prevents small nIutions , in-plane coin pi'essivc forces are developed.

flexur'al action, the capacity is onstant with ir'.creasi ng deflection until the

corempression cxncrete crushes. As the deflection incvkeases further and the

load carried by the slab decreases. mmnbrane action in the slab is developed.

The slat) carries load by the reinfor'cement net acting as a plastic tensile .

membrane. Thli capacity of the element incrieases with inereasing del' ection

until the r einforcement fails in tension. K -
4-9.3 Ductile Mode of Behavior in the Close-in Design Range

Closeo-in detonationls produce non-uniform, high intensity blast loads . Ex-

tremely high--pressure concentrations aroe developed which, in turn, can produce A.

local (punching) failure of an element. To maintain the struct.ural integrity
of elements sibjected to these loads and to permit the large deflectior, nec-
essoary to balance the kinetic energy produced, lacing reinforcement has been
develope-d.

Lacing rei nfor'cement is shown in fiigure 14-3 while a typical laced wall is

shown in. figue 4-5. A laced element is ieirfot•oed symmetrically. i e., the
comnpression reinfor'cement is the same as the tension reinforceoement. The

straight flexural reinforcing bars on each face of the element and the inter-
vening concrete are tied together by the tr'uss action of continuous bent
diagonal bars. This system of lacing contributes to the integrity of the

protective element. in the following ways:

(1) Dluctility of the flexural rei nforceinent , includi n g the strain hay d-
2rtir:6 region, i.s fully developed. -

t (2) Int, eg!ity of the concrete between the two layers of flexural r'ein-

forcernent is maintai ned despite massive cracking, k.- 1)-:

(3) Coipression reinforcement is restrained fron buckling.

() High shear- stresses at the supports are resisted.

(5) Local shera fail "e produced by the high intensity of the peak blast
pressur'es is prevented.

(6) Quantity and velocity of post-fai~luse fragments produced during the
brittle mode of behavior ar~e reduced.

The flexur-al response of a laced reiniforced concrete element is illustrated by

the entir'e 'esistance-d.fleetion curve shown in figure 4-1. The lacing per-
wits the element to at.tain large defilections and fully develop the reinforcoe-
ment ttrough its strain hardening region. The maximumu deflection of a laced
elenent corcresponds to 12 degrees s•upporDt rotation.

Single leg sticrrups countrtibute to the integrity of a protective element in
much the same way as lacing, however', the stiprrups are lesns effectitye at the

closer' explosive separation distances. The explosive char'ge must be located 1W
furthr' away from an, element containing stir'rups than a laced element.. In

addition, the maximum deflection of an element with single leg -stirrups is

limited to 4 degrees s3upport rotation under flexural action or' 8 degrees und•r'
tension membrane action. 1 , the charge location per'nmts arid r'educed support

r,otat. ions are r'equi r'ed, elements with single leg sti rrups may prove more
econoomical than laced elements.

'- 1 -"
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4-9.4 Brittle Mode of Behavior

The brittle behavior of reinforced concrete is composed of three types of con-
crete failure: direct spailing, scabbing and post-failure fragments. Direct

spalling consists of the dynamic disengagement of the concrete cover over the
flexural reinforcement due to high intensity blast pressures. Scabbing also
consists of the disengagement of the concrete cover over, the flexural rein-
forcement, however, scabbing is due to the element attaining large deflec.-
tions. Finally post-failure fragments are the result of the collapse of an
element and are usually the more serious. Post-failure fragments are gener-
ally large in number, and/or size with substantial velocities which can result
in propagation of explosion. Spalling and scabbing are usually only of con-
cern in those protective structures where personnel, equipment, or sensitive
explosives require protection. Controlled post-failure fragments are only
permitted where the acceptor system consists of relatively insensitive explo-
si ves.

The two types of spolling, direct spalling and scabbing, occur during the duc-
tile mode of' behavior. Because direct spalling is dependent upon the trans-
mission of shock pressures, fragments formed from this type of spalling are
produced immediately after the blast pressures strike the wall. Scabbing, on
the other hand, occurs during the later stages of the flexural (ductile mode)
action of the element. Both types of spalls affect the capacity of the ele-
ment to resist the applied blast loads.

Post-failure fragments are the result of a flexural failure of an element..
The failure characteristics of laced and unlaced elements differ signifi-
cantly. The size of failed sections of laced element is fixed by the location
of the yield lines. The element fails at the yield lines and the section be-
tween yield lines remain intact. Consequently, failure of a laced element
consists of a few large sections (fig 4-6). On the other hand, failure of an
unlaced element is a result of a loss of structural integrity and the frag-
ments take the form of concrete rubble (fig 4-7). The velocity of the post-
faiiure fragments from both laced and unlaced elements is a function of the
amount of blast overload. However, tests have indicated that the fragment
velocities of laced elements are as low as 30 percent of the maximum velocity
of the rubble formed from similarly loaded unlaced elements.

DYNAMIC STRENGTH OF MATERIALS

)4-10 Introduction

A s3tructural element subjected to a blast loading exhibits a higher strength
than a similar element subjected to a static loading. This increrase in,
strength for both the concrete and reinforcement is attributed to the rapid
rates of strain that occur in dynamically loaded members. Thease inereased
stresses or, dynamie strength, are used to calculate the element's dynamic
resLstance to the applied blast load. Thus3, the dynamic ultimate resistance
of an element subjected to a blast load is greater than its static ultimate
resist , -ce

-, Both the concrete and reinforcing steel exhi bit greater strength under. rapid
strain rates. The higgher the strain rate, the higgher tule coinpr e vasie strength
of' cr:r:.crete arnd the higher the yield arnd ultimate strength uf the reinforce

"13 -
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ment. This phenomenon is accounted for in the design of a blast resistant
structure by using dynamic stresses to calculate the dynamic ultimate resis-
tance of the reinforced concrete members.

4-11 Stress-Strain Curve

Typical stress-strain curves for concrete and reinforcing steel are shown in
figure 4-8. The solid curves represent the stress-strain relationship for the
materials when tested at the strain and loading rates specified in ASTM
Standards. At a higher strain rate, their strength is greater, as illustrated
by the dashed curves. Definitions of the symbols used in figure 4-8 are as
follows:

f = static ultimate compressive strength of concrete

f dynamic ultimate compressive strength of concrete

fy = static yield stress of reinforcing steel

fdy ý dynamic yield stress of reinforcing steel

f = static ultimate stress of reinforcing steel
u

du = dynamic ultimate stress of reinforcing steel

E = modulus of elasticity for reinforcing steel

Ec = secant modulus of elasticity of concrete

u = rupture strain

From the standpxoint of structural behavior and design, the most important
effect of strain rate is the increased yield and ultimate strengths of the
reinforcement and the compressive strength of the concrete. For typical
strain rates encountered in reinforced concrete elements subjected to blast
loads, the increase in the yield strength of the steel and the compressive
strength of the concrete is substantial. The ultimate strength of the
reinforcement is much less sensitive to the strain rate. The increase in the
ultimate strength is slight and the strain at which this stress occurs is
slightly reduced. There is essentially no change with scraim rate in the
modulus of elasticity and rupture strain of the steel. ln the case of
concrete, as the strain rate increases the scant modulus of elasticity
incrcases slightly, and the strain at maximum stress and rupture remair nearly
cons tant.

-16-
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Figure 4-8 Typical sLress-strain curves for concrete and
reinforcing steel
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14-12 Allw.able Material Strength3

4-12.1 General

The behavior of a structural element subjected to a blast loading depends upon

the ultimate strength and ductility of the materials from which it is con-

structed. The required strength of a ductile element is considerably less

than that necessary for a brittle element to resist the same applied loading.

A ductile element maintains its peak or near-peak strength through large plas-

tic strains whereas a brittle element fails abruptly with little energy ab-

sorbed in the plastic range. Reinforced concrete with well tieo and anchored

ductile reirforcement can be classified as a ductile material.

4-12.2 Reinforcement

Reinforcing steel, designated by the American Society for Testing and Mater-
ials (ASTM) as A 615, Grade 60, is considered to have adequate ductility in

sizes up to No. 11 bars. The large No. 14 bars also have the desired duc-

tility, but tFeir usage is somewhat restnricted due to their special require-
ments of spacing and anchorage. No. 18 bars are not recommended for use in

blast resistant structures. For all reinforcement, ductility is reduced at
bends, lapped splices, mechanical splices, etc., and location of these

anchorages near points of maximum stress is undesirable and should be avoided.

Reinforcing steel having a minimum yield of 75,000 psi can be produced having

chemical properties similar to ASTM A 615, Grade 60. However, production of

this steel requires a special order to be placed in which large quantities of'

individual bar sizes (in the order of 200 tors per bar size) must be ordered.

It is recommsnded that for thes? high strength bars only straight lengths of

bars be utilized, splicing of bars be avoided and application of this

reinforcement be limited to members designated to attain an elastic response

or a slightly plastic response (Xm/XE less than or equal to 3).

It is desirable to know the stress-strain relationship for the reinforcement
being utilized in order to calculate the ultimate resistance of an element.

This information is not usually available; however, minimum values of the
yield stress f and the ultimate tensile stress fu are required by ASTM

y
Standards. For ASTM A 615, Grade 60 reinforcement, the minimum yield and
ultimate stresses ar'e 60,000 psi arid 90,000 psi, respectively. Review of

numerous mill test reports for this steel indicate yield stresses at least
10 percent greater than the ASTM minimum, and ultimate stresses at least equal

to but not much greater than the ASTM minimum. Therefore it is recommended

that for design purposes, the minimum ASTM yield stress be increased by 10

percent while the minimxn ASTM ultimate stress be used without any increas'e.
So that, the recommended design values for ASTM A 615, Grade 60 reinforcement,

are:

f = 66,000 psi

an] d

flu 90,000 psi
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4-12. 3  Ccncrete

Ever though the magnitude of the concrete strength is only significant in the
calculation of the ultimate strength of elements with support rotations less
than 2 degrees, its effects on the behavior of elements with both small and
large support rotations are of equal importance. The shear capacity of an Fr
element is dependent upon the magnitude of the concrete strength. For ele-
ments with small support rotations (less than 2 degrees), the use of higher
strength concrete may eliminate the need for shear reinforcement; while for V.
elements reqeiring shear reinforcement, the amount of reinforcement is reduced
as the concrete strength is increased. For elements with large support rota-
tions (2 to 12 degrees), the cracking and crushing of the concrete associated
with the larger rotations is less severe when higher strength concrete is em-
ployed. Therefore, the strength of the concrete used in a blast resistant
structure may be selected to suit the particular design requirements of the
structure. However, under no circumstances should the concrete strength

f" be less than. 3,000 psi. It is recommended that 4,000 psi strength con-

crete be used in all blast resistant structures -egardless of the magnitude of iv
the blast load and deflection criteria.

14-13 Dynamic Design Stresses for Reinforced Concrete

4-13.1 General ,

Ductility is a significant parameter influencing the dynamic response and be-
havior of reinforced concrete members subjected to blast loadings. The impor-S~ tahoe of ductility increases as the duration of the blast load decreases rela-

tive to the natural period of the member. In general, to safely withstand a

blast load, the required ultimate resistance decreases with increasing ductil-
ity of the member. In fact, the ultimate resistance required of ductile mem-
bers is considerably less than that required for brittle members which fail
abruptly with little energy absorbed in the plastic range of behavior.

A duetile member is one that develops plastic hinges in regions of maximum
moment by first yielding of the tension reinforcement followed by crushing of
the concrete. This behavior is typical of under-reinforced concrete sections.
A section can, be designed to be very ductile by maintaining an under-rein-
forced section, adding compression reinforcement, and utilizing lacing bars to
prevent buckling, of the compression reinforcement. For a laced section, the
reinforcement is stressed through its entire strain-hardening region, that is,
the steel reaches its ultimate stress f and fails at its rupture strain

du ~
Cu In a flexural member, the straining of the reinforcement, and conse-

quently its stress, is expressed in terms of its angular support rotations.

4-13.2 Dynamic Increase Factor

The dynamic increase factor, DIF, is equal to the ratio of the dynamic stress
to the static stress, e.g., f /f , f If and ' If'/. The DIF depends upon

dy y du 'U dC c
the rate of strain of the element, increasing as the strain rate increases.
The design curves for the DIF for the n,,confined compressive strength of con-
crete and for the yield stress of ASTM A 615, Grade 60, reinforcing steel, are
given in f'igure 4-9 arid 4-10, respectively. The curves were derived from test
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data having a maximLm strain rate of 10 x 10-3 in./in./msec. for concrete and
2.1 x 10-3 in./in.!msec. for, steel. Values taken from these design curves are
conservative estimates of DIF and safe for, design purposes.

Values of DIF hvave been established for design of members in the far design
range as well as for members in the close-in design range. These design val-
ues of DIF are given in table 4-1. Because of' the increased magnitude of the 5,

blast loads and subsequent increase in the strain rate, the dynamic increase %'
factors for elements subjected to a close-in detonation are higher' than those
for elements subjected to an explosion located far from the element.

The design values of DIF presented in table 4-1 vary not only for the design
ranges and type of material but also with the state of stress (bending, diag-
onal tension, direct shear, bond, and compression) in the material. The val-
ues for f If and fc If' for reinforced concrete members in bending assume

dy y dc c
the strain rates in the reinforcement and concrete are 0.0001 in./in./ msec.
for the far design range and 0.003 in./in./ msec. in the close-in design

range. For members in compression (columns), these strain rates are 0.0002
in./in./msec. and 0.0005 in./in./msec. The lower strain rates in compression
(compared to bending) account for the fact that, slabs, beams and girders
"filter" the dynamic effects of the blast load, Thus, the dynamic load reach-
ing columns is typically a fast "static" load (long rise time of load) whi ch
results in lower strain rates in columns. These strain rates and the corres-
ponding values of DIF in table 1-1 are considered safe values for design pur-

Po5 es .

Available data is not sufficient to permit the construction of a design curve
for the DIF for the ultimate stress of ASTM A 615 Grade 60 reinforcing steel.
However', i t is known that the increase in the ultimate strength of the steel
is small and, therefore, not a significant factor in the design of reinforced
concrete members. A nominal value of the DIF is given in table 4-1.

The listed values of DIF for shear (diagonal tension and direct shear) and
bond are more conservative than for' bending or compression. This conservatism
is justified by the need to prevent brittle shear and bond failure and to
account for uncertainties in the design process for shear and bond.

A more accurate estimate of the DIF may be obtained utilizirig the DIF design X,
curve for concrete and steel given in figure 4-9 and 4-10, respectively. The
increase in capacity of flexural elements is primarily a function of the rate
of strain or, the reinforcement, in particular, the time to reach yield, tE, of

the reinforcing steel. The average rate of strain for both the concrete and
steel may be obtained considering the strain in the materials at yield arid the
time to reach yield. The member is first designed (proceduýes given in
subsequent sections) using the DIf values given in table 4-1. The time to
reach yield, tE, is then calculated using the response charts presented i rn

Volume IIr. For the value tE, the average strain rate in the materials can be

obtained. The average strain rate in the concrete (based orý. r being
reached at c 9,992 in./in.) is; >

t E



I
Table 4-1 Dynamic Increase Factor (DIF) for Design of Reinforced

Concrete Elements

TYPE OF STRESS FAR DESIGN RANGE CLOSE-IN DESIGN RANGE

Reinforcing Bar3 Concrete Reinforcing Bai'3 Concrete

r f /f r If' f If' f f f I ,I
dy y du u do C dy y du t fdofc

Bending 1.17 1.05 1.19 1.23 1.05 1.25

Diagonal Tension 1.00 - 1.00 1.10 1.00 1.00

Direct Shear 1.10 100 1:10 1.10 1.00 1.10

Bond 1.17 1.05 1.00 1.23 1.05 1.00

Compression 1.10 - 1.12 1.13 -- 1.16

Kp.7
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while the average strain rate in the reinforcement is:

fdy
s Est. -

T 3Ft
where C = average strain rate for concrete

c= average strain rate for reinforcement5

tE = time to yield the reinforcement

For, the strain rates obtained from equations ,4-I and 4-2, the actual DIF is

obtained for the concrete ar J reinforcement from figure 4-9 and 4-10, respec-

tively. If the difference between the calculated DIF values and the design
values of table 4-I are small, then the correct values of DIF are those calcu-

lated. If the difference is large, the calculated values of DIF are used as

new estimates and the process is repeated until the differences between the
"estimated" and "calculated" values of DIF are small. The pr-ocess converges

very rapidly arid, in most cases, the second iteration of the process converges

on the proper values of DIF.

In most cases, the values of DIF obtained from table 4-I are satisfactory for
design and the determination of the actual DIF values is unwarranted. How-
ever, the DIF values can significantly effect the final design of certain mem-

bers, and the extra calculations required to obtain the actual DIF values are
fully warranted. These include deep members, members subjected to impul:se-

type blast loads and members designed to sustain large deflections. The act-
ual DIF values (usually higher than the design values of table 4-1) result in

a more realistic estimate of the ultimate flexural resistance and, therefore,

the maximum shear and bond stresses which must be resisted by the member.

For the elasto-plastic or, plastic design of concrete elements, an equivalent
elastic curve is considered rather than the actual elasto-plastic resistanic--
deflection function. The time to reach yield tE is computed based orn this

EV

curve using the equivalent elastic deflection X- and stiffness K-. Actually,

the reinforcemen-t along the supports yield in less time than tE whereas the

reinforcement at mid-span yields at a time greater than tE. These differences

are compensating errors. Therefore, the time to reach yield tE for the equiv--

alent curve when used in equations 14-1 and 4-2 produces an, accurate average
DIF for the concr'ete and reinforcement at the critical sections throughout a
reinforced concrete element.

4-13.3 Dynamic Design Stresses

The magnitude of stresses produced in the reinforcement of an element respond-

ing in the elastic range can. be related directly to the strains. However, in,
the plastic range the stresses cannot be related directly to the strains. An
estimate of the average stress over' portions of the plastic range can be made
by relating this average stress to the deflection of the element. The dtflec- V,
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tion is defined in terms of the angular' rotation at the supports. Tho averaFp-
dynamic stress is expressed as a function of the dynamic yield stress fdy ai:d
the dynamic ultimate strtiss f

du.

Criteria for the dynamic stresses to be used in the plastic design of, ducttile
reinforced conctrete elements are presented in table 4-2. The dynamic design
stress is expressed in terms of tdy, f du' and f The value of these terms

is determined by multiplying the appropriate static design stress by the ap-
propriate value of the DIF (table 4-i), so that:

f (dynamic) DIF x f (static) 4-3

STATIC PROPERTIESr

4- 1 4 Modulus of Elasticity

4-14.i Concrete

The modulus of elasticity of concrete E is equal to:

E w1.5 I
, _ C C C.

for" values of we between 90 and 155 lbs/ft 3 where . is the unit weight of

concrete and normally equal to 150 lbs/ft 3 .

4-111.2 Reinforcing Steel

The modulus of elasticity of renforeing steel E- is:

E 29 x 106 psi 4-5

4-14.3 Modular Ratio

The modul ar ratio n is:

E -- E4-6

ar:d may be taken as the nearest whole number.
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Table 4-2 Dynamic Design Stresses for Design of Reinforced Concrete Elements

TYPE TYPE MAXIMUM SUPPORT DYNAMIC DESIGN STRESS

OF OF ROTATION, 86

STRESS REINFORCEMENT (DEGREES) REINFORCEMENT, f CONCRETE, fC

TensIon 0 < < 2 f( f
2- dy

2ending and 2 < < 5 fdyr (fru - f dy)/4 (2)

Compression 5 < 0 < 12 *f ' fd)/2 (2)

<em <2 dy

Diagonal a 
1

<c

Stirrups 2 < 8 < 5 fdy fdc
Tension d y

m - 12 dy fde

0 < 6 < 2 fd fdc

Diagonal m y -dc

Lacing 2 < 8m < 5 fdy + (fdu - fdy)/4 fdcR
Tens ion V-du d

5 < m < 12 (rCy + f )/2 f'
-- -d 0.

0 < 8 <2 fdy f
Direct Diagonal m - dc

Sha as2 < an m 5 fdy + (f du - f dy )/4 (3)
Shear Bars - y iu d

5 < 8 < 12 (f + f )/2 (3)
a- dy du {

L Compression Column (4) fdy fdc

(1) Tension reinforcement only.
(2) Concrete crushed and not effective ir, resi-stinmg moment.
(3) Concrete is considered not effective and shear is resisted by the reinforcement only.
(4) Capacity is not a function of support rotation.
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A-15 Moment of Inertia

The determination of the deflection of a reinforced concrete member in the

elastic and elasto-plastic ranges is complicated by the fact that the effec-

tive moment of inertia of the cross section along the element changes contin-
ually as cracking progresses. It is further complicated by the fact that the

modulus of elasticity of the concrete changes as the stress increases. It is

recommended that the computation of deflections throughout this volume be

based upon empirical relations determined from test data.

The average moment of inertia I- should be used in all deflection calcuulations'
and is given by:

I + I
S g c4-7a 2

For the design of beams, the entire cross-section is considered, so that

bT 3  4-8a

g 12

and

I = Fbd 3  4-8b

For the design of slabs, a unit width of the cross-section is considered, so
that

3
T

I -c 4--9a
g -12

and:

I= Fd 3  4-9b

where:

I average moment of inertia of concrete cross sectiona

I = moment of inertia of the gross corcrate cross section
g (neglecting all reinforcing steel)

I= moment of inertia of cracked concrete cross section

b = width of beam

T -= thickness- of gross concrete cross :ection

• F = coefficient given in figures 4-11 and 14-12
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d distance from extreme compression fiber to centroid of
tension reinforcement

The moment of inertia of the cracked concrete section considers the compres-
sion concrete area and steel areas transformed into equiva ant concrete areas
and is computed about. tho centroid of the transformed se( -ion. The coeffi-
cient F varies as the modular ratio n and the amount of r :•forcement in the
section. For sections with tension reinforcement only, the coefficient F is
given in ii~ure 4-.ii Khile for sections with equal reinforcement on opposite

*. faces, the coefficient F is given in figure 4-12.

The variation in the cracked moment of inertia obtained from figure 14-11 and
S 4-12 is insignificant for low reinforcement ratios. The variation increases
for the larger ratios. Consequently, for the comparatively low reinforcement
ratios normally used in slab elements either chart may be used with negligible
error. For the higher reinforcement ratios normally used for beams, figure
4-12 must be used for equally reinforced sections whereas a weighted average
from figure 4-11 and 4-12 may be used for sections where the compression steel
is less than the tension steel.

* For one-way members the reinforcement ratio p used to obtain the factor F
should be an average of the tension steel at the supports and midspan. Also,
the effective depth d used to compute the cracked moment or inertia Ic should
be an average of the effective depth at the supports and midspan. However,
for two-way members, the aspect ratio must be considered in the calculation of
the cracked moment of inertia. Average values for the reinforcement ratio p
and effective depth d should be used to obtain the cracked moment of inertia
in each direction and cracked moment of the member is then obtained from:

I cVL I cHH
T =4-10c L + H

where:

I v= cracked moment of inertia in vertical direction

IeH = cracked moment of inertia in horizontal direction

L - spar ier~gth

H span height

ULTIMATE DYNAMIC STRENGTH OF SLABS

4--16 Introduction

Depending upon the magnitudes of the blast output and permissible deforma-
tions, one of three types of' reinforced concrete cross sections (figure 4-13)
car be utilized in the design or analysis of blast resistant concrete slabs:

a. type I - The concrete is effective in: resisting moment. The
concrete cover over, the reinforcement on both surfae:.s
of the element remains intact. 1.

- 28 -
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b. type 1I - The concrete is crushed and not effective in resisting
moment. Compression reinfoicement equal to the tension
reinforcement is required to resist moment. The con-
crete cover over the reinforcement on both surfaces of

the element remains intact.

c. type III The concrete cover over the reinforcement or, both sur-
faces of the element is completely disengaged. Equal
tension and compression reinforcement which is properly
tied together is required to resist moment.

Elements designed using the full cross section (type I) are usually encounter-
ed in those structures or portions of structures designed to resist the blast
output at the far design range. This type of cross section is utilized in el-
ements with maximum deflections corresponding to support rotations less than 2
degrees. Maximum strength of an element is obtained from a type I cross sec-
tion, Type I elements may be reinforced on either one or both faces. How-
ever, due to rebound forces, reinforcement is required on both faces of an
element.

Crushing of the concrete cover over the compression reinforcement is exhibited
in elements which undergo support; rotations greater than 2 degrees. This
failure results in a transfer of the compression stresses from the concrete to
the compression reinforcement which, in turn, results in a loss of strength.

Sufficient compression reinforcement must be available to fully develop the
tension steel (tension and compression reinforcement must be equal). Elements
which sustain crushing of the concrete without any disengagement of the con-
crete cover are encountered in structures at the far design range when the
maximum deflection conforms to support rotations greater than 2 dtugrees but
less than 5 degrees.

Although the ultimate strength of elements with type III cross sections is no
less than that of elements with type II cross sections, the overall capacity
to resi.st the blast output is reduced. The spalling of the concrete cover,
over both layers of reinforcement, caused by either the direction transmission
of high pressures through the element at the close-in range or large de-
flections at the far range, produces a loss of capacity due to the reduction
in the concrete mass. A more detailed treatment of the phenomena of crushing
and spalling is presented in subsequent sections of this volume.

The ultimate dynamic strength of reinforced concrete sections may be calcu-
lated in accoroance with the ultimate strength design methods of the Americar:
Concrete Institute Standard Building Code Requirements for Reinforced Concrete .V

(hereafter referred to as the ACI Building Code). The capacity reduction fac--
tor 0 which has been estbalishied for converntional static load conditions is
omitted for the determination of ultimate dynamic strength. Safety or relia-
bility of the protective structure is inherent in the establishment of the
magnitude of the blast output for the donor charge, and in the criteria speci-
fied for deflection, support rotation, or fragment velocity. Other permissi-
ble departures from the criteria for static or gas pressure loadings are de-
scribed below.
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Although oertain formulae for elements constructed with conventional weight
concrete are given in the following paragraphs of this chapter, more detailed
information and design aids are given in the bibliography. Because tests have
not yet been conducted to determine the response of lightweight concrete ele-
ments designed for close-in and far design ranges, the pertinent formulae for
this type of concrete are not included in the manual. However, lightweight
concrete may be utilized for structures designed for low pressures (less than
10 psi); but the reduction in mass from conventional weight concrete must be
accounted for in the de.sign to maintain the blast resistant capacity of the
structure.

4i-17 Ultimate Moment Capacity

l4-17.1 Cross Section Type I

The ultimate unit resisting moment Mu of a rectangular section of width b with

tension reinforcement only is given by:

Mu = (Asfds/b)[d - (a/2)] 4-11

in which:

a = Af d /0.85 b f' 4-12 -r

wher e:

S

As = area or tension reinforcement within the width b;'

fds = dynamic design stress for reinforcement '

d = distance from extreme compression fiber
to centroid of tension reinforcement

a = depth of equivalent rectangular Stes33 blocK

b = width of compression face

fdc = dynamic ultimate compressive strength of concrete

The reinforcement ratio p is defined as: I
p = A/bd h4-13

To insure against sudden compression failures, the reinforcement ratio p must
not excecd 0.75 of the ratio Pb which produces balanced conditLons at ultimate ]
strength and is given by:
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Pb = (0"85Klfdc/ds)[87,000/(87,000 + fd)] 24-14

where.

K = 0.85 for f' up to 4,000 psi and is reduced 0.05 for'

each 1,000 psi in excess of 4,000 psi.

For a rectangular section of width b with compression reinforcement, the ulti-

mate unit resisting moment is:

Mu = (As)fds/b]L[d - (a/2)] 4-15

+ (A'fd /b) (d - d')
in which: s ds

a ( - A) fds/O. 8 5b fl 4-16

where:

A' = area of compression reinforcement within the width b5

d' = distance from extreme compression fiber to centroid of
comprcosion reinforcement

a = depth of equivalent rectangular stress block

The reinforcement ratio p' is:

pt = A' /bd 4-17

Equation 4-15 is valid only when the compression steel reaches the value fds
at. ultimate strength, and this condition is satisfied when:

p - p' _ 0.85K1 (f~od'/fdsd)[87,000/(87,000 - f)] 4-18

If p - p' is less than the value given by equation 4-18 or when compression
steel is neglected, the calculated ultimate unit resistirg moment should not
exceed that given by equation 4-11. The quantity p - p' must not exceed 0.75
of the value of Pb given in equation 4-14.

4-17.2 Cross Section Types II and I1'r

The ultitmate unit resisting moment of type II and type III reotangular sec-tion-• of width 1) is: , 4
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Mu = A f ds d/b 4-19

where:

A = area of tension or compression reirforcement
within the width b

d = distance between the centroids of the compression
and the tension reinforcemert

The reinforcement ratios p and p' are equal to:

p = p, = A s/bdc 4-20

The above moment capacity can only be obtained when the areas of the tension
and compression reinforcement are equal. In addition, this reinforcement must
be properly restrained so as to maintain the integrity of the element whent
large deflections are encountered.

4-17.3 Minimum Flexural Reinforcement

To insure proper structural behavior under both conventional and blast load-
ings, a minimum amount of flexural reinforcement is required. This quantity
of reinforcement insures that the moment capacity of the reinforced section is
greater than that corresponding to the plain concrete section computed from
its modulus of rupture. Failure of a plain concrete section is quite sudden.
Also; this minimum reinforcement prevents excessive cracking and deformations
under conventional loadings. -

The minimum reinforcement required for, slabs is somewhat less than that re-
quired for beams, since an overload would be distributed laterally and sudden
failure would be less likely. The minimum reinforcement ratio for dynamic de-
sign of slabs is given in table 4-3. However, this quantity of reinforcement
must also satisfy static design requirements. Except for, blast loads in the
order of magnitude of static loads, the minimum requirements for dynamic loads
will control. In cases where minimum requirements for static conditions con-
trol, the quantity of reinforcement must be at least 1.33 times the quantity
required by static analysis or 0.0018 times the gross concrete area, whichever ,
is less.

Concrete sections with tension reinforcement only are not permitted. For,
type I sections, compression reinforcement equal to at least one half the re-
quired tension reinforcemert must be provided. This reinforcement is required
tu resist the ever present rebound forces. Depending upon the magnitude of
these rebound forces, the compression reinforcement required may be greater K
than one half the tension reinforcement and substantially greater than the
minimum quantity giver, in table 4-3. For type II and III cross sections, the
compression reinforcement is always equal to the tension reinforcement. %

4-18 Ultimate Shear (Diagonal Ternion) Capacity ,.

4-18-1 Ultimate Shear Stress

The ultimate shear stress v , as a measure of diagonal tension, is computed
Sfor type I sections from:
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v = V /bd 4-21
U- U

and for type II and III sections from:

v = V /bd 4-22
*U U Ck

where V is the total shear on a width b at either the face of the support, or

at the section a distance d (type I) or d (types Ie or III) from the face

of the support. For the latter- case, the shear at sections between the face of

the support and the section d or d away need not be considered critical.

For laced elements, the shear stress is always calculated at dc from the face

of the support (or haunch) since the lacing and required diagonal bars provide
sufficient corner reinforcement. For unlaced elements, the shear stress is

calculated at d from the face of the support for those members that cause com-
pression in their supports (fig. 4-14a). This provision should not be applied

for those members that cause tension in their supports (fig. 4-14b). For this

case, the ultimate shear stress should be calculated at the face of the sup-

port. In addition, the shear within the connection should be investigated and

special corner reinforcement should be provided.

I/2
The ultimate shear stress v must not exceed 10 (W /2 in sections using

stirrups. The thickness of such sections must be increased and/or the quan-

tity of fiexural reinforcement reduced in order, to bring the value of

v within tolerable limits, In sections using lacing, there is no restric-u

tion on v because of te continuity provided by this type of shear reinforce-

ment. However, for large shear stresses the area of the lacing bars required
may become impractical.

4-18.2 Shear Capacity of Unreinforced Concrete

The shear stress permitted on an unreinforced web of a member subjected to

flexure only is limited to:

vc 1.9f'd /2 + 2500p] 3.5(1)/2 4-23

where p is the reinforcement ratio of the tension requirement at the support.

For the computation of the reinforcement ratio, d is used for type I sections
a nd d for type II and III sections.For members subjected to significanft axial

tension, the shear stress permitted on an unreinforeed web is limited to:

V = 2(1 + Nu /OO1 Ag)(fc112 > 0

while for signif icant axial compression:
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v - 2(0 N/200OAg)(f'c ) /2 4-25

where:

N axial load normal to the cross section

A = gross area of the cross section

The axial load Nu must occur simultaneously with the total shear Vu on the

section in order to apply equations 4-24 and 4 --2 5 .

The value of N shall be taken as positive for compression and negative for,

tension The simplified dynamic analysis normally performed is not sufficient
to accurately determine the time variations between the desired forces and
moments from which Nu and V are obtained. Unless a time-history analyses is

performed, any apparent strength increases due to loading combinations are
unreliable. Therefore, it is recommended that the increased shear capacity
due to compressive axial loads be neglected and, by the same reasoning, the
reduced capacity due to tension forces be included. Both assump.ions are
conservative. Due to the inherent strength of laced elements, reduction of
shear capacity for tensile axial loads is not normally necessary, except under,
the most severe conditions. However, this strength reduction shculd always be
applied for elements without shear reinforcement or for those elements
utilizing stirrups as shear reinforcement.

14-13.3 Design of Shear Reinforcement

Whenever the ultimate shear stress v exceeds the shear capacity v of the

concrete, shear reinforcement must be provided to carry the excess. This
shear reinforcement can be either stirrups or lacing, depending upon the mnag-
nitudes of the blast loading and support rotation permitted. Stirrups car be
used only for elements designed to attain small deflect ions under flexural be-
havior. Lacing can also be used for elements designed to attain small deflec--
tions; however, lacing must be used for elements designed to attain large de-
flections. Therefore, stirrups may be used for elements with a type I, I, or
HI! cross section as long as the element is designed to at~tair. small defier-
tions. An exception to this deflection criteria is for the particular case of
slabs subjected to tension membrane action. Here the slab ca, attain large
deflections. Lacing may be used for type II and III cross sections designed -
for either small or large deflections. It would be grossly unwarranted to use
lacing for a type I cross section.

The required area of stirrups is calculated from:

A = L(v - v )b ]/s fc 4--2()

while the required area of lacing reinforcement is:
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A = [(v - vc)b ] 4-27si
V U citkI

ofdj(sina + cosa)

where:
A -= total area of stirrups or lacing reinforcement in tension

V

within a width b or b and a distance s or s

v - v = excess shear stress

= width of concrete strip in which the diagonal tension
stresses are resisted by stirrups of area A I

b = width of concrete strip in which the diagonal tension
stresses are resisted by lacing of area A

V

s= spdcing of stirrups in the direction parallel to the
longitudinal reinforcement

= t spacing of lacing in the direction parallel to the

longitudinal reinforcement

= capacity reduction factor equal to 0.85

a - angle formed by the plane of the lacing and

the plane of the longitudinal reinforcement

The angle of inclination a of the lacing bars is given by

1/2

-2B(1-B)± j[2B(1-B)]2-4[(1-B) 2 + Ae2 [B2 A2 } 4-28

2[(1-B)2 + A 2]

in which

A = sz/dj k4-29a

t d b 4-29b

where

d = distance between centerlines of lacing bends measured normal

flexural reinforcem3nt

R= radius of bend in lacing bars (min = 4da

d b nominal diameter of reinforcing bar
b
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A typical section of a lacing bar illustrating the terms used in the above
equation, is shown in figure 4-15. To facilitate the design of lacing bars,
the angle a can be determined from figure 4-15.

4-18.4 Minimum Shear Reinforcement

In order to develop the full flexural capacity of a slab, a premature shear
failure must be prevented. Shear reinforcement must be provided to resist
shear stresses in excess of the capacity of the concrete. However, except for
slabs having a type I cross section or subjected to tension-membrane action in
the far design range, minimum shear reinforcement must always be provided to
insure the full development of the flexural reinforcement and enable the slab
to attain large deflections.

Stirrups or lacing must conform to the following limitations to insure a prop-
er distribution of shear reinforcement throughout the element and, in specific
cases, to provide a minimum quantity of shear reinforcement.

1. The minimum design stress (excess shear stress v - v ) used
u c

to calculate the required amount of shear reinforcement, must

conform to the limitations of table 4-4.

2. When stirrups or lacing reinforcement is required, the area
A should not be less than 0.0015 b s for stirrups or0.6015 b 9s8 9 for lacing.

3. When stirrups or lacing are provided, the required area Av is

determined at the critical section and this quantity of rein-
forcement must be uniformly distributed throughout the ele-
ment.

4. Single leg stirrups should be used for slabs. At least one
stirrup must be located at each bar intersection.

5. A lacing bar is bent from a single reinforcing bar. In one
direction, the lacing must be continuous across the slab be-
tween opposite supports. In all cases, the lacing must be
carried past the face of the support and securely anchored
within the support.

6. The maximum spacing of stirrups s is limited to d/2 for

Type I cross sections and d /2 for Type II and III sections,
but not greater than 24 inchIs.

7. The maxim.un spacing of lacing s£ is limited to d or 24
inches, whichever is smaller. c

The spacing of stirrups and lacing is a function of the flexural bar spacing.
Consequently, the above limitations for shear reinforcement should be consid-
ered in selecting the flexural bar spacing. Once selected, the flexural bar
spacing may have to be altered to suit the above limitations.
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*-19 Direct Shear Capacity

4I-19.1 General

Direct shear failure of a member is characterized by the rapid propagation of
a vertical crack through the depth of the member. This crack is usually lo-
cated at the supports where the maximum shear stresses occur. Failure of this
type is possible even in members reinforced for diagonal tension.

In order to prevent direct shear failure, diagonal bars must be provided at
the supports of all slab elements. This type of reinforcement consists of in-
clined bars which extend from the support into the slab element.

4-19.2 Direct Shear Capacity of Concrete
For those elements whose cross section conforms to type I, the concrete be-
tween the flexural reinforcement is capable of resisting direct shear stress.

The concrete remains effective because these elements are subjected to compar-
atively low blast loads and small, support rotations. However, a portion of
the concrete is cracked at the supports due to the formation of plastic hinges
and, therefore, the depth of concrete available to resist direct shear is re-
duced. Because of this-: limited amount of cracking, mirimu•n diagonal bars
should be provided. Minimumn diagonal bar requirements are given below.

For those elements whose cross section conforms to type II or type III, the
conurlete between: the fiexur-al reinforceiinent is severely cracked. This crack--.
ing is caused by the transmission of high intensity blast loads through the
element and/or by large support rotations. This concrete is thereby incapable M
of transferring the direct shaar stresses produced by the blast load. Diag-
onal bars must be designed to resist the total support shear produced by the
applied loading.

4-19.3 Design of Diagonal Bars

The required area of diagonal bars is determined from:

Ad V b/fds sin a 4-30 j
where:

A = total area of diagonal bars at the support within a width b
d

V = shear, at the support of a unit width b

Sý angle formed by the plane of the diagonal reinforcement and WY
the longitudinal reinforcement . J

Equation 4-30 assumes that the diagonal bar is resisting the shear either inf
tension or compression. Where possible, it may be desirable to use both ten-
sion and compression bars at a given section to reduce the required area of
individual bars. Bars smaller than No. 4 should not be used as diagonal rein- it

forcement. The angle formed by the plane of the diagonal reinforcement and '- -.
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the plane of the longitudinal reinforcement should be equal to 45 degrees. In
addition, while it is preferadle to use diagonal bars in conjunction with con-
crete haunches, the use of haunches is not mandatory. However, where condi-
tions permit, haunches should be provided, particularly at close-in ranges
where high-blast pressures in corners are amplified by their refractions.

4-19.4 Minimum Diagonal Bars

Even though type 1 cross sections are capable of resisting large direct shear
stress, minimum diagonal bars must be provided. These bars are designed to
resist the support shear force which will produce a concrete stress equal to
the ultimate shear (diagonal tension) capacity of concrete v C. So that, for

Type I sections the minimum area of diagonal bars is given by:

A v bd/f sin a 4-31d c. ds sii

For types II and III cross sections, diagonal bars must be furnished to with-
stand the total support shear. However, in no case should the area of diag-
onal bars furnished be less than that given by equation 4-31 in which d is re-
placed by d

4-20 Punching Shear

4-20.1 Ultimate Punching Shear Stress

When a flat slab is supported on a column or a column rests on a two-way slab,
failure occurs around and against the concentrated load, punching out a pyra-
mid of concrete from the slab. The ultimate shear, stress v, as a measure of
punching shear, is computed from:

=N /b d 4-32u u o e

where:

N = the total concentrated axial load or reaction

b = failure perimeter located at a distance Q/2 from the
concentrated load or reaction area

de = either d or dc depending on the type or cross section

4-20.2 Punching Shear Capacity of Concrete

The shear stress permitted for punching shear is limited to:

v = 4(f' )2 4-33a dc
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Equation 4-33 applies to circular columns and to rectangular' columns with as-
pect ratios no greater than 2. For rectangular areas with aspect ratios
greater than 2, the allowable value of v should be reduced according to the
ACI provisions (not listed in this text).c

Shear reinforcement is not permitted to increase the punching shear capacity
of a slab. If the ultimate shear stress V is greater than the stress per-
mitted for punching shear, vc, the slab thiAcness must be increased. In flat

slab design, the use of a drop panel to increase slab thickness, and/or a col-
umn capital to increase failure perimeter, may be employed to prevent pumching
shear failure. If a drop panel is used, punching shear must be checked at the
perimeter of the drop panel, as well as at tne top of the column.

4-21 Development of Reinforcement

4-21.1 General

In order to fully develop the flexural and/or axial load capacity of a con-
crete slab or wall, the full strength of the reinforcement must be realized.
At any section along the length of a member, the tensile or compressive force
in the reinforcement must be developed on each side of the section by proper
embedment length, splices (lapped or mechanical), end anchorage, or for ten-
sion only, hooks. At a point of peak stress, this development length or an-
chorage is necessary on both sides of the point; on one side to transfer
stress into and on the other side to transfer stress out of the reinforcing k
Ud!.

The types and locations of reinforcement anchorages are severely restricted
for blast resistant structures. These restrictions are necessary to insure
that the structure acts in a ductile manner. Typ~ical details for both conven-
tionally reinforced and laced reinforced concrete elements are given in latter
sections dealing with construction details. Conformance to these details ',
greatly simplifies the calculation of development lengths. The required de-
velopment lengths to be used in conjunction with the required typical details
are given below.

While co-formance to the typical details given is mandatory, ncrtain condi-
tions may preclude their use. For these unusual conditions, the required an-
chorages are calculated according to the procedures giver, in the ACI Building
Code. The basic development length is first calculated and then modified
based on the construction details employed to obtain the required end anchor-
age or splice length. This procedure is outlined in Sections 4-21.4 through
4-21.7. However, it must be repeated that the typical details given must be
followed and any deviation from these restrictions and requirements must be
carefulLy considered to insure proper structural behavior.

J1-21.2 Provisions for Conventionally Reinforced Concrete Elements K

Typical details for conventionally reinforced (non-laced) concrete elements
are given in subsequent sections. These details locate splices in reinforce-
ment at points of low stress. This permits the minimum length of lap splices,
as well as the development length for end anchorages, to be given by
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o - 4 0 db 4-34

where

d -development length

d diameter of reinforcing barb

The value of Zd shall not be less than 24 inches. Equation 4-34 applies for

end anchorage of #14 bars and smaller, and for lap splices of #11 bars and
smaller since lap splices of #14 bars are not permitted.

Lap splices of reinforcement must not be located at critical sections.
Rather, they must be located in regions of low stress (inflection points)
where the area of reinforcement provided is more than twice the area of rein-
forcement required by analysis. In addition, not more than one-half of the
reinforcement may be spliced at one location. The splice of adjacent bars
must be staggered at least the required lap length of the bars since overlap
of splices of adjacent bars is not desirable. Under these conditions, the
required minimum length of lap splices is given in equation 4-34. If it is
impractical to locate splices at the inflection points, then the length cf the
splice must be calculated according to the provisions of Section 4-21.4.

Typical details for intersecting walls and slab/wall intersections avoid the
use of end anchorage of the primary reinforcement, Rather, the reinforcement
is anchored by continuing it through the support and bending it into the
intersecting wall or slab. This reinforcement is then lap spliced with the
reinforcement in the intersecting wall.

4-21.3 Provisions for Laced Reinforced Concrete Elements

Tests of laced elements have indicated that if continuity of the lacing and
flexural reinforcement is maintained throughout the element, the required de-
velopment length for end anchorage as well as the minimum length of lap
splices is given by equation 4-34, but not less than 24 inches. This equation
applies for end anchorage of #14 bars and smaller, and for lap lengths of #11
bars and 3maller since lap splices of #14 bars are not permitted.

Required construction details and procedures for laced reinforced concrete
elements are given in subsequent sections. These details must be followed to
insure the full development of both the concrete and reinforcement well into
the range of plastic action of the materials. The use of equation 4-34 to
obtain the required development lengths of the reinforcement is predicated on
the use of these details.

The typical details for laced reinforced concrete elements require that the
reinforcement (flexural as well as lacing bars) must not be spliced at criti-
cal sections but rather must be spliced in regions of low stress (inflection
points) where the area of reinforcement provided is more than twice the area
of reinforcement required by analysis. ln addition, not more than one-quarter
of the reinforcement may be spliced at one location. The splice of adjacent
bars must be staggered at least the required lap length of the bars since
overlap of splices of adjacent bars is not desirable.
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Specific end anchorage details are required for lac3d reinforced concrete
walls and slabs to enable the reinforcement to attain its ultimate strength.
The preferred method of end anchorage is through the use of wall extensions
since this method presents the least construction problems. If architectural
requirements do not permit the use of wall extensions, the reinforcement is
anchored by continuing it through the supporto and bending it into the inter-
secting wall or slab. In this latter case, the reinforcement is developed by
a combination of anchorage and lap splice. In either case, the lacing extend-
ing into the supports provides the necessary confinement which permits the use
of equation 4-34.

4-21 .4 Development Length for Rein fo2:cement in Tension

The basic development length for #11 bars and smaller which are in tension is
givyen by:

gd = 0.04 Ab f d/(f' 1/2 
4-35a

but not less than:

Zd - 0.0004db fds 4-35b

where:

t = basic development length~d

Ab = area of reinforcing bar

db diameter of reinforcing bar

The basic development length for #14 bars in tension is given by:

d = 0.085 f /(f) 12 4-36
d ds d

The use of #18 bars is not permitted by this manual.

For top reinforcement, that is, horizontal reinforcement so placed that more
than 12 inches of concrete is cast in the slab below the reinforcement, the
basic development length must be multiplied by 1.40. This provision applies
to horizontal slabs only. Walls with multiple runs of horizontal bars plus
vertical bars are not effected by this provision. In addition, the basic de-
velopment length of all bars may be multiplied by 0.80 if the bars are spaced
laterally at least six (6) inches on center. In no case shall the development
length be less than 24 inches nor 40 times the diameter of the reinforcing
bar.

4-21.5 Development Length for Reinforcement in Compression

The basic development length for bars in compression is giver: by:
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9.d = 0.02 db fd /(f 1/2 4-37a

hut not less than.

kd = 0.0003 db fds 4-37b

The development length for compression is not modified for top bars nor lat-
eral bar spacing. In no case shall the development length used be less than
twelve (12) inches. j

Under dynamic loaa conditions, members are subject to load reversal or &
rebound. Reinforcement subject to compressive forces under the primary load
may be subject to tensile forces under rebound. Consideration must be given
to this stress reversal, since the development length of bars in compression
is less than the development, length of bars in tension.

4-21.6 Development Length of Hooked Bars

The basic development length for bars in tension which terminate in a standard
90-degree or 180-degree hook is given by:

9.dh = 0.02 db fds/(f'0L)I/2 4-38

6:ýIft but not less than 8db or 6 inches, whichever is greater. The development
length for a hooked bar tdh is measured from the critical section along the

length of the bar to the end of the hook. That is, the length Z dh includes

the straight length of the bar between the critical section and point of tan-
gency of the hook, the bend radius and one bar diameter. The required hooK
geometry as specified in the ACI Building Code is given in figure 4-16.

In the development of hooked bars, no distinction is made between top bars and
other bare, lowever, since hooked bars are especially susceptible to concrete
splitting failure if the concrete cover is small, the above equation takes
into account the effect of minimum concrete cover. For #11 bar and smaller
with the cover not less than 2-1/2 inches, and for a 90-degree hook, with
cover on the bar extension beyond the hook not less than 2 inches, the devel-
opment length i dh may be multiplied by 0.7.

Hooks are not to be considered effective in developing bars in compression.
However, in the design of members subjected to dynamic loads, rebound or load
reversal must be considered. That is, under the primary loading, reinforce-
wr',t is subjected to tensile forces and anchored utilizing a standard hook,
but this same hooked reinforcement may be subjected to compressive forces
under rebound. Therefore, the straight portion of the hooked bar must be suf-
ficient to develop this compressive force. For those cases where 100 percent
rebound is encountered, the straight portion of a hooked bar must be equal to
the development length for bars in compression,
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Figure 4-16 Geometry for standard hooked reinforcement
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4-21.7 Lap Splices of Reinforcement

In blast resistant structures, reinforcing bars may be lap-spliced using only

contact lap splices; noncontact lap splices are not permitted. Lap splices
shall not be used for reinforcing bars larger, than #11 bars, If #14 bars are

used, they must. be continuous.

Lap splices of adjacent parallel reinforcing bars must be staggered by at
least the length of the lap. The minimum length of lap for tension lap
splices depends upon the location of the splice. For blast resistant struc-
tures, it is strongly recommended that. splices be located in regions of low
stress, where the area of reinforcement provided is at least twice that re-
quired, In such cases, the length of the lap is equal to the basic develop-
ment 1angth £Z for bars in tension as given by equation 4-35 or 14--6 andd
modified, if applicable, for top bars and/or lateral spacing of the bars. In
other design situations where the lap splice is not located in regions of low
stress, the lap length is equal to 1.3 times the modified development length,

d N

The minimum length of lap for compression lap splices is equal to the basic

development length Z for bars in compression as given by equation 4-37.

However, due to the occurrence of load reversal, it is recommended that the
length of lap splices be based in tension unless it can be shown that the re-
inforcement will always be in compression.

4-21.8 Mechanical Splices of Reinforcement

Mechanical devices may be used for end anchorage and splices in reinforce-
"ment. These devices must, be capable of developing the ultimate dynamic ten--
sile strength of the reinforcement without reducing its ductility. Tests
showing the adequacy or such devices under dynamic conditions must be per-
formed before these devices ave deemed acceptable for use in hardened struc-
tu1 res.

4-21.9 Welding of Reinforcement

Welding of reinforcement is to be avoided in blast resistant structures since
it results in a reduction of the ultimate strength and ductility of the rein-
forcing stecl. In those eases where welding is absolutely essential, it may
be necessary to obtain special reinforcement manufactured with controlled
chemical properties. Tests showing the adequacy of the combination of weld
and reinforcing steel under dynamic conditions must be performed to demon-
strate that this welding does not reduce the ultimate strength and ductility
of the reinforcing steel. In lieu of these tests, welding is permitted if the
stress in the reinforcement is maintained at a level less than 90 percent of
the yield stress.

14-21. 10 Bundled Reinforcing Bars

The use of bundled bars may be required for unusual conditions. However,
their use is not desirable and should be avoided where possible. A 3 bar
burdle should be the maximum bundle employed. The development length and lap
aslice length of individual bars within a bundle shall be that of the individ-
ual bar increased 20 percent for a 2 bar bundle and 33 percent for' a 3 bar

51 -



bundle. In addition, splices of the individual bars within a bundle should be
staggered. That is, only one bar of the bundle should be spliced at a given
location.

DESIQI OF NON-LACED REINFORCED SLABS

1A-22 Introduction

Conventional reinforced concrete elanents are for the purpose of this manual,
members without lacing. These non-laced elements make up the bulk of protec-
tive concrete construction. They are generally used to withstand the blast
and fragment effects associated with the far design range but may also be de-
signed to resist the effects associated with the close-in design range, In
the latter case, the distance between the center, of the explosive charge and
the element must nou be less than that corresponding to a scaled distance Z
equal to 1.0. Laced elements are required for scaled distances less than N
1.0. Non-laced elements may be designed to attain small or large deflectiors
depending upon the protection requirements of the acceptor system.

A non-laced element designed for far range effects may attain deflectiors cor-
responding to support rotations up to 2 degrees under flexural action. Single
leg stirrups are not required to attain this deflection. However, shear rein-
forcement is required if the shear capacity of the concrete is not sufficient
to develop the ultimate flexural strength. A type I cross-section provides
the ultimate moment capacity. The flexural action of a non-laced element may
be increased to 4 degrees support rotation if single leg stirrups are provided
to restrain the compression reinforcement. In this deflection range, a type
II cross-section provides the ultimate moment capacity and mass to resist
motion.

Single leg stirrups must be provided when a non-laced element is designed to
resist close-in effects. The shear reinforcement must be provided to prevent
local punching shear failure. When the explosive charge in located at scaled
distances less than 1.0, a laced rather than a non-laced element must be
emp!oyed. For scaled distances greater than 1.u buL less than 3.0, single leg
stirrups must be provided, while for scaled distances greater than 3.0, shear
reinforcement should be used only if required by analysis. With single leg
stirrups, the member may attain deflections corresponding to support rotations
up to 4 degrees under flexural action. A type I and II cros-seection provides
the ultimate moment capacity and mass to resist motion for elements designed
for 2 and 4 degrees support rotation, respectively. If spalling occurs then a
type III cross-section would be available. In addition, a non-laced element
designed for small deflections in the close-in design range is not reusable
and, therefore, cannot sustain multiple incidents.

A non-laced reinforced element may be designed to attain large deflections,
that is, deflections corresponding to incipient failure. These increased
deflectiorn are possible only if' the element has sufficient lateral restraint
to develop in-plane forces. The element may be designed for both the close-in
and fai designi, range. A type III cross-section provides tihe ultimate manent
capacity and mass to resist motion. A
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The design of non--laced reinforced elements subjected to a dynamic load in-
volves an iterative (trial and error) design procedure. An element is assumed
and its adequacy is verified through a dynamic analysis. The basic data
required to determine the ultimate strength of the reinforced concrete section
has been presented in previous sections. Procedures to determine the
resistance-deflection function used for design, the dynamic properties of the
section, and the dynamic analysis required to determine an element's response
is presented in Volume III. This section contains additional data needed to
establi.sh the resistance-deflection curve for design as well as procedures to
design the element for, shear.

The interrelationship between the various parameters involved in the design of
r'on-laced elements is readily described with the use of the idealized resis-
tance-deflection curve shown in figure 4-17.

4I-23 Distribution of Flexural Reinforcement

4-23.1 General

A prime factor in the design of any facility is construction economy. Proper,
selection of concrete thickness and reinforcing steel will result in a design
having optimum capacity and minimum cost. To determine the optimum design of
any particular two-way structural element, consideration must be given to: (1)
there is an ideal distribution of the flexural reinforcement which will yield
the greatest blast capacity for a given total amount of reinforcement, and (2)
there is an ideal relationship between the quantity of reinforcement to the
quantity of concrete which will resuit. in the minimum c05L of ur•n teme-U.'t.

4-23.2 Optimum Reinforcement Distribution

For a given total amount of flexural reinforcement and a given concrete thick-
ness, the dynamic capacity of an element varies with the amount of reinforce-
ment placed in the vertical direction to the amount in the horizontal direc-
tion. For a given support condition ard aspect ratio L/H, the ideal distribu-
tion of the reinforcement will result in the most efficient use of the rein-
forcement by producing the greatest blast capacity.

The optimum distribution of the reinforcement for a two--way element is that
distribution which results in positive yield lines that bisect the 90 degree
angle at the corners of the element (45 degree yield lines). For two-way ele-
ments there are numerous combinations of support conditions with various mo-
ment capacities due either to quantity of reinforcement provided or, degree of
edge restraint as well as various positive moment capacities again due to var-
iations in the quantity of reinforcement pro,.ided. Due to these variations in
possible moment capacities, the ratio of the vertical to horizontal reinforce-
ment canrot be expressed as a function of the aspect ratio L/H for different
supp,.ort conditions. Figures 3-4 through 3-20 must ho used to determine the
moment capacities which will result in a "'45 degree yield line". The rein-
forcement can then be selected from these moment capacities.

In some design cases, it may not be possible to furnish the optimum distr~ibu-
tion of reinforcement in a particular element. One such case would be where
the optimum distribution violates the maximum or minimumi ratio of' the vertical
to horizontal reinforcement Av /A of 4.0 and 0.25, respc•'tively. A secord
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situation would arise when the optimum distribution requires less than minimum

reinforcement ir one direction. The most common case would result from the
structural configuration of the building in which support moments may not be

fully developed (restrained support rather than fully fixed) or from the need

of maintaining oontinuous reinforcement from adjacent elements.i. In these and

other situations where the optimum distribution of the reinforcement cannot be

provided, the reinforcement should be furnished to give a distribution as

close as the situation allows to the optimum distribution to maintain an econ-

omical design.

4-23.3 Optimum Total Percentage of Reinforcement

The relationship between the quantity of reinforcement to the quantity of con-

crete which results in the minimum cost of an element may be expressed as a
total percentage of reinforcement. This total percentage of reinforcement

Pt is defined as

PT= "PV + PH 4-39

where pV and pH are the average percentages of reinforcement on one face of

the element in the vertical and horizontal directions, respectively. Based on
the average costs of concrete and steel, the optimum percentage for a non-

laced reinforced element using single leg stirrups has been determined to be
between 0.6 and 0.8 percent with 0.7 a reasonable design value. For elements
which do not contain shear reinforcement, tha optimum percentage would be

somewhat higher. For large projects, a detailed cost analysis should be per-
cv formed to obtain a more economical design.

In some design cases, it may be desirable to reduce the concrete thickness be-
low the optimum thickness. A small increase in cost (10 percent) would be in-
curred by increasing the value of pT to one percent. Beyond one percent, the

cost increase would be more rapid. However, except for very thin elements, it

may be impractical to furnish such large quantities of reinforcement. In
fact, in thick walls it may be impractical to even furnish the optimum per-
centage.

Uriess single leg stirrups ae required for other than shear capacity Ouch as
for close-in effects or to exterd flexural action in the far design range from
2 to 4 degrees support rotation, it is more economical to design non-laced el-

ements without shear reinforcement. In this case, the total percentage of re-

inforcement must be limited so that the ultimate resistance of the element
does not produce shear stresses in excess of the concrete capacity.

'1-24 Flexural Design for Small Deflectiors

The design range for small deflections may be divided into two regions;
elements with support rotations less than 2 degrees (limite(d deflections) and

and the type of cross-section available to resist moment, the design procedure

is the same.

In the flexural design of a non-laced reinforced concrete slab, the optimum
distribution of the flexural reinforcernunt must first be determined. A 45
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degree yield lire pattern is assumed and, based on the support conditions and
aspect ratio, the ratio of the vertical to horizontal moment capacities are
determined from the yield line location figures of Volume III.

Reinforcing bars and a concrete thickness are next chosen such that the dis-
tribution of reinforcement is as close as possible to that determined above
and such that the total reinforcement 'atio pT is approximately 0.7 for ele-

ments utilizing stirrups. For those elements not utilizing shear reinforce-
ment pt is minimized so that the shear capacity of the concrete is not ex-

ceeded. Using the equations of' prev,..ous sections (eq. 4-11 for type I cross
sections, eq. 4-19 for type II or III cross-sectionr) the moment capacities
are computed. The moment capacities are required to calculate the ultimate
unit resistance ru and the equivalent elastic deflection XE . These

parameters along with the natural period of vibration TN define the

equivalent single-degree-of-freedom system of the slab, and are discussed in
detail in Volume III.

A dynamic analysis (see Section 4-26) is then performed to check that the slab
meets the response criteria. Lastly, the shear capacity is checked (Section
4-27). If the slab does not meet the response criteria or fails in shear (or
is greatly overdesigned) a new concrete section is assumed and the entire de-.
sign procedure is repeated.

14-25 Design for Large Derleotiors

4-25.1 Introduccion

Design of non-laced reinforced concrete elements without shear reinforcement
(single leg stirrups) for support rotations greater than 2 degrees or elements
with single leg stirrups for support rotations greater than 4 degrees depends
on their capacity to act as a tensile membrane. Lateral restraint of the
eiLement must be provided to achieve this action. Thus, if lateral restraint
does not exist, tensile membrane action is not developed and the element
reaches incipient failure at 2 degrees (4 degrees if adequate single leg
stirrups are provided) support rotation. However, if lateral restraint
exists , deflection of the element induces membra'ne actijon! and in-pla:ie
forces. These in-plane forces provide the means for the element to continue
to develop substantial resistancke up to maximum support rotations of
approximately 12 degrees.

4-25.2 Lateral Restraint

Adequate lateral restraint of the rei nforcement is mandatory in order for the
element to develop and the designer to utilize the benefits of tensile mem-
brane behavior. Sufficient lateral restraint is provided if tie reinforcement
is adequately anchored into adjacent supporting members capable of resisting
the lateral force induced by tensile membrane action.

Tensile membrane behavior should not be considered in the design procues .n-
less full cxtnrrnal lateral restraint is provided in the span directions. shown
in table 11-5. Full external lateral restraint means that adjacent members can •
effectively resist a total lateral force equivalent to the ultimate strength n'.

of all continuous reinforcement in the element passing the boindary identified
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Table 4-5 Restraint and Aspect Ratio Requirements for Tension
Membrane Behavior

Edge Support Conditions External Lateral Restraint Requirements

.- 1X7J .Opposite edges

L

Opposite edges

> Opposite edges
short direction.

_.L

L

L I Opposite edges'W short direction -

L

None required

41- Indicates direction of external lateral restraint
which must be resisted by adjacent member
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by the arrows in table 4-5. External lateral restraint is not required for
elements supported on four edges provided the aspect ratio L/H is not less
than one-half nor greater than 2. Within this range of L/H, the inherent lat-
eral restraint provided by the element's own compression ring around its boun-
dary is sufficient lateral restraint to develop tensile membrane behavior.

4-25.3 Resistance-Deflection Curve

A typical resistance-deflection curve for laterally restrained elements is
sihown in figure 4-18. The initial portion of the curve is due primarily to
flexural action. If the lateral restraint prevents small motions, in-plane
compressive forces are developed. The increased capacity due to these forces
is neglected arid is not shown in figure 4-18. The ultimate flexural
resistance is maintained until 2 degrees support rotation is produced. At N
this support rotation, the concrete begins to crush and the element loses
fiexural capacity. If adequate single leg stirrups were provided, the
flexural action would be extended to 4 degrees. However, due to the presence
of continuous reinforcement and adequate lateral restraint, tensile membrane
action is developed. The resistance due to this action increases with
increasirg deflection up to incipient failure at approximately 12 degrees
support rotation. The tensile membrane resistance is shown as the dashed
line in figue 4-18.

In order to simplify the design calculations, the resistance is assumed to be
due to flexural action throughout the entire range of behavior. To approxi-
mate the energy absorbed under the actual resistance-deflection curve, the de-
flection of the idealized curvc is limited to 8 degrees support rotation. De-
sign for this maximum deflection would produce incipient failure conditions.
Using this equivalent design curve, deflections between 2 degrees (or 4
degrees if single leg stirrups are provided) and incipient failure cannot be
accurately predicted.

For the design of a non-laced laterally restrained element for 8 degrees sup-
port rotation, a type III cross-section is used to compnte the ultimate moment
capacity of the section as well as to provide the mass to resist motion. The
stress in the reinforeemeni f would be equal to that corresponding to sup- "X
port rotations3 5 ý I) 12 given in table 4-2. At every section throughout

the element, the tension and compression reinforcement must be continuous in
the restrained direction(s) in order to develop the tensile membrane action
which is discussed in detail below.

4-23.4 Ultivrite Tensile Membrane Capacity

As can be seen i -figure 4-18, the tensile membrane resistance of an element
is a function of the elements deflection. It is also a function of the span
length and the amount of continuous reinforcement. The tersile membrane re-
sistance, r of a laterally restrained element at a deflection, X, is ex-

TA
pressed as:

For one-way elements *
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Figure 4-18 Idealized resistance-deflection curve for large deflections
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Sx [Y] 4- 40

L 21
y

For two-way elements 1 r 3  2

rT n-12 - (1 - ) ] 4-41

4 E (-1) n- L en = 1,3,5 n 3cosh [ xy)112 ]
2L T

in which

T= (A)yfds

T s y ds

ad Tx -- (A s ) xfds 
4-43

where

rT - tensile membrane resistance

X = deflection of element -:

L = clear span in short direction
y

L = clear span in long direction

T force in the continuous reinforcement in the short direction

Tx = force in the continuous reinforcement in the long direction

T = force in the continuous reinforcement in the short direction

(As) = continuous reinforcement in the short direction

(A) continuous reinforcement in the long directions x

Even though the capacity of a laterally restrained element is based on
flexural action, adequate tensile membrane capacity must be provided. That
is, sufficient continuous reinforcemeni; muzt be provided so that the tensile
membrane resistance rT corresponding to 8 degrees support rotation must be

greater than the flexural resistance r The deflection is computed as au
function of the yield line locations (shortest sector length). The force in
the continuous reinforcement is calculated using the dyrnmic design stress "
f% corresponding to 8 degrees support rotation (table 4-2).
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4-25.5 Flexural Design

Since the actual tensile membrane resistance deflection curve is replaced with
an equivalent flexural curve, the design of a non-laced element for large de-
flections is greatly simplified. The design is performed in a similar manner
as for small deflec.tions. However, sufficient continuous reinforcement must
be provided to develop the required tensile membrane resistance. Where exter-
nal restrain is required, the support must withstand the lateral forces T
and Txas given in equations 4 -1 2 , and 4-43, respectively. Y

4I-26 Dynamic Analysi3

4-26. 1 Design for Shock Load

The dynamic analysis of a slab is accomplished by first representing it a6 asingie-degree-of-freedom system and then finding the response of that system

when subject to a blast load. The equivalent single-degree-of-freedom system
is defined in terms of its ultimate resistance r , equivalent elastic de-

flection XE and natural period of vibration T N The ultimate unit

resistance is calculated from the equations of Volume III for the moment
capacities determined according to the previous sections. The procedures and
parameters necessary to obtain the equivalent elastic deflection and natural
period of vibration can also be found in Volume III.

For elements subjected to dead loads in the same direction as the blast loads
(for example a roof or retaining wall exposed to an exterior explosion) the

Sresistance available to withstand the blast load is reduced. An approximation
of the resistance available is

,fd

ravail. ru - r DL f -- 4-44
dy

where

r a dynamic resistance available

rDL uniform dead load

Volune II describes procedures for determining the dynamic load whieh is de-
fined by its peak value P and duration T. For the ratios P/ru and T/TN

the ductility ratio Xm/XE and tm/T can be obtained from the response charts
of Volume Ill. Theýe values, X which is the maximum deflection, and t,

m m

the time to reach the maximum deflection, define the dynamic response of the
element.

The effective mass and the stiffness used in computing the natural period of
vibration TN depends on the type of cross section and load-mass factor used,

both of which depend on the rarge of the maximinm deftcetion. When t le deflec-
tiors are small (less than 4 degrees) a type I or type IT cross section is
used. The mass is calculated using the entire thickne.-s of the concrete ele-
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ment T . The spalling that occurs when an element acts under tensile mem-c
brane behavior- or which may occur due to close-in effects requires the use of

a type III cross section to resist moment. Since the concrete cover over the

flexural reinforcement is completely disengaged, the mass is calculated based
on the distance between the centroids of the compression and tension
r ei nf or cement.

When designing for completely elastic behavior, the elastic stiffness is used
while, in other cases, the equivalent elasto-plastic stiffness KE is used.

The elastic value of the load-mass factor KLM is used for the elastic range

while, in the elasto-plastic range, the load-mass factor is the average of the
elastic and elasto-plastic values. For small plastic deformations, the value
of KLM is equal to the average of the equivalent elastic value and the plas-

tic value. The plastic value of KLM is used for slabs designed for large
plastic deformations.

Due to the large number of variables involved in the design of non-laced

reinforced elements, design equations have not been developed. However,

design equations have been developed for laced elements subjected to impul.he
loads and are presented in subsequent sections of this volume. Use of these
procedures for the design of non-laced elements subjected to impulse loads
will result in a variety of errors depending upon support conditions,
thickness of the concrete section, quantity and distribution of the flexural
rein f orcement, etc. however, 2tese proceduur'e may be udt-u o uLain a trial
section which then may be analyzed as described above.

4-26.2 Design for Rebound

Elements must be designed to resist rebound, that is, the damped elastic or

elasto-plastic harmonic motion which occurs after the maximum positive
displacement Xm has been attained. When an element reaches Xm, the resistance
is at a maximum, the velocity is zero, and its deceleration is a maximum. The
element will vibrate about the blast load curve (positive and/or negative
phase) and/or the zero line (dead load for roofs) depending on the time to
roach maximum dof...c.ion tm and the duration of thc blast" load T.

Usually only those elements with a type I cross-section will require
additional reinforcement to resist rebound. Additional reinforcement is not
required for type II and Ill cross-sections since these sections have equal

reinforcement on opposite faces and the maximum possible rebound resistance is
equal to the ultimate (positive) resistance. However, the supports for all
types of cross-sections, i ncl ud i ng the anchorage of the reinforcement
(compression reinforcement under positive phase loading is subjected to

tension forces under rebound conditions) must be investigated for rebound
(negative) reactions. Also, it should be noted that the support conditiorns

for rebound are not always the same as for the positive load.

The negative resistance r-, attained by an element when subjected to a

triangular pressure-time load, is obtained from figure 3-268 of Volume III.

Entering the figure with the ratios of X /XE and T/TN, previously determined

for' the post'ti ve phase of desi gn , the ratio of' the required rebound resistan.e .•
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to the ultimate resistance r-/r is obtained. The element must be reinforced

to withstand this rebound resistance r- to insure that the slab will remain
elastic during rebound. However, in some cases, negative plastic deformations
are permissible.

The tension reinforcement provided to withistand rebound forces is added to
what is the compression zone during the initial loading phase. To obtain this
reinforcement, the element is essentially designed for a negative load equal I
to the calculated value of r-. However, in no case shall the rebound
reinforcement be less than one-half of the positive phase reinforcement. The

moment capacities and the rebound resistance capacity are calculated using the
saine equations previously presented. Note that while dead load reduces the N

available resistance for the dynamic loading, this load increases the j
available resistance for rebound.

4-27 Design for Shear

4-27.1 General

The ultimate shear V at any section of a flexural element is a function of
u

its geometry, yield line location and unit resistance r. For one-way or two-
way elements the ultimate shear is developed when the resistance reaches the
ultimate unit value r . In the design of a concrete element, there are two

critical locations where shear must be considered. The ultimate shear stress
v is calculated at a distance d or d from the supports to check the

u 0
diagonal tension stress and to provide shear reinforcement (stirrups) is
necessary. The direct shear force or the ultimate support shear V is

calculated at the face of the support to determine the required quantity of
diagonal bars.

14-27.2 Ultimate Shear Stress at de from the Support

4-27.2.1 One-Way Elements. The ultimate shear utnesaes v at a distanceu <
d frown the support are given in table 4-6 for one-way elements. Depending

c epresent. Depten"ding
upon the cross section type being considered, de can represent either d or

d . For those cases where an element does not reach its ultimate resistance

r is replaced by the actual resistance r attained by the element. For those

members whose loading causes tension in their supports, the ultimate shemi
stress is calculated at the face oC tho support. For those cases, the ulti-
mate support shear V is calculated as explained in the next section. This
shear is then divided by the effective cross-sectional area (bd or ba C) of
the element to obtain the ultimate shear stress. c

4-27.2.2 Two-Way Elements. For two-way elements the ultimate shear 3tress
must be calculated at each support. The shears acting at each seet icn are
calculated using the yield line procedure outlined in Volune III for tli'ý de
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Table 4-6 Ultimate Shear Stress at Distance de from Face of Support
for One-Way Elements

vu _

Edge Conditions and Loodirng Diagrams ULTIMATE SHEAR STRESSVu

ru (-L-de)

Ru

fiJ~LL/242de

LEFT SUPPORT ru(-T -de)ide

L RIGHT SUPPORT ru (-L-de)/de
jp II Ru

LEFT SUPPORT 6-"-'

16de
L/2 RIGHT SUPPORT I6-d e

(ru de)
A de

Ru

IL/2i2 2_e

ru (L-de)

de

I0 
.

tL de ;

Ru

.L~4 /34IL3± 2de

-6.
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termination of the ultimate resistance r Because of the higher stiffnes.s

at the corners, the shear along any section parallel to the support varies.
The full shear stress V acts along ti.e supports except in the corners where
only 2/3 of the shear stress is used (fig. 4-19). Since the shear is zero
along the yield lines, the total shear at any section of the sector is equal
to the resistance r times the area between the 3ectiton being considered andU

the positive yield lines.

To illustrate this procedure, consider a two-way element, fixed on three sides
and fr'ee on the fourth, with the yield line pattern as shown in figure 4-19.
For, the triangular sector I, the shear VdV and shear stress vuV at distance

de from the support is
dL dL

2 e1. L -e + V L(-"3 dv 4 2y 4 2y dv2 4-A45a

y-d d Le _e!_

d 2

3r y(1 2)
Y 4-45bVdv -- d u

and since the shear stress v is equal to V/bd and b equals one inch

d 2
e

v y- 4-46
uv d d

e (5 4e
Y Y

For the trapezoidal sector II

Se2d y
- Vd.-(Y) +e (H-y3L ) + Vd 2)

L_ d 1 2d y
S2 L 4-L4 a

2d y
3r (L- 2 d )(21H - y +)

u e L 4-47b
dli 8d y

2 (6H -y - -)

%-
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Figure 4-19 Determination of ultimate shears
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Values of the ultimate shear stresses v and VuV at a distance d 'trait the

support for several two-way elements are given in table 4-7. As stated above,
de represents either d or d 0 , depending upon the type of cross section being

considered. The ultimate shear stress is calculated at the face of the
support for those members whose loading condition causes tension in their
supports. For these cases, the ultimate support shear V is calculated as
explained in the next section. This shear is then divided by the effective
cross-sectional area (bd or, bd ) of the element to obtain the ultimate shear

0
stress v.

For the situations where the ultimate resistance of an eleanent is not at-
tained, the maximum shear stress is less than the ultimate va 1 up. However,
the distribution of the shear stresses is assumed to be the same and, there-
fore, the shear stresses can be calculated from the equation of table 4-7 by
replacing r with the actual resistance attained (re, rep, etc.).

4-27.3 Ultimate Support Shear

See Volume III, for procedures used to calculate the ultimate shears of both
one-way and two-way elements.

D)ESIGN OF FLAT SLABS

4-28 Introdu.tion

The typical uinhardened flat slab structure consists of a two-way slab sup- C
ported by columns. Except for edge beams which may be used at the exterior
edge of the slab, beams and girders are not used to transfer, the loads into
the columns. In this case, the columns tend to punch upward through the slab.
There are several methods that can be used to prevent this; the upper end of
the eoluntn can, be e--ar . crealtui"ng i colun capital , a drop panel can be
added by thickening the slab in the vicinity of the column, or, both a column
capital and a drop panel may be used.

Hardened flat slab structures may be designed to withstand the effects associ-
ated with a far range explosion. The flat slab of a hardened structure is
similar to an unhardened slab but for a hardened flat slab structure, the ex-
terior supports must be shear walls which are monolithic with the roof. The
shear walls transmit the lateral loads to the foundations. Due to the stiff-
ness of' the walls, there is negligible sidesway in the columns and hence no
i ndun'Ž.d momflents due to lateral loads. Shearf walls may also replace a row of
interior columns if additional stiffness is required. Earth cover" may or may
not be used for hardened flat slab structures.

A portio! of a typical hardened flat slab stru.eýttre is shown in figure 4-20.
As depicted, there are generally four dif'ferernt ptndls to be cons3idered, in-
"terior, cor:ner and two exterior, each of which has a dif'f'eren•t stif'Fness. The.
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Figure 4-20 Typical flat slab structure
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exterior panels are designated as short and long span panels which refers to

the length of the span between the columns and the exterior wall. In the typ-

ical flat slab, the reinforcement would be distributed according to elastic <,. ,

theory. The elastic distribution of the flexural stresses is approximated by

the methods presented in the ACI Building Code. The static design must meet

all of the criteria of the code as well as of all applicable local codes.

However, for blast resistant structures, certain design criteria are more re-

strictive than those given in the ACI Building Code. To ensure two-way action

in the slab, the aspect ratio L/H of each panel must be greater than 1 but

less than 2. While the ACI code permits unequal span lengths and offset col-

umns, it is strongly recommended that offset columns not be used and the vari-

ation int span lengths be limited to 10 percent. Columns and column capitals

may have either a round or square cross section, but round columns and capi-

tals are preferred to avoid shear stress concentrations. It is also recoi- _

"mended that haunches be provided at the shear walls.

Flat slabs may be designed to attain limited or large deflections depending

upon the magnitude and duration of the applied blast loads and the level of

protection required by the acceptor system. Under flexural action alone, the

slab may attain deflectiors corresponding to 2 degrees support rotation. The

flexural action may be extended to 4 degrees rotation if single les stirrups

are added to restrain the flexural reinforcement. If sufficient continuo ýs

flexural reinforcement is provided, the slab may attain 8 degrees support ro- I..

tation through tension membrane action. Unless required for shear, single leg

stirrups are not required for the slab to achieve support rotations less than

2 de•-.ees nor tersion memhrane action. Tne stress in the reinforcement as well

as the type of cross section used to determine the ultimate moment capacity of -
the reinforced concrete is a function of the maximum deflection.

The basic data required for determining the ultimate strength of the rein-

forced concrete, including the ultimate moment capacity and the ultimate shear
capacity, have been presented in previous sections. Procedures for performing

the dynamic analysis are presented in Volune Ill. Only modificatiors and ad- ,

ditions relating to flat slabs are presented in this section. The interrela-

tionship between the various parameters involved in the d&sign of flat slabs

is readily described with the use of the idealized resistance-deflection curve

shown in figure 4-21.

4-29 Distribution of Flexural Reinforcement .--

4 -29.1 General

For a two-way slab continuously supported on its edges, the flexura] stresses

are distri buted uniformly across the entire slab (except, for the reduced
stresse.3 at the corners). The flexural stresses in a flat slab supported by

walls arid columns are distributed from one panel to the next depending on the
relative stiffness of the supports and the spans of the panels. Flat slabs

also distribute the flexural stresses transversely, concentrating the stresses.

in the vicinity of the column. A uniform distribution of reinforcement would N
r-esult in a failure due to local "fan" yield lines around the columns at a

relatively low resistance. By concerntrating the reinforcement over- the ol- C

wis, a higher, ultimate resistarnce is obtained.
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An elastic distribution of reinforcemant is required in the design procedure
presented in this Manual. This distribution will insure the formation of a

predictable collapse mechanism. Local fallures around the columns, and one-
or two-way folding (local one-way action) will be prevented. With an elastic
distribution of reinforcement, the yield lines form simultaneously across the

entire slab. In addition, the design will be more economical and cracking

under service loads will be minimized.

4-29.2 Elastic Distribution of Moments According to the ACI Building Cude

Procedures outlined in the ACI Building Code are employed to determine the
elastic distribution of the reinforcement (and hence of the moments). The
CoCe presents two design methods, namely the Direct Design Method and the

Equivalent Frame Method. The Equivalent Frame Method may be used for all flat
slab configurations whereas the Direct Design Method can only be used for

three or more spans. Since the Direct Design Method requires fewer calcula-

tions, it is the preferred method and is discussed in detail in this section.

For the typical flat. slabs with continuous exterior walls and L/H > I, the
column strips are H/2 in width in each direction. A wall strip is parallel

and adjacent to an exterior wall and its width is H/4. The remaining portions

of the slab are called middle strips.

Usirg the Direct Design Method as given in Chapter 13 of ACI 318-77 the [no- .

ments are distributed taking into account the relative flexural and torsional
stiffnesses of the wall, slab and beams. Assuming there are no beams or in-
tenror shear- walls, the ratio of' the flexural stiffness of the beam section to
ths slab section a , is zero. The torsional resistance of a concrete wall
monolithic with the slab is very large and, therefore, the torsional stiffness

ratio of the wall to the slab may be assumed to be greater thin 2.5.

The rati.o of' the flexural stiffi ess of the excerior wall and the flexural
stiffn•as of the slab is defined a3:

4E0 
1w/Hw H-

a = 14-49 •

ec 4E I /Z

where
a ratio of the flexural stiffness of the exterior wall to slab

ec
Iw gross moment of inertia of wall -' *

Is gross moment of inertia of slab

Hw = height of wall

9. span of flat slab panelS S •;

In direction H, equation 4-49 becomes

T 3Hw
ecH T 3 H

and in direction L
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T 3 L2iTw 4 -5'aecL T3 H
3w

wher e

T = thi ckness of wallw
H = short span of flat slab panel

T = thickness of fiat slab

L = long span of flat slab panel

The unit colunnn and midstrip moments are proportioned from the total span mo-
ments. The distributions percentages for a flat slab with equal spans in each
direction is as follows (see fig. 4-22):

For Direction H:

m = 0.65 aH MOH/L 4-52

m = 0. 40 (0.63 - 0.28 ac•') M /(L H /2) 4-53
2 e cH OH

m3  0.25 (0.75 -0.10 aeH (L-H/2) 4-54

m4= 0.25 (0.65) MOH/(L--H/2) 4-55

+
m5 - 0,40 (0.35) M /(L-H/2) 4-56

+

m6 0.60 (0.63 - 0. 28 a' ')c MO/(H/2) 4-57

mt= 0.75 (0.75 - 0.10 M' .)M /(H/2)_ 4--5 8
7 ~e cH O

m811 0.75 (o. 65) MO i(H/2) 4-59 •

M9  = 0.60 (0. 35) MOH/(H/ 2 ) 4-60

in which

M WL(I--c!) ,4-618 _

-73-



L
NOTE: "H"

SL - L

mT mj mj

1 2

E,
12O +--+= •"
" E E E 3i M,'

E

m3 or m; mTomj mi m or m-j

E 
r-12 +9 1

E E fE E -

E

mT• mj m

""/4 L AM -- 2 L- -. /
wall Mid Col. Mid

PLAN

Figure 4-22 Unit moments

-74-



and ac ' + / 4-62e CH 1 + (1/ae)

MOH total panel moment for direction H

w applied uniform load

c - width of column capital

For Direction L:

Mi 0 =0. 6 5 cz'L MoL/IH 4-63

m1 1  = 0.40 (0.63 - 0.28 M'e) HO/(H/2) 4-64
1eeL OL

m1 2  = 0.25 (0.75 - 0.10 V'e) M /(H/2) 4-6512eeL OL

m 0.25 (0.65) MOL/(H/2) 4-66

• 4.

m 14 = 0.40 (0.35) MOL/(H/2) 4-67

- = 0.60 (0.63 - 0.28 aec) M /(H/2) 4-68
15eeL OL

m1 6 = 0.75 (0.75 - 0.10 a' e) O /(H/2) 4-6916eeL OL

in! 7 = 0.75 (0,65) MOL/(H/2) 4-70

i 8 = 0.60 (0.35) MOL/ (H/2) 4-71

i n which

wH (L-c) 2
MO H 8 4-72

and

eeL I 4ec

where MOL is the total panel moment for direction L.

For the wall strips in both directions the sane reinforcement as in the adja-
cent middle stripd is used. At the column, the larger of the two negative mo-
ments is chosen and the posi i ive moment eai then be adjusted ýip to 10 percent
so that the total panel moments remain unchanged.
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4-29.3 Design for Small Deflections

The resistance-deflection function for flat slabs with small deflectiors is K$2
shown in figure 4-23a. With an elastic distribution of reinforcement all the
yield lines form simultaneously and the slab remains elastic u.ntil it reaches
its ultimate resistance. Since for small deflections the concrete remains
eft'ective in resisting stress, a type I cross section is used to compute the
ultimate moment capacities. The slab may undergo a maximum support rotation
of 2 degrees at which point the concrete crushes. Shear reinforcement is
generally not required for flat slabs, but must be provided if required by
analysis. If properly designed, single leg stirrups are provided, the
flexural action of the slab may be extended to 4 degrees support rotation.
While stirrups may be furnished to resist shear or to extend flexural action,
it is usually more cost effective to design flat slabs without shear
reinforcement.

4-29.4 Design for Large Deflections

Due to the geometric limitations (aspect ratio L/H of each panel must be
greater than 1 but less than 2) imposed on flat slabs designed for blast
loads, sufficient lateral restraint is available to develop in-plane forces
and induce tension membrane action. This tension membrane action provides the
means for the slab to attain deflections corresponding to a maximum support
rotation in excess of 12 degrees. Continuous reinforcenent must be provided
to resist these in-plane tension forces.

A typical resistance-deflection curve for the flat slabs up to incipient fail- AC

ure is shown in figure 4-23b. The initial portion of the curve is due primar-
ily to flexural action. At 2 degrees support rotation, the concrete begins to
crush and the slab loses flexural capacity. However, due to the presence of
continuous reinforcement, tension membrane action is mobilized. The resis-
tarne due to this action increases with increasing deflection up to incipient
failure at approximately 12 degrees support rotation. The tension membrane
action is shown as the dashed line in figure 4-23b.

In order to simplify the design calculations, the resistance is assumed to be
equal to the flexural action throughout the ertiire range of behavior. To
approximate the energy absorbed under the actual resistance-deflection curve,
the deflection of the equivalent curve is limited to 8 degrees support rota-N
tion. This deflection would produce incipient failure conditions. Using this

equivalent design curve, deflections between 2 degrees and incipient failure
cannot be accurately predicted.

A type II or III cross section is used to compute the ultimate moment capacity
of a flat slab desigee for large deflections. At every section throughout
the slab, tension and compression reinforcement must be continuous in order to
develop the tension membrane action (tension membrane capacity is discussed in
detail below). It should be noted that in addition to the above requirements
for the reinforcement, an elastic distribution of reinforcement must still be
mai na a ned.

Shear reinforcement is only provided when required by analysis. If the cOun-
crete can resist the shear stresses, shear reinforcement is not required for,
flexural action (deflections less than 2 degrees) nor for tension membrane ac-
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tion (deflections between 2 and 8 degrees). However, shear reinforcement, in

the form of single leg stirrups, does allow the slab to rotate up to 4 degrees

under flexural action. There are two design situations where single leg stir--

rups are desirable when designing for rotations between 2 and 4 degrees: (1)

the slab is incapable of developing adequate tension membrane action and (2)

the maximum deflection must be accurately predicted (which cannot be done uti-
lizing tension membrane action). In all other design situations, it is usu-
ally more economical to eliminate single leg stirrups by increasing the slab
thickness (to increase shear capacity) and/or by increasing the amount of con-
tinuous reinforcement (to develop adequate tension membrane capacity).

4-29.5 Minimum Reinforcement

To ensure proper structural behavior under dynamic loads and also to minimize

excessive deformations under conventional loads, the minimum area of rein-
forcement must be at least equal to that specified in table 4-3. Vith an

elastic distribution of reinforcement in a flat slab, the minimum reiaiforce-
ment generally will occur only in the center of the midstrip and/or in the

wall strip. It is important to also check the static requirements for minimum
reinforcement. Where static conditions control, the area of reinforcement
must be at least equal to 0.0018 times the gross area of concrete or 1.33

times the area required ty static loading conditions, whichever is less. Un-
less the blast loads are in the same order of magnitude as the static loads,

this criteria does not control.

Although the spacing of the flexural reinforcement must not exceed two times
the slab thickness nor 18 inches, the preferred spacing is 12 inches or less.

There is no minimum shear reinforcement requirement for, flat slabs. Shear
reinforcement is only provided when required by analysis. However, when a

slab is designed to undergo flexural response with support rotations between 2
and 4 degreeE (i.e., where tension membrane action is not considered), stir-

rups are required. The minrimum area of the stirrups is given in table 4-4i.

4-30 Dynamic Analysis

4-30.1 General

The dynamic analysis of a structural element is accomplished by first rep-

resenting the structural element as a single-degree-of-freedom system and then
finding the response of that system when subject to a blast load. Volumm III
presents procedures, figures and response charts for determining the dynam-
ically equivalent system and its response. However, certain parameters of a
flat slab, such as the ultimate resistance and the elastic deflections, cannot
be calculated using the methods of Volume III. Methods for calculating those

parameters are presented below,

4-30.2 Ultimate Flexural Resistance

*=Q0,ý,1 General. The ultimate resistance ru of a flat slab is a function of

the str'&ngth, amount and distribution of the relnforcrpent, the thickness and

strength of the concr-ete and the aspect ratios of the pa,els. The ultimate
resistance is obtained using a yield line analysis. Since in--plane compres-
8ion forces and tension membrane forces are not considered, the ultimate re- CA
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Ssistance determined from a yield line analysis will generally be lower than
the actual resistance.

The first step in finding the ultimate resistance is to assume a yield line
pattern consistent with the support conditions and the distribution of the re-
inforcement. The pattern will contain one or more unknown dimensions which
locate the yield lines. The correct solution is the one which gives the low-
est value of the ultimate resistance. Figure 4-24 shows the yield line pat-
tern that will, form in a multi-panel flat slab with an elastic distribution of
reinforcement. The roof-slab interactions must be designed to insure that the
perimeter yield lines form in the roof slab and not in the wall. The yield

lines at the columns are assumed to form at the face of the column capitals.

The ultimate resistance can be found from the yield line pattern using either
ie equilibrium method or the virtual work method, both of which have been

discussed in Volume III. The equilibriui, method is one that has been employed
in previous examples but, in the case of flat slabs, requires the introduction
of nodal forces which are not always readily determined. The virtual work
method though more difficult to solve algebraically, does not require the cal-
culations of the nodal forces. Consequently, the virtual work method is the
easier method to apply to flat slabs and is the method detailed below.

The virtual work method does not predict the correct yield line pattern but
rather gives the minimum resistance of an assumed yield line pattern. If the
distribution of reinforcement is not elastic and/or the span lengths are not

approximately equal, the minimum resistance found by the virtual work method
may not be the ultimate resistance. In these cases, local failures are pos-

* 1 sible. It is strongly recommended that these design situations be avoided.
In the rare instances where they cannot be avoided, the nodal forces must be

*" calculated and the equilibrium method used to predict the correct yield line
pattern.

S4-30.2.2 Virtual Work Method. In the virtual work method, equations for the
external and internal work are written in terms of the unit resistance ru, the

moment capacities and the geometry. The expression for the external work is
set equal to that for the internal work, and the resulting equation is solved
for the minimum value of ru and the associated failure mechanism.

A point within the slab boundaries is given a small displacement in the direc-
tion of the load. The resulting deflections and rotations of all of the slab
segments are determined in terms of the displacement and the slab segment di-
mensions. Work will be done by the external loads and by the internal. reac-
tions along the yield lines.

6.1 The external work done by ru is:

W E r AA 4-74

where:

W = external work

•-" A = area of the sector
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A deflection of the sector's centroid

The internal work done by the reactions at the yield lines is due only to the
bending moments since the support reactions do not undergo any displacement
and the work done by the shear forces (nodal forces) is zero when summed over
the entire slab.

The internal work is: I
E = E m9£ 4-75

where

E £ internal work

m = ultimate unit moment
--

= 
relative 

rotati~on 

about 
yield 

line 

•;

t length of the yield line

In terms of the moments and rotations in the principal reinforcement dir1c-
tions x and y: +

E=ZEm 0i + E m a R4-76Sxxy y y x

c Equatir,,g the ezxternal and internal work, W-

Z r AA = E m 6£x + E m 6£ Z4-77

11 X XV yX

Particular attention must be paid to the negative moment capacities of the
yield lines radiating from the column capitals when determining E. 'Fop bar
cut-offs, if present, will reduce the moment capacity on the part of the yield
line furthest from the column. In addition, corner effects must be considered
where the two walls intersect. That is, as a result of the increased stiff-
ness at the corners, the ultimate moment of the reinforcement is reduced to
2/3 of its oapacity over a length equal to 1/2 the length of the positive
yield line.

To illustrate the application of equation 4-77, consider the flat slab shown
in figure 4-25. This flat slab is thc roof of a souare structure with one
central column, and is symmetrical about the x and y axes. %Ll"]

Note that Sectors I and III, and Sectors II and IV are identical because of
symmetry. To simplify calculations, each sector has been resolved into a
rectangle and a triangle. The external work for each sector is:

= = r x(L - x) (A/2) + r x(x/2) (A/3) 4-78

W = W r c(L - x - c)(A/2)
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+ ru (L - x - c)[(L - x - 0)/2](2A/3) 4-79

Substituting L 4t and summing

E W = 2 (r A/6)(32i 2  41x +cx 4k- 2 4-80

U)

where

c = width of column capital

L = length of panel

x = horizontal location of the yield line

9. = width of 1/2 of the column strip

A = maximum deflection of slab

The internal work for each sector is:

2xE1 III = [••+ m (L-- )]j A
E F E 1m 2-A (

+ (2m) + * 2m(3Z - + 3ml]e 4-81

E = Eiv = [3mZ + 2m(L- x - 00

+ [4.5mi + 1.5mi (L - x 0)]- B 4-82

Substituting L = 4t, A = A/x and , =A/(L - x - c)

E E = 2Am1_ 189 - 3.5x..
x 2 4£ -x- c

Equating W = E and solving for r U

131 1 18.o- 3.5x
r - 4-84

[32 -
1 41x + x-- 4c -c2

with x as the only unknown. The minimum value of ru is readily determined by r
trial and error.

A complete design example is presented in Appendix 4A.

In general, the virtual work equation will contain more than one unknown, and
it will be correspondingly more difficult to obtain the minimum ultimate re
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sistance. However, a trial and error process rapidly converges on the correct
solution.

A trial and error procedure to solve for the minimum value of the resistance
function (ru/MO for a. preliminary design and ru for a final design) with two

unknown yield line locations, x and y, can be accomplished as follows:

1. Start with both yield lines located close to the centerline of the
respective middle strips.

2. Vary x, holding y constant, in the direction which minimizes the
resistance function until it begins to increase.

3. Hold x constant and vary y in the minimum direction until the
resistance function begins to increase.

4. Once this minimum point is achieved, shift each yield line to
either side of the minimum location to check that a further re-
finement of the yield line is not necessary to minimize the
resistance function.

It should be noted that if the yield line should shift out of the middle
strip, a new resistance function equation must be written and the procedure
then repeated since the magnitude of the unit moments acting on the yield
lines would change.

4-30.2.3 Effect of Column Capitals and Drop Panels. Although column capitals w
and drop panels are primarily used to prevent shear failures, they have a sig-
nificant effect on the ultimate resistance. The aLdition of a column capital
or revision of the size of the capital changes the clear span of a flat slab
and requires the re-evaluation of a slab's ultimate resistance.

Drop panels increaoe the ultimate resistance by inorear-ing the depth of the
section and thus the moment capacity in the vicinity of the column. This ef-
fect can be countered by decreasing the amount of reinforcement to maintain
the same moment capacity. If tne drop panel is used to increase the negative
moment capacityv it must extend at least 1/6 of the center-to-center span
length in each direction. The width of the drop panel may be up to 20 percent
larger than the column strip. When the drop panel is larger than the column
strip, the percentage of reinforcement calculated for the column strip shall
be provided throughout the drop panel. Additional reinforcement must be pro-
vided in the Dottom of the drop panel to prevent it from scabbing and becoming
hazardous debris. For a type II cross section, the reinforcement in the drop
panel is the same as the negative reinforcement over the column. Only 1/2 the
amount of the negative reinforcement is required in a drop panel for a type I
cross section.

14-30.3 Ultimate Tension Membrane Capacity

When the support rotation of a flat slab reaches 2 degrees, the concrete be-
gins to crush and flexural action is no longer poosible. However, the rýab is
capable of sustaining large rotations due to tension membrane action. .A pre--
viously explained, the actual resistance-deflection curve describing the ten- V
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sign membrane actior has been replaced with an equivalent curve which consid-
ers flexural action only (fig. 4-23b). Using this idealized curve, incipient
failure is taken to occur at 8 degrees which corresponds to an actual support
rotation of approximately 12 degrees.

It can be seen from figure 4-23b, that the tension membrane resistance is a
function of the deflection. It is also a function of tHe span length and the
amount of the continuous reinforcement. Data is not presently available to
obtain the tension membrane capacity of a flat slab. However, an approxima--
tion may be made using the equation developed for two-way slabs. Therefore,
the tension membrane capacity, rT, of a flat slab is given by:

1.5Xi'3 T /L
RHH

rT = 1-1

n = 1,3,5 r (osh 2 nbL (H)/2

2 H L L

4-85
where

rT tension membrane resistanceTI
X = deflection of slab

L = clear span in short direction
H

L = clear span in long direction
L

T= force in the continuous reinforcement in short span direction

H

7 - force in the continuous reinforcement in long span direction

Although the capacity of a flat slab is based on flexural action, adequate
tension membrane capacity must be provided. That is, r, corresponding to 8

degrees support rotation must be greater than the flexural resistance ru when

designing for large deflections. The deflection is computed as a function of
the yield line locations (shortest sector length). The force in the continu--
ous reinforcement is calculated using the dynamic design stress corresponding
to 8 degrees (table 4-2). The clear span LH and LL are calculated as the
clear distance between the faces of the supports (face of the column if no
columnr capital is used, face of the column capita.., face of the wall if no
haunch is used or the face of haunch).

4-30.4 Elastic Deflections

The elastic deflection of various points on an interior panel of a flat slab
are given by the general equation
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Cr L (1 - v )
X = u4-86

e E Ic a

waer a

Xe = elastic- deflection

C = deflection coefficient from table 4-8

L = long span of panel

v poisson's ration = 0.167

Ia = average of the cracked and gross moment of inertia of the

concrete slab

The deflection coefficient varies with tha panel aspect ratio L/H, the ratio
of the support size to the span C/L and the location within the panel. The
values of the deflection coefficient given in table 4-8 are based on a finite
difference method and are given for the center of the panel Cc and the mid-
points of the long and short sides, CL and CS, respectively.

The deflection for the interior panel is determined by using CC in the above

expression. For, the long and short span panels and the corner panel (fig.
4-20), no simpiified solution for the center deflentions are currently avail-
able. Generally, the deflections for these panels will be smaller than the
deflection of the interior panel because of the restraining effects of the ex-
terinr wall. These deflections can be approximated by using the following *T
expressions: 

in

Long Span Panel C =C - CS/2 4-87C S

Short Span Panel C = CC - CL12 4-88

Corner Panel C = CC - CS/2 - C./2 4-89

where the values of CC, Cs and CL are those for The interior panel from table
4-8.

The dynamic response of a flat slab is more sensitive to the elastic stiffness
when the maximum allowable deflection is small. The possible errzr diminishes
with increasing allowable maximum deflection.

4-30.5 Load-Mass Factors

4-30.5.1 Elastic Range. No data is currently available to determine the load-
mass fac.tor, KLM, of a flat slab in the elastic range of behavior. It is,

therefore, recommended that the values listed in the table of the load-mass
factors for two-way elements be used (Volume III). The slab should be
considered as fixed on all four edges with the appropriate L/H ratio. Since
an average value of the elastic and plastic load-mass factor is used in deter-
mining the natural period of vibration, the possible error incurred will di-
minish with increasing allowable maximum deflection. ,

- 86-

L:-- -7 rt"-. ~-



0 0

0 0 0

5 C, 0

Q 0 n 01

fl 0; 0 0ý 2

0- N 0o Al0

-44

440 C; (LI

0 0) 0

0J1

010 00

ri 0
o 0

-. f N A-87-



41-30.5.2 Plastic Range. The load-mass factor in the plastic range is deter-
mined using the procedure outlinedI for two-way elements in Volume III. Th e
supports for the individual sectors are at the face of the exterior walls (orN
haunches, if present) or at the face of the column capitals. Flat slabs with-
out drop panels havc a uniform thickness and the equation for determining the
load-mass factor may be expressed in terms of the area moment of inertia and
the area of the individual sectors. For flat slabs with drop panels, the
equations must be expressed in terms of the mass moment of inertia and the
non-uniform mass of the individual sectors to account for the non-uniform slab
thickness.

4-30.6 Dynamic Response

The equivalent single-degree-of-freedom system of the flat slab is defined in
terms of its ultimate resistance ru, elastic deflection XE and its natural

period of vibration TN. The procedure for determining the value of TN has

been presented in Volume III while the calculation of ru and XE has been pre--

sented above. The resistance deflection curve used in the dynamic analysis is
shown in figure 4-26. The resistance available to withstand the blast loads
must be reduced by the dead loads. An approximation of the resistance avail-
able is

r u-r, fds, 4-90
ravail =r - rDL fd-

where y

r avail= dynamic resistance available

rDL = uniform dead load

The total deflection of the flat slab includes deflections due to dead load
X and blast X., so that the maximum support rotation 0 is given by

x + XD

0 =tan 1 m DL 4-91m L

where 1, is the length of the shortest sector.

The blast load is defined irn terms of its peak pressure P and its duration T
which are determined from Volume II. Volume Ill contains the procedur•es to
determine the dynamic response of a slab whinh include the maximum dynamic de-
flectiui Xm and the time to reach that deflection t. It must be remembered J

that using the equivalent resistance-deflection curve to include tension oem-
brane action, deflections between 2 degrees and incipient failure cannot be
accurately predicted.

The required rebound resistance of the flat slab is calculated in accordarne
with Volumre Ill and the reinforcement necessary to attain this caxacity must r-K1

be provided. Ncte that while the dead load re,luces the avaiiable resistance o k\
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for, the dynamic loading, this load increases the available resistance for Pe-
bound.

41-31 Dynamic Design

4-31.1 Flexural Capacity

The ultimate moment capacity of a flat slab is usually based upon a type I or'

type III cross section depending on the magnitude of the maximum allowable

deflection. The distribution of reinforcement is critical in flat slab
design. The actual moment capacity provided must be as close as possible to

the unit moments required for, an elastic distribution of stresses. The
quantity of flexural reinforcement which is made continuous provides the

tension membrane resistance.

If the amount of continuous reinforcement provided is inadequate for tension
membrane action, care must be taken in furnishing additional reinforcement.
Any additional reinforcement must be placed to maintain the elastic distribu-

tion of reinforcement and the new moment capacities and ultimate resistance
must be re-evaluated. The ultimate moment capacity will not be altered if the

additional reinforcement is provided by increasing the compression reinforce-

ment.

4-31.2 Shear Capacity

Unlike continuously supported two-way slabs where shear stresses are "checked"
,e e flexural design is completed, the design for shear of a flat slab

must be considered during the flexural design. Due to the nature of the sup-
port system, flat slabs will usually generate large shear stresses. Flat
slabs with high percentages of flexural reinforcement and/or long spans should

be avoided.

The shear forces acting at a support are a function of the tributary area of
the sectors formed by the yield lines. The shears at the columns should be
checked first, since design for these forces can drastically effect the flex-

ural design of the slab. Two types of shear action must be considered; punch-
ing shear along a trurnatcd cone around the column and beam shear across the
width of the yield lines. These conditions are illustrated in figure 4-Py.

Shears at the columns may require the use of column capitals and/or drop
panels. Punching shear can occur around the periphery of the columns or col-
umn capitals and drop panels. The critical section is taken at de/2 from the

face of the support. The total load is calculated based on the area enclosed
by the positive yield lines and is then distributed uniformly along the crit-

ical perimeter. Figure 4-27a illustrates the critical sections for, pumching
shear'. Beam shear, as a measure of diagonal tension, is taken as one-way
action between supports where the width of the beam is taken as the spacing
between the positive yield lines. The critical section is taken as de away

from the face of the column or columtn capital and from the face of the drop

panel (fig. 4-27b). The total load is uniformly distributed along the crit-

ical section.
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The procedures for the design of columns is presented in Section 4-49. When
using these procedures, the unsupported length of the colunmn is from the top
of the floor to the bottom of the column capital. -'

DESIGN OF LACED ELEMENTS

4-32 Introduction

7he detonation of an explosive charge close to a barrier produces a non-

uniform, high intensity blast load which acts on the barrier for a compar-a-
tively short period of time. The concept of lacing reinforcement (fig. 4--d I
and 4-5) has been developed for use in protective structures subjected to such

loads. Lacing maintains the structural integrity of a barrier and permits it
to attain large plast"'c deflections. H

Extremely high pressure concentrations are caused by close-in detonations.,V
These concentrations can produce local (punching) failure of an element. B3ow-
ever, with the use of lacing, the high shears produced in the vicinity of
these pressLLue concentrations are transferred to other areas of the element
where the applied blast loads are less severe. In effect, the lacing tends to
spread out the effects of the non-uniformity of the loading and permits the
use of an average blast load over the entire surface area of the element. In
addition, lacing is required in those elements where large det'lections are de-
sirable. In these cases, the lacing not only rcsists the high shears produced .
but also maintains the integrity of the severely cracked concrete between the
tension and compression reinforcement during the latter stages of deflection.

The primary use of laced elements is to resist the effects of explosive
charges located close to barriers. The minimum separation distance between
the charge and the laced element is given in Section 2-14.2.1 of Volume II.
It should be empahsized that these separation distances are the minimum clear
distance from the surface of the charge to the suriface of the laced element.
The normal scaled distances RA (center of charge to surface of barrier)
corresponding to these minimum clear separation distances are equal to
approximate!, 0.25 ft./lbs.

A laced element may be designed for limited deflections (less than 5 degrees
support rotation), large deflections (up to 12 degrees support rotation) or ,
controlled post-failure fragments depending upon the protection requirements
of the receiver system. The stresses developed in the reinforcement is a
function of the deflection attained by the element. The type of cross-section
which determines the ultimate moment capacity of the reinforced section is y
also a function of the deflection but, more importantly, is a fu.nction of the
elements brittle mode response. High intensity blast pressures cause direct
spalling during the initial phase of an element's response. Therefore, a type
III coross-section will usually be available to provide moment capacity as well
as the available mass to resist motion.

Single leg stirrups may be somewhat more economical than lacing as shear A
reinforcement. However, in many design situations, the use of lacing
r'einforcemenu is mandatory. When explosives are located at scaled distances
less than 1.0, lacing must be used; single leg stirrups are not effective for,

9'
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such close charge locations. Also, the blast capacity of laced elements are

.egreater than corresponding (same concrete thickness and quantity of
reinforcement) elements with single leg stirrups. Laced elements may attain
deflections corresponding to 12 degrees support rotation whereas elements with
single leg stirrups are designed for a maximum rotation of 8 degrees. These
non-laced elements must develop tension membrane action in order to develop
this large support rotation. If support conditions do not permit tension
membrane action, lacing reinforcement must be used to achieve large
deflections.

The desigrn of concrete elements subjected to blast loads involves an iterative
(trial and error) design procedure in which the element is assumed and then

its adequacy is verified through a dynamic analysis (Voluime III). The design
of laced elements for limited deflections is performed in much the same
manner. However, the design of laced elements for large deflections has

unique features which permit the formulation of design equations. Since a
laced element is subjected to very short duration blast loads, the actual
pressure-time relationship of the load need not be considered. In fact, the
actcual duration of the load need not be considered at all. The load may be
taken as an impulse (area under the pressure-time curve) , that is, the entire
load is applied instantaneously to the element. This assumption results in an
insignificant error since the time for the element to reach the maximum
deflection is large in comparison to the actual duration of the load.
Secondly, the elastic portion of the element's resistance-deflection curve
need not be considered. This assumption will also result in a negligible
error since the plastic portion of the curve is many times that of the elastic
portion. Lastly, laced elements must be aymmiueiriOctly reinforced which
greatly simplifies the expressions for an element's capacity. These features
permit the formulation of design equations and design charts which are used to
design laced elements for large deflections and for the preliminary deoign of
laced elements for limited deflections.

This section includes the design of laced elements for ductile mode re-
s ponse. The brittle mode of response including the occurrence of spalling and
the design for controlled post-failure fragments are presented in subsequent
sections. The interrelationship of the parameters involved in the design of
laced elements is illustrated in the idealized resistance-deflection curve
shown in figule 4-29.

4-33 Flexural Design for Large Deflections

4-33.1 General

The ba•sic equations for the analysis of the impulse capacity of an element
were derived in Volume III. For a two-way element which exhibits a post-
ultimate resistance range and is designed for large deflections, the response
is:

.2
l m1.b u

2j-- = ru XI +--r (X -x) 14-95u up I r

The response equation for a one-way element, or a two-way clement which doeu

not exhibit a post-ultimate resistance rtange is:
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2ib

2 b r X 4-96

A M U

ib = applied blast impulse load

m mup = effective unit mass in the ultimate and post-

ultimate ranges, respectfully

r r = unit resistances in the ultimate and post-
u, uAp

ultimate ranges, respectively

X = deflection at partial failure

X maximum deflection

The above equations give the impulse capacity of a given structural element.
Use of such equations for design purposes is not practical since the procedure
would involve a tedious trial and error design.

4-33.2 Impulse Coefficients

Equations suitable for design are obtained by substituting the general expres-
slons from Volume III for the effective masses (mr, and m ), the ultimateuip'
resistances (ru and rup) and maximum deflections (XI and Xu) into equations 4-

95 and 4-96 The resulting equations take the form:

2
ibH S C 4-97

pdf
PHdc ds

H = height of the element

PH -- horizontal reinforcement ratio

d = distance from the centroid of the compression

reinforcement to the centroid of the tension reinforcement

fds ' dynamic design strength of the steel

C = impulse coefficient

To illusTrate the method used to obtain the impulse coefficients, consider a
two-way element (roof slab or wall) fixed on two adjacent edges and free on
the other two. The yield line location is defined by y and L < y < H. The
solution desired is for incipient failure (deflection Xu) of a spalled section
(cross section type III).
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From Volume III the equations for the resistances, deflections and effectiveI
masses for this two-way element are as follows:

1. Ultimate unit. resistance

5 (MvN +M V
ru 2 (table 3-2)

y

where

A f d
= M S dsc dd2  (eqs. 4-18 and 4-19)

VN VP b P Vfdsc

and PV is defined as the vertical reinforcement ratio on each face.

2. Post-ultimate unit resistance

(MVN M VP
r = (table 3-4)

3. Partial failure deflection 7

X= L tan 12' (table 3-6)

4. Ultimate deflection

X = ytan 120 + (H- y) tan • (table 3-6)u

where

A= 12' - tan-I (tay/Lr, 12

5. Effective unit mass in the ultimate range

mu = (KLM~u m

(KM)u is from fi~gure 3-44 'N

LML

d .c 150
M -[ ] = 225d1728 386 (10-6)

6. Effective unit mass in the post-ultimate range
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2
m =(K M M~n

up LMup 3

the units used are.

y, L, H, d, bX Xu inches

i b psi--ms

MvN, Mp in..- lbs/in.

fd:ý ru' rup psi

A in.
s

m mu, M u psi-ms2/in.

Substituting into equation 4-95

2

.2 5 ( c fOPvd s
ib = 2 X 225d (KLM)u 2 )Ltan 120 +

Y

(KLM) 2pVd 2 fd
L ( 2 v (" ) [ytan 120 + (H - y) tan A - Ltan 120]

0.66 H

4-98a

Factoring

2c 10 (KLM) L ÷3(KLM)2S22
2 (25d d2 f tan 1- LMu I 3 LMu

y H

( (H - y) tan A)(y-L +4-98b

tan 120

Dividing !ach side by PH, the horizontal reinforcement ratio, and rearranging

2
i H ) O(KL)u(L/H)

b 450 (-) tan 120P 2
PH d o f dsH y)
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( 2 y L y tan A
I'm u H HH I tan 12 498c ,- k

2 H 3.33(KL) (L/H)
3f 287( (p2 +

P d3f p H (Y/H) 2
Hc

4.70 (KL) [Y - L + 4.70(1- .) tan X1] 4-99
LIu H 1 H H

where -1 02126

X = 120 - tan- ( ) 4-100

The solution for partial failure (deflection X1 ) for the above two-way element

is obtained in a similar manner,. Substituting the general expressions for

partial failure into equation 4-96 yields: 5

2
i H WI
b (L/H)4-10

3 957 (-) (K ) --_10

p d f PH LMu yH 2
H a ds3 yH

Equations 4-99 and 4--101 can be rewritten as:

i 2H
b =c 4-1033 1

He d s-1

H c ds

where the right-hand side of the equation is designated as the impulse coeffi-

cient. The impulse coefficient Cu is used for incipient failure design (max-

imum deflection equals Xu) whereas C1 is for partial failure design (maximum

deflection equals X 1 ). These impulse coefficients are a proportional measure

of the impulse capacity under the resistance-deflection curve up to the maxi-

mum deflection,

Expressions for the impulse coefficients of elements with various support con-

ditions and yield line locations have been derived as above. Equations for C1
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and Cu for two-way elements are given in table 4-9 and table 14-10, respec-

j ••tively. For one-way elements whicn do not exhibit the secondary resistance

range (X1 = Xu), the coefficient C1 is equal to Cu. In addition, for a given

support condition, Cu for a one-way element is a constant value. Table 4-11

gives the values of Cu for one-way elements.

4-33.3 Design Equations for Deflections X1 and Xu

For design purposes, equations 4-102 and 4-103 can be rewritten as:

2

p d 4-1014
He 1 dsfr

.2ibH

p = Cud4-105
Hlac C f

u ds

For a two-way element C1 and Cu are functions of support conditions, aspect

ratio, yield line location, reinforcement ratios and the load-mass factors.
It was shown in Volume III the (KL )u for a two-way element varies with the

yield line location ratio y/H or x/L. Furthermore, it was shown that yield
line location ratio is a function of the span ratio L/H and the moment ratio
[(MVN t MVP)/(MHN + MHP)]. Since the cross sections used for large deflection

design are equally reinforced on each face, the moment ratio is, in effect,
the ratio of the reinforcement ratio pv/PH. Thus it can be seen that tne im-

pulse coefficients are solely functions of L/H and pV/PH for a given support
condi tion.

To facilitate the design procedure, charts have been constructed for the im-
pulse coefficients CI and C 1 for two-way elements as a function of I and

L/H. These curves for various support conditions are given in figur es 4-30

through 4-32 for CI and figures 4-33 through 4-35 for Cu. For one-way ele-

ments Cu is a constant (see table 4-11).

4-33.4 Optimum Reinforcement

A prime factor in the design of any facility is construction economy. Proper
selection of section sizes ard reinforcing steel will result in a design hav-.
irg optimum capacity and minimum cost. To determine the optimum design of any
particular two-way structural element, consideration must be given to the fol-
low i ng:

1. There is an ideal distribution of flexural reinforcement, defined
by the reinforcement ratio pV/DH' which is independent of section
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depth. This ratio will yield the maximum blast impulse capacity
for, a given total amount of flexural reinforcement pT-

2. There is atn ideal relationship between the quantity of rein-
forcement to the quantity of concrete wNich will result in the
minimum cost of an element. This relationship is defined by the
total percentage of reinforcement in one face of an element. This
total percentage p. is the sum of the vertical and horizontal

reinforcement ratios, PV and NH' respectively.

4-33.4.1 Optimum Reinforcement Distribution. The blast impulse capacity of an
element varies with the distribution of the reinforcement even though the
total amount of reinforcement and the concrete thickness remains the same.
This optimum reinforcement ratio varies for different support conditions as a
function of the aspect ratio L/H. In addition, the optimum ratio is different
for partial failure and incipient failure design.

To illustrate the determination of the optimum reinforcement distribution ra-
tio pv/PH, consider a two-way panel fixed on three sides. The panel has anr

aspect ratio L/H equal to 3 and a total percentage of reinforcement PT equal

to I percent. For various values of pV/PH, the impulse capacity can be deter-

mined for both partial and incipient failure design from figures 4-31 and 4-
34, respectively.

if i 2 H/d f is plotted versus pVPH the resulting curves are shown in figureb o ds2 3
4-36. The ideal p /P occurs at the maximum value of i|dc3" sf and is indi--

at t1H maiu vau of b c
cated on the illustration as 1.58 for incipient failure and 1.93 for partial -

failure design. Increasing or decreasing the total amount of steel PT' will

shift the curves up or down but not effect the optimum pv/PH ratio. This op-

timum pV!PH ratio for other, L/H ratios and support conditions are determined
from similarly corstructed curves.

The optimur values of pv/pH for various support conditions are plotted as a

function of the aspect ratio. Figure 4-37 gives the optim-m reinforcement for
partial failure design, while figure 4-38 gives the optimum ratio for incipi-
ent failure design.

The optimum reinforcement ratio for partial failure design always results in
positive yield lines which bisect the 90 degree angle at the corners of the

element (45 degree yield lines) for all support conditions. Consequently, all
supports reach the maximum rotation of 12 deD'ees simultaneously and they are €

all on the verge of failure. Therefore, the optimum condition for partial
failure is a particular case of incipient failure. This condition is evident
t•mro the common point on figure 4-36. It can also be seen from this figure
that at pv/PH ratios other than the common point, partial failure design is

more conservative than incipient failure design which includes the post ulti-
mate range. The optimum pv/PH ratio for, partial failure design maximizes the

impulse capacity up to X1 leaving no reserve capacity (post ultimate range).
Therefore, at this ratio, the capacity is numerically equal to that for incip- .
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ient fail :Ire design. While there is no quan'itative advantage to optimuim parr-
ttal 'ailure design over incipient failre design, there Is a quaLLtative ad-
vantage. The elements remain intact since all supports are on the verge of
failure as opposed to optimum Incipient failure where sone supports have
.ailed and the remaining supports are on the verge of faillire. In this latter
case, there is unknown secondary cracking which Is not accouinted for in the2
des i gn.

As previously explained, incipient failtire design ineltodes th(e cap:icity fr'oXn
two-way action of an element up to partial failure XI, and the capacity of

one-way action up to incipient failure Xu. Except as explained below, the

optimum reinforcement ratio for" incipient failure deiign resol tW from rnaximiz-
ing the capacity due to one-way action after partial failure (post-ulti mate

range). The resulting optimum reinforcement ratios for incipient failir-e de-
sign produce various yield line configuratioons depending upon the support eon--
ditions. For four edges fixed, the optimum reinforcement ratio is 0.25 and
h.0 for aspect ratios less than and greater than one, respectively. This dis-
tribution maximizes the post ultimate one-way action in the shorter direction.

post ultimate range is less than the decrease in capacity of the ultimatte

range. Thus, for these elements, the capacity cannot be incrreased above that
for partial failure, and the optimim ratio for incipient failure design is the
same as for partial failure design (45 degree yield lines). For- three edges
fixed, the post ultimate range capacity is due to either cantilever action in
the vertical direction or fixed-fixed beam action in the horizontal direc'tion,

In regions whorc th-e post ultimate range consists of cantilever action (1/H
ratio in the immediate vicinity of 2 and L/H ratio greater than 4) the optimunm
ratio is the same as for partial failure. For L/H ratios less than 1.5, the
post ultimate range consists of fixed-fixed beam action and, therefore, the
optimLm ratio is equal to 0.25. Between these L/H regions, neither behavior
dominates and the resulting optimum pv/PH ratios maximizes the combination of

ultimate and post ultimate range capacities.

4-33.4.2 Optimum Total Percentage of Reinforcement. The optimum total per-
centage of reinforcement PT gives the relatiorship between the quantity of

reinforcement to the quantity of concrete which results in the minimum cost of
an element. The total percentage of reinforcement in one face of the element
is defined as:

T= V+ PH 4-106

The optimum percentage of reinforcement depends upon the relative costs of the
concrete and reinforcing steel. Based on the average costs of concrete and
steel, the optimum percentage of reinforcement PT has been determined to be

between 0.6 and 0.8 percent, with 0.7 being a reasonable value to be used for,

design. However, for large projects, a detailed cost analysis may result ic. a
more economical design.

In the usual design situation, the optimum i ratio is first determined

based on the support conditions and aspect ratio. Knowing this ratio, C1 or
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Table 4-9 Impulse Coefficient C1 for Two-Way Elements

Edge Yield Line Limits Impulse CoefficientC,
Conditions Locations Limits Impulse CoeficentC

SilJ5l7 (K •j)_.
L/ I -(KLM).

Two adjacent .HL 97 S(ztH)'
edges supported
and two edges
free -o</L1l 95- (P/H)

(KLM). (pr/Pa) (LI/H)

- (KLM).

0hA OIx/HS1 957

-. .,..H!ýx:5L12 95T7 x1)Three edges t JlxL,
supported and x
one edge free I OSy/L. 987(.,/)

.(KLM). (prlIp.) (LII/ )

I-A O~x/U•~957 tI

L/2 (KLu).
... _ z..(s/H)'

Four edges

supported (K,).(/p)
O~y/L~j 95T pH~

"''" '"I LI S2I<I/2 47'8 (KxLM).(I. O/p) (L/I)
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Table 4-11 Impulse Coefficient Cu for One-Way Elements

EDGE CONDITIONS IMPULSE
COEFFICIENTS, . Cu

CANTI LEVER 127

FIXED SUPPORTS 510

LL
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Cu is determined and along with the given values of ib H, fds' equation 4-104
or 4-105 results in:

p 3 
-H constant 4-107 Fb'

With the known values of pv/PH and the optimum total percentage of reinforce-

ment equal to 0.7, the required quantity of horizontal reinforcement is

calculated. The required thickness of the element is then calculated from V
equation 4-107.

In some design cases, it may be desirable to reduce the uoncrete thickness be-
low the optimum thickness. The quantity of reinforcemert in excess of the
optimum PT must be provided to obtain the necessary impulse capacity. The

cost increase is small for total percentages of steel in the vicinity of the
optimum value of PT" In fact, the use of PT equal to 1 percent will result in

a cost increase of less than 10 percent. Beyond 1 percent reinforcement, the
cost. increase is more rapid. However, except for very thin elements, the use
of reinforcement in excess of 1 percent is Impractical since thu' required de-
tails cannot be maintained with such large quantities of reinforcing steel.
For thick walls providing even the optimum PT of 0.7 percent nay be imprac-

tical and PT may have to be reduced to as low as 0.3 percent oninimum rein-

forcement of 0.15 percent in each direction) in order to permit placement of
the reinforcing steel. The total reinforcement pT may also be less than

optimum if a minimum concrete thickness is required to prevernt fragment pene- ..

tration. When the minimum quantity of reinforcement is provided whether for
strength or to satisfy minimum requirements, the resulting cost may be far in
excess of optimum.

In some cases of incipient failure design, the optimum reinforcement ratio
pV/PH is equal to 0.25 cr 4.0. However, in most cases, it is impractical to

provide four times as much reinforcement in one direction as in the other
direction. Since the minimum required percentage of reinforcement in a given
direction is 0.15, the orthogonal direction would require 0.6 percent for a
total percentage of 0.75. Although this percentage is approximately equal to
the optimum percentage of 0.7, it may still be impractical in all but thin
walls. Consequently, in such design situations, a trade off between optimum
reinforcement ratio pV/pH and the optimum total percentage reinforcement PT
must be made for an economical design.

4-33.5 Design Equation for Deflections Less than X1 or Xu

For certain conditions, it is sometimes desired to design a structural element
for maximum deflections other than partial failure deflection X1 or incipient

failure deflection Xu. For those cases, the impuls3. coefficients can be

scaled relative to the deflections.

For a maximum deflection Xm in the deflection range XI < Xm < Xu, equation
4-107 becomes
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12H

P d 3 - b 4-108
u ds

where

X - X
C' C + (C'- C ) 4-109

U 1u I

For a maximu-n deflection corresponding to a support rotation greater than 5

degrees, but less than X1 , equation 4-108 becomes

2iRH
3 b 4

PHdc C'fds 4-110
1 d

w her e

The optimum pv!PH ratio for a given element is a constant for any deflectior

less than partial failure deflection X,, and is determined from figure 4-37.

In the deflection range X, < Xm < XU the optimum pV/pH ratio varies with the

maximum deflection. However, for design purposes, the values from figure 4-38
for incipient failure may be used,

4-33.6 Design Equations for Unspalled Cross Sections

The impulse coefficients derived above may also be used for, type II or un-

spalled cross sections. However, the general form of the equation is slightly
modified to account for the change in the physical properties of the cross

section. For a type II cross section, the full thickness of concrete element
is included in calculating the effective mass. Thus, the design equations for

the impulse coefficients of unspalled sections take the form:

2

ibH
2 b H

PT1 d = 4-112Hc c Cufds

2 "
2 i bH

p T d= --- 4-113
H cc C f

u ds

where Tc is the total thickness of the concrete section.

The optimum reinforcenent ratios and the impulse coefficients are the same for

spalled and unspalled cross sections. The design procedure for unspalled
cross sections is very similar to the procedure described in Section 4-33.4.2.

The total thickness of concrete Tc can be expressed in terms of do by approx-
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imating the value of d'. The value of d' can be estimated by determining the

required concrete cover and assuming the reinforcing bar sizes.

4-31i Flexural Design for Limited Deflectionx

In the design of elements for large deflections, only the plastic range behav.-
ior of the element was considered, since the capacity due to elasto-plastic
behavior is relatively small. For elements where support rotations are lim-
ited to 5 degrees or less, the elasto-plastic range is a significant portion

of the element's total capacity as well as of its deflected shape. Therefore,
it must be included in the determination of the response of such elements.

The blast impulse capacity of an element whose maximum deflection is less than
or equal to 5 degrees was given in Volume III as

i2H r X m
b u E a
T- ý -2 + M--ru (Xm - E
a u

where

m = average of the effective elastic and plastic unit masses

X = equivalent elastic deflection

This is an equacion which is suitable for analysis rather than design. Im-
pulse coefficients could theoretically be derived in a similar manner as that
for large deflectiors. However, the equivalent elastic deflection cannot be
defined by a mathematical expression making the determination ot' impulse Coet- ','

ficients for the various support conditions impractical.

The design of an element subjected to an impulse load (short duration pres-
sure-time load) for limited deflections is accomplished using a trial and
error procedure. An element would be assumed (concrete thickness and rein-
forcement) and its response determined from the response charts of Volume III.
A preliminary estimate of the size of the element can be obtained using the
equatiors for partial failure design where the impulse coefficient is modified
for reduced rotations according to equation 4-110. It should be noted that
this preliminary design will underestimate the required element.

The above procedure would be used for laced elements designed for support ro-
tations less than 5 degrees. However, if an element is designed for support
rotations less than 2 degrees and single leg stirrups are used in place of
lacing reinforcement, the above preliminary estimate of the size of the ele-
ment may not be used. Since the position of the flexural reinforcement is not
altered for single leg stirrups, an average d may not be used. Two values

c
of d must be determined; one for the vertical reinforcement and second fur

c

the horizontal reinforcement. Therefore, the capacity of the element (flex--
ural and shear capacity) must be determined according to the procedures for'
conventional rei nforced slabs.
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14-35 Design for Shear

41-35. 1 General

After the floxvial design of an element has been completed, the required quan-
tity of shear reinforcement must be determined. This shear reinforcement in-
su,'es that the desired flexu'al behavior in the dct[lI mode will be attainod.
The design of the lacing reinforcement has been discussed in previous sec-
tioens. This section is concerned with the determination of the shear stressesand forces to be used in the design equations.

Shear coefficients can be derived in a manner similar to that used to derive
the impulse coefficients above. The equations for support shear given in
Volume III and for the ultimate shear stress given in Section '-27 show that
the shear reinforcement is a function of the resistance of the element and not
of the applied load. The shear forces and stresses vary as the ultimate unit
resistance, the geometry and yield line locations of the element, and the sec-
tion depth. It' r u is evaluated and substituted into these shear expressions,
it can be shown that the ultimate support shear V5 can be represented as anl
equation in the general form

pd f2 Is
V = ds 4-115

and the ultimate sheMa stress at distance d• from the support as I>

vu dsV Cpf do 4-11I6

where K
C = shear coefficient

p = flexural reinforcement ratio

ds = dynamic design stress of the flexural reinforcement,

The sh•ea coefficient is different for each case and also different for one-
way and two-way elements. Specific values are indicated in the following
paragraphs of this section.

4-35.2 Ultimate Shear Stress
L

4-35.2.1 One-Way Elements. The ultimate shear' stress v,4 at distance de fr P
the support for a one-way element is

v = C Pf 4-117
uj d do

It, where C is the shear coefficient and a function of the. ratio of dc/L Values

of Cd are shown in table 4-1 2.
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Table 4-12 Shear Coefficients for Ultimate Shear Stress at Distance dc

from the Support for One-Way Elcinnt8 (Cross Section Type II and I11)

ULTIMATE SHEAR
EDGE CONDITIONS STRESS COEFFICIENTS

Cd

CANTILEVER 2 Lc I L-

FIXED SUPPORTS 16L•L (.--

L F LL_

I L

LV

N7



S M-35.2.2 Two-Way Elements. The ultimate shear stress V,111 in, the horizontal
direction (along side II) at a distance d. frtia the support for a two-way

element is given as

VuH - CHPHfds 4-i 18

and in the vertical direction (along side u) as

V = Cvpvfds 4-119

where CH and CV are the horizontal and vertical shear coefficients, respec-

tively. The shear, coefficients, given in table 4-13, vary as dc/x or d!/y for

the triangular sectors and as x!L and d 0 /H or y/H and d /L for the trapezoidal

sectors. The solution for the shear coefficients is presented graphically in

figures 4-39 through 4-52.

The shear coefficients for the triangular sectors, can be read directly fron

either figure 4-39 or 4-40, since the yield line location is the only variable

involved. Plotting the shear coefficients for the trapezoidal sectors for a

particular support condition yields a family of curves. That is, the shear

coefficient is plotted versus dc/b for various values of y/H (or de/H for

various values of x/L). The maximun value of the shear coeft'icient is Oil'-
ferer:t for each curve of y/H or, x/L and occuirs at various values of dr/b or

dc/H. Therefore, these family of curves overlap and accurate interpolation

between c urves is difficult.

Using a method of coordinate transformation, the family of curves has been re-

duced to a set of curves with a common maximum point defined (using the hori-

zontal shear coefficient as an example) by CH1/CM 1 1 and (dC/L)/(d c/L) M= 1.

The quantities CM and (de/L)M represent the coordinates of the maximuui point.

on the origirnai family of' curves for" y/H did x/L. The left-hand portiors of

the curves become identical, and accur.ate interpolation in the right-hand por-
tion is now possible. This transformation results in two figures to deffine

the shear coefficient for a particular support condition and yield line pat-
tern.

The above sets of curves are presented in figures 4-41 through 4-52. When

using these -urves, the shear parameter curve for the applicable support Con-

dition is entered first with the value of x/L or y/H to determine Cm and

(d 0 /I1T) or (dc/L)M. The second curve is then used to determine C or C. V

It should be noted that when designing two-way panels for incipient failure,

the shear stresses in the post-ultimate range must also be checked using the

equations for one-way elements.
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4-35.3 Ultimate Support Shears < ,

4-35.3.1 One-Way Elements. The ultimate support shear V3 for a one-way
element is

pd fds
Vs = C S4_ L1-120

where Cs is the shear, coefficient a is a constant for a given support
condition. Values of C3 for several one-way elements are given in table 4-14.

i)--35.3.2 Two-Way Elements. For a two-way element, the ultimate support shear
VsH in the horizontal direction (along side H) is represented as

psHd ds 4-121•s;I = sH L,

and Vsv, in the vertical direction (along side L) is

V =C V ds 4-122
sV sV H

where CsH and C are the horizontal and vertical shear coefficients, re-

spectively. For a given support condition, these coefficients v'ary as tire

yield line location ratios x/L or y!li, The shea- coefficients are listed in
table 4-15 and for the trapezoidal sectors only are plotted n figu es 14-53
through 4-56 for various support conditions.

4-36 Composite Construction

14-36.1 Genera 1

Composite elements are composed of two concrete parnels (dunor and acceptor')
separated by a sand-'i 1 led cavity. They have characteristics which are useful4
in the blast resistant design of structures located close--in to a detonation.
For a large qeantity of explosives, replacing a single concrete panel with a
composite element can result in a corsiderable cost savings. it is not usi-
ally cost effective to use, a composite element for smaller quantities of ex-
plosives where a single concrete panel would be three feet thick or less.
Where a single concrete panel would be between three and five feet thick, a
detailed cost analysis is required to determine wiLether or not a composite
element wo.ild be more cost effeetive.

Composite walls are generally used as barricades to prevent propagarion of
explosion between large q'.antities of' explosives, These struotures are usu-
ally designed for i-'r,A iper:r failure. Composi.te cierncnts may be designed to
provide higher degrees of pr-otection, but the massive walls (greater than 5feet thipk) that, make opsteeeet>'o.,_,ý (_Xfectivw• art? generally not r'e-
quired in such cases. If the mhximum support robation is limi ted to 4 degrees
or less, and a composite lemornt is showr to be cost effective, single leg
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Table 4-14 Shear Coefficients for Ultimate Support Shear for One-Way Elements
(Cross Section Type II and III)

ULTIMATE SUPPORT
EDGE CONDITIONS SHEAR COEFFICIENTS

Cs

CANTILEVER 2

V
FIXED SUP PORT 5-

L
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Table 4-15 Shear Coefficients for Ultimate Support Shear for Two-Way Elements

(Cross Section Type II and III)

Ed•ge c0nditi01s Yield lioe 1-6t0- H 0ris0o3ahW WominU] 'late suCN~ Pr ~rAlerc•ietl•mt Ipport wti..t .. p-

Thwo, i95t.fi.ntd C.# *hear coeff•ien2t v

T 6 6(2-z/L)(3+2z/L)

fixed and two Edge$ / z1L (6 /L(3 -2z/L

free op62- 
)(3+2Y ) 6

L

z

Three edges fixed and 
6 6(1 -z/L)(3+4x/L)

one edge free N ,-/ (3-z/L) (3-4z/L)

C C

Four eeofi~d 6 2(i-IL/L (3--4f/L)

k1' 24(2- 1 ,/H) 6

(3- /H)

"- 139 (3 --II
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Figure 4-55 Shear coefficients for ultimate support shear
(cross section type 11 and III)

-142-'4



_ _

12

T
CNAAx2

ao I0

b010.2 0.3 0.4 0.5

Figure 4-56 Shear coefficients for ultimate support shear

rh(cross section type II and III)

-143-



st rrups may be used instead of lacing reinforcement. Walls using single leg
stirrups are somewhat more economical than laced walls.

Composite elements can also be useful for reducing the hazard due to direct n
spalling. Spalled fragments from the donor panel are trapped in the sand fill
and, therefore, are of no concern. Spalling of the acceptor panel can be
eliminated by maintaining the required minimum thickness and maximum density
of the sand fill given in Section 4-56.2.

The mechanisms by which composite elements resist the blast pressures are (1)
the strength and ductility of the concrete panels and (2) the blast attenuat- K
ing ability of the sand fill. The attenuation of The blast bN the sand is
accomplished by (1) the increased mass it affords to the concrete portions of
the wall, (2) the increased distance the blast wave must travel due to the in-
creased wall thickness produced by the sand (dispersion of blast wave) and (3)
the blast energy absorbed by the displacement and compression of the sand par-
ti les.

4-36.2 Blast Acenuation Ability of Sand Fill

The method for calculating the impulse capacity of composite elements is sim-
ilar to that for single laced concrete elements except that the blast atter-
uating ability of the sand must be included in the calculation. The blast
wave attenuation is partly due to the increased mass of the slab. When com-
puting the impulse capacity of each cor.crete panel, the total effective mass
includes both the mass of the concrete and the mass of one-half of thee sand.This irncreased mass i4 ta-en into account by -,ultiplyintilthe iIP-p.•i3 uoefri-
cients for spalled s3,_tions, by

(T ti '4-123
- 2 c

or for unspalled sections by

w T;/T • a• 4-124
rp c ,/T

where

w - weight density of sai:d

w = weight density of concretec

T = thiknress of sarnd fill

The attenuatirg ability of' the sanýd duw to blast wave dispersion and or.ergy
absorpti )n is a function of the thickncss and density of the sand, the impulse
capacity of the conreýete pa.els and the quantity of explosive. Figwl'cs 4-5 / f
and 4-58 have been developed to predict the Impulse c'apaeity of the concr'ete
element for a sand dens' ?ity equal t,) 85) pef and 100 pef, respectively. These
figures are based on iderti nal donor and aoceptcr parels. The effect of the

- '44 -



10,C)L

..- I s:.. ..

di +i

4 t=-"

4'
T r+K

-144j

wit,



I T
,4V

T I.

Figure~~~~~~~~~~~~~~~~L 7-qAtoutino ls mus i adadclcrtw 0 e

-177 A



q-• i j•;y :• e×Dlosive is taken into account through the use of "scaled" par•-
€•, eters which are defined as follows:

. T S• __£e_ 4-125
e 12W I/3

T,= • 4-126T• 1 2W1/3

i ba 4-1 2't
ba W1/3

i S_- a 4-128
a W1/3

where

Tc = scaled thickness of' concrete Spanel

W = weight of explosive charge

S= scaled thickness of sand
S

iba scaled blast impul•'• which can be resisted by aeceptor panel

•' iba = blast fmp,•lse capacity of acceptor panel

ia = sum of scaled blast impulse resisted by- the aeceptor panel
and 5he scaled blast impulse absorbed by the sand

ia = sum of blast imp•ise capacity of the aceeptor panel and the
blast impulse absorbed by the sand

Explosion respor'se slab tests have indicated that the density of the sand fill
affects the a•notu]t of blast energy absorbed by the sand displacement, i.e.,
the higher the initial sand density, the smaller amo,•nt of blast energy ab-
sorbed. Aiso, it was observed in the above response tests that for' a unit
weight of sand eq•al to 100 pcf, the deflection of the donor' panel is approxi-
mately eq, lal in magnitude to the deflection of the acceptor panel. On the
other hand,, with a unit weight of sand fill equal to 85 pef, it was observed
that the deflection of the donor panel usually wa3 significantly larger thar]
that of the acceptor panel. This latter phe•omenon was caused by the fact
that, witi• the lower density, the sand had mope voids and, therefore, more
room for movement of the sand particles. This sand movement •n turn permitted
!ar'ge•" displacements of the do,:or panel before the near solid state of ill •]e
,• at, d oec, unred.

Based on the above information, it car', be •eer• that if near equal di. splacement
of the dot.or and receiver panels are desired, then a unit weight of sand fill
equal to 100 pcf sh,•uld be used. A val'fation of tile displacement of donor and

<q•.• receiver par els c•n be acnieved using a unit weight of sand equal to 85 per,

but the ael..,•al variation ca,.not be predi,•ted.
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Since the impulse capacity of composite elements is a function of the density

of the sand, it is importarnt to prevent the sand from compacting due to its
own weight and/or' water' drainage. Several possible methods for maintairning

the proper sand density ar'e discussed in subsequent sections concerned with
constructio', details of composite elements.

4-36.3 Procedure for Design of Composite Elements

The desigr, of composite elements is a trial and error procedure. By using
figures 4'-56 and 4-57 and the impulse coefficients of previous sections, the
calculations are greatly simplified. The donor and acceptor slabs are identi-
cal making it, necessary to design only one wall. The depth of the sand fill
is usually equal to the total thickness of the two concrete panels. Using the
procedures in the previous sections, each panel is designed to have a blast
impulse capacity slightly less than half the required. This includes the in-
crease in capacity due to the additional mass of The sand (equations 4-123 and
4-124). It shoould be noted that the design is based on the assumption that
both panels will attain the same deflection. If the density of the sand fill
is 85 pef, this will not be true. The donor panGi will probably have a larger
deflection than the acceptor panel. Since the actual deflection of each panel
cannot be predicted, it must be assumed that the design deflection is an,
average of the two.

With the blast impulse capacity of the two eonerete panels, figure 41-56 or 4-
57 is used to determine the total blast capacity of the composite element.
The following procedure illust rates the use of these figures.

1. Using the givern crirrge weight calculate the sealeo tniekres of -

the concrete panel and the sand, T and T S respectively.C s

2. Calculate the scaled impulse capacity which can be resisted by
the donor panel i bd and the acceptor panel iba.

3. Using either figr'e 4-56 or 4-57

a) Enter the ordinate at value of I
ba

) Proceed horizont ally from i to Tha s"

C) Proceed vertically fromr T to T

d) Proceed horizontally from I to i (the sum of the scaled
C a

unit blast inipulsoe reals ted by the acceptor par.el and the
scaled unit impulse absorbed by the sand).

41 Calculate tire aurria t ionfs of A i and i to get tihe total in I t
01 a

irnprtlise which can. be resisted by the curipuosite wall i
bt*

5. D)etLtrmine the scaled unit. blast impulse b acting on the teumpo-b <:
site clurirent,. K
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6. Compare i and i . If the blast impulse which can be resisted
by the composlite e2ement is not greater than or equal to the irn-
pulse produced by the blast then the impulse capacity of the
walls should be increased and/or the thickness of the sand in-
creased.

ULTIMATE DYNAMIC STRENGTH OF REINFORCED CONCRETE BEAMS

4-37 Introduction

Blast resistant, concreto buildings subjected to exter'nal blast pressures are
generally shear, wall structures rather than rigid frame structures. Shear
wall str'uctu'es respond to lateral loads in a somewhat different manner than,
rigid frame structures; the basic difference being the manner in which the
lateral loads are trarnsfrred to the foundation. In rigid frame structures
the lateral loads are transmitted to the foundation through bending of the
columns. Whereas, in shear wall structures, the lateral forces are trans-
mitted to the foundation through both bending and shearing action of the shear
walls. Shear walls are inherently strong and will resist large lateral
forces. Conseq:uently, shear wall structures are inherently capable of resist--
ing blast loads and can be designed to resist substantially large blast loads
whereas rigid frame structures carnot be economically designed to resist si;-
nificant blast loads.

In shear wall strL[tA' oo, beams and columns are usually provided between shear
-. .w..lls to car.y f"-' a!eril loads including blast lods on the roof and not to

transmit lateral loadsi to the foundation. For example, blast loads applied to
the iront will of a two-story shear wall structure are transmitted through the
roof an-d intermediate floor, slabs to the shear walls (perpendicular walls) and
thus to the fondation. The front wall spans vertically between the founda-
tior, the floor, and the roof slab. The upper floor and roof slabs act as
deep beams, and in turn, tranrmit tthe front wall reactions to the shear walls.

Ttic roof and floeo beams are not subjected to significant axial loads due to
the diaphrragm action of" the slabs.

The design of' beams as presented in the following sections applies to beams in
shear wall tyre structures rather than rigid frame structures. The design
procedure presen~ted is for' transverse loads only; axial loads are not
considered. However, the procedure includes the design for torsion. The
design of beams is similar to the design of slabs as described in sections4-13 t.hrough 4-18. The most significant and yet not very important difference

in the design procedure is that. in the case of a slab the calculations are
based on a unit area, whereas, for a beam, they are based oer a unit lelgth of
beaam.

Beams may be2 designed to attain limited or large deflections in the same
manner(? as non-laced slabs. However , uniike non-laced slabs which in som:
cases do not req'iire shear reinforcement (single leg stirrups), s hear
reinforcement in the form of closed ties must always be Provided in beams.
Under fi exural actioon, a beam may attain def lections corresponding to
2 dugruees support rotatiorn with a type I cross-section to provide the 'ultimate

MtN moment. caipaoity. The flexiral antion may be extended to 4 degrees suppoe-.
"rotation if equal1 ter:sion arld eompr'essior; reinforcement is furnished. A
type 11 or- l11 ciro3's -3secti on provides the u Itimate moment capacity and the
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required closed ties restrain the compression reinforcement. If sufficient

lateral restraint is provided, the beam may attain 8 degrees support rotatior,
under tension membrane action. The above support rotations are incipient

failure conditions l or the structural configurations described.

Beams are primary support members and, as such, are generally not permitted to

attain large plastic deformations. For personnel protection, the maximum
deflection is limited to a ductility ratio of 10 or a support rotation of 0.5

degrees, whichever is less. Structures intended to protect equipment ar:d/or

explosives may be designed for defiections up to incipient failure conditions.

Beams are generally employed in structures designed to resist the effects

associated with far range explosions. In these structures, beams are us•ially
used in the roof as primary support members and as secondary supoort Nembers
such as pilasters around door openings. To a far lesser extent, beams are
designed to resist the effects of close-in detonations ir contailnment typei
structures. In these cases, they are generally used as secondary support.

members such as pdlasters around door openings. Large tensile forces are
induced in containment type structures and, therefore, these structures lend
themselves to tension membrane action when the applicable design criteria
permits lar•ge deformations. V

The interrelationship between the various parameters involved in the design of
beams is r'eadil.y described with the use of the idealized resistance-defiectionI
curve shown in figure 4-59.

4-38 Ultimate Moment Capacity

4-38.1 Tension Reinforcement Only

The ultimate dynamic resisting moment M of a rectangular beam section of

wid•h b with ,tersion reinforcement only (type I) is giver; by:

M = A f (d - a/2) 4-129u S ds

and: I
As fds

a - 4-130

wher'e d:

Fl = ultimate mnomnt capacity

A = total area of tension reinforccmen , within the beams

f = dynamic design stress of reinforcement

d = distance from exLreme comprssion fiber
to cantrojd of tension reiniorctm•lem

a = depth of cquivlea]t. r.rtarng-lar stress block

b - Wi dh of beam
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f'e = dynamic ultimate compressive strength of concretedc

The reinforcement ratio p is defined as.

A
s 4-i 31

and to insure against sudden compressior, failures, the reinforcement ratio p
must not exceed 0.75 of the ratio pb which produces balanced conditions at
ultimate strength and is given by:

I0.85K ff ___

P - -"85. 1 dc 87, 000 4-132
fds ) 7,000+ f ds

where:

K1 0.85 for, fd up to 4,OO psi and is reduced by 0.05 for

ýaaoh 1,000 psi in excess of 4,000 psi

4-38.2 Tension and Compression Reinforcement

The ultimate dynamic resisting moment M of a rectangular beam section ofu

width b with compressioi, reinforcement is given by:

M - (A A' ) ÷d (d - a/2) + A' fds (d - d') 14-133'•ds d

an d:
(A- A' fds

S d5

a 0.8 5  b f 4_--

whend:

A' = total are- of compression: reinforcemert within the beam
s

d' - distankce from extr'eme compression fiber to cetroid of'

compr'essi.on: rei rforcemnt

Tne compr'e;sio, reir:or,.mert ratio 0 .i s defirned as:

A'
S

E uat, o t - i D 3 is va i (I cr y wh-:: t h eomfpres t or rci r, Iorcreoro, y i,.il, at UI-

tirnat,2 ct.c gth . ThiS cond(tli ti t i • ý3ai.; sfied ;rhen: _

0 5 I 21 67, 0 0 1-136n-F' 0,d5 I8 - d.1,000- f
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In addition, the quantity p-p' must not exceed 0.75 of the value of eb gvn

iný equation 4-13 in orid er to i;nsure against sudden compression failures. if
p-p' is le,5;9 than the valjc gi. ren by equation 4-13r6, the ultimate resisting
moment shoulu net, exceed the value givyen by eq'2ation 14-1 29.

For thte design of concrete beams subjected to far, range blast loads which are
to attain support rot~ations of 2 degrees or, less, it is recommended thaiý the
ult~imate resisting moment. be computed using equation 4-129 even though a
cons5iderable amount of' comppression1 reinforcement. i~s required to resi'st rebound
l oads. It should be noted tl~at a large amount of compression steel that does
not yield due to the lirnear' strain vaoiation across the dafpth~ of the section,
has a negligible effect on, the total cýapacity.

For, type II or H!I cross-section~s, the ultimate resisting moment Muof a

Mu =A, S ds d ) 13 7

where
A -area of' tension or compression reinforcement w.ithin, the widlth b

d distance between the centroids of the compression and theI

tens5ion rein~forcement

The :-'ove momnent capacity can only be obtained when the areas of the tension

-- V Is beprý-Fc gra er nooeel tha2 ree exuept In addi tion., the support rotation
m ust 1, egreter har2 x e Dtf or cl os e - inr de igns where direct

spalLing inay occur' and result iný a type III.

~4-38.3 Minitmum F.Zexurai Reinto.ixement

To inuepr-oper' structural behavior, under both conventional and blast load-
it gs ,a mi nimumn amount of' flexural reinforcement is required. The minimum
rei r.foreement. required for' beams i3 somewhat greater than that required for
:3labs ,3ir.ce an. o-verload load irl a slab would beý distributed laterally and a

sudnfail ure will; be les3s l ikely. The minimum require0I quantity of rein--
f'ar''er int jaiver; by:

p 200/f 4-138
P y

wI- h 2r 00,00C) Psi ildstren:.-gth steel, is equal to a reinforcement ratio
of' 0.0033. T'liz nirirm'nm' rei nforc-emcentt ratio applies to the tension steel at
1;id -span (if cn2y supper ted bjeamsj-: and to the tensi on jte at the supports

at1mid-*pan. of if ixed- end beams3.

Concret~e bea[Hs With t(ension vel nforcemient only aire not permitted. Compress.-ion
rel r~for-ekorent , at least equal tr) une-half the requirted tension reiniforcement,
mullsr be provi dfe. T"his reirfoureemnent is requireee to resist the ever, presenit
reboutnd for'ces. Deper~dir~g upon. the magnitude of' these rebounid forceas, the re-
qui red comprecst or. , frcnn may equal the tons ion reinforcement.
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14-39 Ultimate Shear (Diagonal Tension) Capacity

4 39, I. Ultimate Shear Stress

The nominal shear stress v., a,,, a measure of diagonal tension, is computed
frum;

u .~-' 1.39

where: 

P
v = nomin-al shear- stress

u

V =total shear at critical section•
u

The critical section is taken at a distance d from the face of the sopport for
those members tha-t cause compression in their supports. The shelr at sectionS
between the face of the support and the section L therefro~n need not be con-

sidered critical. For those members that cause tension in- their' supports, the
critical section is at the face of the supports.

4-39.2. Shear Capacity of Unreinforced Concrete

The shear stress permitted orn an unreinforced web of a beam subjected to Lix
ure only is limited to:

S [1.9 1/2 + 2r500 p] <- 35 (f') 1/2 4-140

wher e:
v = maximun shear, capacity of an unreinforced web

p = reinforcement ratio of the tension reinforcement
at the support

4-39.3- Design of Shear Reinforcement

Whenever the nominal shear stress v, exceeds the shear capacity v0 of the

concrete, shear reinforcement must be provided to carry the excess. CO1 3 (-, d
ties placed pen perdien] .ar to the fliexurat reirforcemernt mist be used to f'ur-
rlJsh the addit ional shear capacity. Open stirrups: either singlee or duo ibi
leg, arc not per-mitted. The required area of shear reJirforcement is eateo"-

[ u c ) b s I1\~ =)4 -1 141, -:
V d, y ..

whe' er :

A = total aruea oa stjrrupsv t!
V -

v -v = exes3s shear streDss

Vu e :,•? N
-- I5~4 -t2

.. , '% #;'€ " ,, '•" •2." ! •. r•. v',,'N ,° ,','-• .6',Q "., l•,. ' ,6-, Y,; ,• '•, p,• •,-• *'• ,- -• " , • ,,••. , , . "t-.,•• •,m --r •, il,,



=s spacing of stirrups in the direction parallel to

the longitudinal reinforcement

= capacity reduction factor equal to 0.85

4-39. 3. Minimum Shear Reinforcement

In order to iinsure the full development of the flexural reinforcement in a

beam, a premature shear failure must be prevented. The following limitations

must be considered in the design of closed ties:

1. The design shear stress (excess shear stress vu vc) used in equa-

tion 4-140 shall be equal to or greater than the shear capacity of

unreintoreed concrete v as obtained from equation 4-139.

2. The nominal shear stress vu must not exceed 10 ( f' )
dc

3. The area AV of closed ties should not be less than 0.0015 bss.

4. The equi.&d duo.a Av of closed ties shall be determined at the cri-

tical section and this quantity and spacing of reinforcement shall be
used throughout the entire member.

5. The maximum spacing of closed ties is limited to d/2 when v - V0 is

less tnan 4) or, 24 in:hes, whichever is smaller. When h

vu is greater than 4 ( ' ) the maximum spacing is limited
Q dll.

4-4o0 Direct Shear

Direct shear failure of a member is characterized by the rapid propagation of

a vcrc cal crack through the depth of the member. This crack is usually lo-
ated 3v t.e supports where the maximum shear stresses occur. Failure of this

type is p'os!hible evern in member's rei nforced for diagonal tension.

The corc'ete betwuen the flexural reinforcement is capable of resisting direct
sh.ea' stress . The con.crete remainir effective because these elements are sub-
jected LU coMrparatvely low blast loads and are designed to attain small sup-

port rotations. The magnitude of the ultimate direct shear force Vd which can
be resisted by a beam is limited to:

V= 0. 16 " bd 4-142
Q, do

The total support shear prod,-e0d by the applied loadinrg may not exceed Vd

Sh~ouldl the support shear excped V the depth and/or width of the beam must be

ir,c'eas,ýed since the use of diagunal bars is not recommended. Unlike slabs
which require minimum diagoral bars, beams do not require these bars sin:e the
qarntity of flexu'ral reinfcrcemert in b.am3 is much greater than for slabs.
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4-41 Ultimate Torsion Capacity -
it,

4--41.1 General &*.: -

In addition to the flexural effects considered above, concrete beams may be
subjected to torsional moments. Torsion rarely occurs alone in reinforced
concrete beams. it is present more often in combination with transverse shear
and bending. Torsion may be a primary influence but more frequently it is a
secondary effect. If neglected, torsional strpesses can cause distress or
fa i l ure.

Tors ion is enoountered in beams that are unsymmetrically loaded. Beans are
subject to twist if the slabs on each side are not the same span or if they
have differernt loads. Severe torsion will resulu on beams that are essen-
tially loaded from one side. This condition exists for, beams around an open-
ing in a roof slab and for pilasters around a door opening.

The design for tors-ion presented in this Section is limi'Ced to rectangular
sections. For' a beam-slab system subjected to conventional loading cordi-
tions, a portion of the slab wi.l ass3ist the beam in resisting torsional ma-
ments. However, in blast. resistant design, a plastic hinge is usually formed
i.: t. he slab at th.a beam and, consequently, the slab is not effective in re-
sisting torsional moments.

4-41.2 Uitirmate Yor'ional Stress

T ie I ui[ii t L uOi(uL-)..- II bti i<' a rcta;gular be( aii u i in the verti c a
(along h1) s given ob ,

3T
v(: - -.-- 5" n4-I 4

b V

and the nomirna torsional streýs in, the horizontal direction (along b) is

gi ven byt:
2T

vC') H 4-142r

(ttr) 2

yr. nomin~al tor,3ional t•-s
wI nLoal : otsrional moment Lit er'tical section.

b width of' onamui

h -: ove.rall depth of beam

The en irti•:a seeo.i for tonsion i.-, t ken at. the, same i o3atior: as di agt•ra -
tersion, it shou3ld be noted that the talus 'or: stress in thre vertiaL ['h ae ot'
the bem (aloog n ) is maxi rrmom wher. b is less: than hi whereas the tors i o: stesL
along t.r' er'i-<ital i a-!e of the beam (alor:g b) i a mnaxinr'rI whirr: b is gr (2tt' 3

tha- .1.'",
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4-111.3 Capacity of Unreinforced Concrete for Combined Shear and Torsion

For, a beam subjected to combined shear' (diagonal tension) and torsion, the

shear stress and the torsion stress permitted on an unreinforced section are

reduced by the presence of the other. The shear stress permitted on an unre-
inforced web is l imited to:

2 (fd' 01/2

'V 4-145
= Li + (vt/il.2v )2 1 1 2

while the torsion stress taken by the concrete of the same section is limited
to:.4 (f

tc + (L,2vU/vtu)2]

where:
v = maximum shear capa-ity of an unreinrorced webc

vtc = maximum torsior capacity of an unreinf'oreed web

v = nominal shear stressu

v = nominal torsion stress in the direction of vu

"r" It should be noted that the shear' stress permitted or: an unreinforced web of a
beam subjected to shear only is given by equation 4-139. Whereas, the torsion

sýtress permitted on an unreinforced web of a beam subjected to torsion only is
given by:

(f I)/2
2.4 (fL ) 14-1117

W,,enever the nominal shear stress v exceeds the shear cap-,city v . of the
U c

ror -ete. ns hPar rfi' nforcemert. m us t, be orovided to carry the excess. This
q.iar'tity of' shear reinforcement is calculated using equation 4-140 except the

value of v shall be obtained Irom equatior: 4-144 which includes the effects

of torsion.

4--41.4 Design of Torsion Reiinforcement

4-41.4.1 Design of Closed Ties. Whenever the nominal torsion stress

v exceeds the maximum torsion capacity of the concrete, torsion rein-

forcement in the shape of closed ties, shall be provided to carry the excess.

The required area of" theý ver'tinal leg of the closed ties is given by:

Lt (tu) tv_A ( 4-148

^( 3¢,• t th ,'d y
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and the required area of the horizontal leg of the closed ties is given by:vv bh2((t)) 1 1 bh
2

s

3 ¢%bthtfdy

in which:
Qt = 0.66 + 0.33 (ht/bt) < 1.50 for ht > bt 4-150a

at = 0.66 + 0.33 (bt/ht) < 1.50 for ht • bt 4-150b

where:
At = area of one leg of a closed stirrup resisting torsion

within a distance s

s = spacing of torsion reinforcement in a direction parallel
to the longitudinal reinforcement

Q = capacity reduction factor equal to 0.85

bt = center-to-center dimension of a closed rectangular tie
along b

ht = center-tn-eenter dimension of a closed rectangular tie
along h

The size of the closed tie provided to resist torsion must be the greater of
that required for the vertical (along h) and horizontal (along b) directions.
For the case of b less than h, the torsion strebs in the vertical direction is
maximum and the horizontal direction need not be considered. However, for b
greater than h, the torsion stress in the horizontal direction is maximum. In
this case the required At for the vertical and horizontal directions must be

obtained and the greater value used to select the closed stirrup. It should
be noted that in the horizontal direction a beam, in shear wall type
structures, is not subj ected to lateral shear (slab reni staL leerl loads) uArd
the value of vt used in equation 4-148 is calculated from equation i--I 46

which does not ir.clude the effect of shear.

Whe, torsion reinforcemerNt Is required, it must be provided in additi on to re-
ir:forcerrert required to resist shear. The closed ties required for torsion
may be combined with those required for shear. However, the area £'rr'-isin'ud
must be the sum of the individually required areas and thu most res tr'ictl, i•
cnqui'remrts for' spacing and placement must be met. Figure 4-60 shows oevrnal

ways to arrange web reir:forerment. For low torsion and shear, it is convero-
ient to combi ne shlear a,.d torsional web reirnforcemnnt in the form af a si rg•i
closed stir'r'up whose area is equal to A i A /2 . For high tornion and shear,

t. v
it, w,_cld be economi cat to provi lc torsional and shear' r ei J'orau'nTmt jujol'-
at i-yy. 'forsa orsal web roint'oreoment conlsist, of closed :stirrups along tire por-
iphery, while the shear web reinforcement is in the form of closed stir•upsr
distributed along the width of the member. For very high torsion, two closad V
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stirrups along the periphery may be used. The combined area of the stirrups
must equal A and they must be located as close as possible to each other,

i.e., the minimum separation of the flexural reinforcement. In computing the
required area of' stirrups using equation 4-147, the value of bt should be

equal to the average center-to-center dimension of the closed stirrups as
shown in figure [4-60.

4-- 4 1 .4. 2 Design of Longitudinal Reinforcement. In addition to closed stir-
rups, longitudinal reinforcement must be provided to resist the longitudinal
tension caused by the torsion. The required area of longitudinal bars F

A shall be computed by:bt + ht]I

A = 2A s4-151a
t

or, by: flc 5  vt0  ~ t
= f1-- tu 1-- LAJ 4-151b

whichover is 6re~ter. Wht.r. using equation 4-151b, the value of 2At shall be

greater than or equal to 50 bs/fdy. It should be noted that equation 4-151a
requires the volume of longitudinal reinforcement to be equal to the volume of
the wb rcinforcement required by equation 4-147 or 4-1[48 unless a greater

amount of ]ongjitudinal reinforcemert is required to satisfy the minimum re-
-qirements ol' equatiorn 4-1i!. 5I.

Longitudinal barrs should be :r faorml y distribut ed around the perimeter of the
Scross sectiorn with a spaci ng not exceeding 12 irches. At least one longitu- N
dinal bar should be placed in each corner of the closed stirrups. A typical
arrangement of lorgitudinal bars is shown in figure 4-60 where torsional lon-
gi udi nal bars that are located in the flexural tension zone and flexural corn-
pression zone may be combined with the flexural steel.

The addition of torsional and flexural longitudinal reinforcement in the flex-
url compression zone is not reasonable. It is illogical to add torsional

seL hat Is Ir. tc . th: fl~exural 1 1- tha i- in compressioni. Th!!is
Smerteod of adding torsional steel to flexural steel regardless of whether the
latter is in tension or in compr:ession is adopted purely for simplicity. For
blast resistant design, flexur'al reinforcement added but not included in the
calculation of the ultimate resistance could cause a shear failure. The ant-
ual ultimate resistaree could be significantly greater than the calculated
ultimate resistance for which the shear reinforcement is provioed. Therefore,
torsional longitudinal reinforcement cannot be indiscriminately placed but
rather must be placed only where required.

In the desigrn of a beam ,iaibjected to both flex,-ue arnd tors•ior, torsi.onal ions-
itri mOaI reinforc-ement ia first as;sumed to be uni l',rmly distributed around toe

perimeter of the beam. The rein.forcement required along the vertical race oft
tho beam will always be provided. However, in the flexura.i compression zone,
the r"eir;fot'remltentt that. s.hould be oued is the grreater of the flexural compres- K'
_sian steel (rebound reirn'orcement; or, the torsional steel. In terms of the
typical arrangement of reinfTorcement i. f'ig;ure 4-10, either A A is used
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Figure 4-60 Arranigement oA re inforcement for combined flvxure and torsion
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whi ehever is e(reater, asr the dUsi go steel area in tbhe flaxur'a! compressi on
zone. For' the tension zone at the mid span of a uniformly loaded beam the
tor-sional stress is zero and torsional longitudinal reinforcement is not
added. Conversely, the tension zone at the supports is the location of peak
torsiao:ai stresses and longitudinal torsional reinforcement must be added to
the flexual steel.

-1-41.5 Minimum Torsion Reinforcement

In the design of closed ties fr beams subjected to both shear and torsion,
the following limitations must be considered:

1. The mirimum quantity of closed ties provided in a beam subjected to
both shear and torsion shall not be less than that required for a
beam subjected to shear' alore.

2. The maximrm r;omintl shear stress vu must non exceed 10 (f 'd& -/2

3. The inaxi muinrri tr;al tarsi or. stress v stu hiall not cexecd

121 2 0;i)

1 (1.2 v ] 11/2
u t

4. The required spacing of closed stirrups shall not exceed (bt + ht)/4

or 12 inches noor the maximum spacing r,2quired for closed ties in
beams subjected to shear only.

5. The required areas Av and A sh all be determirned at the critical sec-

Lion and this quantit-y and spacing of roil'foroement shall be used
throughout the ertirc beam.

6. To insure the full development of the ties, they shall be closed
using 135-degree hooks.

4-42 Flexural Design

4j-42. 1 InLroduction

The flextrwal design of' beams is vary similar to the design of nor-laceud
eorererte slabs. The main differnce is that in the case of a slab tie
cal culatiors are performed based on a unit area, whre:'eas for a beam, they are
based on a unit length of beam. IK addition, s51cc beams are one-way members,
the distributior of mutually perpendicular reinforcement does not have to be
cor.si dered.

4-42.2 Small Dxeflections

The dassign range far small deflectionrs may be divided in to two region s; bemIs
with support rotations jess than 2 degrees (limited deflectionrs) and support
rotatio,,s hetween 2 and 4 degrees. Except fur tire type of cross-seetior:
av:i lable to r.sist momnty= the desigiL procedure is the sanre.
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A concrete section and reinforcement are assumed. Using the equations of
section 4-38 (equation 4-129 for type I cross-sections, equation 4-137 for
type II and III cross-sections) the moment capacities of the trial section is
computed. The moment capacities are required to calculate the ultimate unit .2
resistance ru and the equivalent elastic deflection X . These parameters,

along with tie natural period of vibration T., define the equivalent

single-degree-of-freedom system of the beam, and are discussed in detail in
VoluLme Ill.

A dynamic analysis (see section 4-43) is performed to check if the beam meets
the allowable deflection criteria. Finally, the assumed section is designed
for shear and torsion, if applicable. If the beam does not meet the allowable
response criteria, the required shear reinforcement is excessive, or the beam
is overdesigned, a new concrete section is selected and the entire desLgn
procedure is repeated.

4--42.3 Large Deflections

4-42.3.1 Introduction

Design of reinforced concrete beams for support rotations greater than
4 degrees depends on their ability to act as a tensile membrane. Lateral
restraint of the beam must be provided to achieve this action. Thus, if
lateral restraint does not exist, tensile membrane action is not developed and
the beam reaches incipient failure at 4 degrees support rotation. However, if
lateral restraint exists, deflection of the beam induces membrane action and
axial forces. These axial tension forces provide the means for the beam to
cortinue to develop substantial resistance up to maximum support rotations of0
approximately 12 degrees.

4-42. 3 .2 Lateral Restraint

Adequate lateral restraint of the reinforcement is mandatory in order for the
beam to develop and the desigrer to utilize the benefits of tensile membrane
behavior. Sufficient lateral restraint is provided if the reinforcement is
adequately anchored into adjacent supporting members capable of resisti1-ng-f the
axial forces induced by tensile membrane action.

T]ensile membrane behavior should not be considered in the design process
unless full external lateral restraint is provided. Full lateral restraint
means that adjacent members can effectively resist a total lateral force
eq,'2ivalent to the ultimate strength of all continuo'is reinforcemert i r the
beam. This external resistarnce is more dif'ficult to realize r'or beaums th:an

for,' slabs due to the concentration of the end reactions.

4-42. 3 -3Resistance - Deflection Curve

Tire resistam:ce-dfiecti on carve for a beam is the same as that for' a s:ian
which is shown: ir: Figure 4-18. The initial portion of' tihe curve is primarily
due to flexural actior (ircreased capacity duo- to possible cumpre-.sion forces
is not shown). At, 1l degr'ees support rotation, the beam loses fiexunal:T
capaocty. However, due to the presence of conti rnioijs rei nfor'celnon. am d
adequat, 1 atoral restraint, tensile membrane action developed. The resistaree
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die, to t hi s act. i or, 1 r or ases wi Ut i aor easi3 rig de CI cet l on- up to i flati pi ant
fail 'joe at appr'oximately 1 2 degrees suippor~t r~otation.

1 In or der to s5imlpl if y the2 des3ignT OalI Gui at i ons , thet. r ests zl .te:o is 105 -! itie.d toW
due to Pice xiral a atiUon throughout the, erntire range of' behla vi or, (a amafl prc:ed 'we
Lotr oci h eelrcul at lowý) . To approxi mat e the onceigy al bier ed undetr the act. salý1

resitana-ecleeton ur ye, the. maximum s,ýupport of the idealized is3 limtitcd
to 13 de gree S. Des, i gt; f or t h is de Ili( cat ion w ool d pr odu1wce i rel j p1i en t f ailIur e

c: Gt: di t io ns

Fothe design, of a laterally restr~ained beam for' 83 degrees0 supIport rotat~ion,
al cryop-s ItIo is us1'ed tO comp,'ute the ultli mate-. lflnet'Qlt eojXwCiUY Of

tesection. as well -As to provide! the, mass to r'csist moti on. The s3tressi it',

rot at ion's 0 < a 1 2 gi ven inr t abl.e 11-2. At every se.ction thiroughouit the

beam , the t onsi on and eornpr' esiior. rel n.For cementL moat beý cc ;;'. I r,00'4 Ill ot'der toU develýop the ter:siil c ob'n actiýon discuss3ed below. L

'2 l-Il?23.41 Ultimate-: Tensilie Mlembranie Cap~acityV

AJ- can. be see-r i r: F i gire 4'V18, tenilIet membran, e real5 st ance J a a fur'in aion uf'
def'lection. t. is al so a funt.ction ef the -span, len2gt h an.d the amno unrt of
wcon.ti nuous- 11 rcei n.f or etnentr, i . The tonal 1 e netnbrane (cc1i st.-n.ce r, of a laterally

r'estrcair~ed beatrj at, a deflection X is expressed as:

r I '4-152

T A P 14-153

X deflection of trwbeagi

T = forcee in, the rotinaes rfelfrceen.,t

Evert. tho~ugh the ciape'i by 01' a 1tialIyr'ca btral re:d be,,am aba or.li exut'al
action , ade-quate ten '.Sile0 tmem1ýran C ca p,1cni :,y n',~ be') pt o'v ded, t h-at is,
a 'if P, i- ci en.t cuont, i-Il 'I.; u toi titor' eeirtn nt mtu'st be y') ý dv-: d an thIa t f he t, ens, i IaE
mmentbar:c resis3tanc(e t corn' aC1s pa':'Air g to 8 de gVt'S `' , U;P(_plt. r'utalin t. Mt'is;' be

great er tht:11 theý flexiral rea2L sl,a--in -tr' U, Th~e de e._a'in Cr;ýmip'lted an a

fir: i lt i an r of t. he ,)Ia t io1 hint:ge? lo-)c a tion.s. The forceo inr t he con rti n 1jD .;
ru . ; , orCýiel Ln a ('al c'fII a 1 e i,7usintg tI e dtr ain, te in : U( dawispodtg I d

to 83 degrees !supliort rob ati or; (tablep 4-2)

14-42.3.5 Flexural Design

t'r f' I i a -,u~ Le, t 1IIl' ! tti atrta.o mini s t ari- -ilellt -t 'ifiv. 153r f t cplo'cd w IitI
at:. 1) eq Ia knt r i x's' X3it al cur V: , h dcii. 1 g or, a!c amt I'v 1 a'? g d lf 1ebe (Ir is
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greatly simplified. The design is performed in a similar manier as for small
de;'iec:iorts. However, sufficient continuous reinforcement must be n'ovided to
develop the required tensile membrane resistance, This .einforcercnt must be
fully anchored in the lateral supports. Care must be taken to Ynsu'e that the 5
lateral supports are capable of resisting the lateral force I as giver. in
eq'ratijr. 4-i 53.

4-43 Dynamic Analysis

41-43.1 Design for Shock Load

When a cor:crete slab supported by beams is subjected to a blast load, the sab
and beams aot together to resist the load. The beam-slab system is actually a
two-mass system and should be treated as such. However, a reasonable icsig'
ca: be achieved by considering the slab and beams separately. That is, the
slab and be'ms are transformed into single-degree-of-freedom systems cor-

pletely independent of each other and are analyzed snparately. The dynamic
analysis of slabs iq treated extensively in previous sections.

The eqgivalent sirglo-dcgree--of-freedon system of any structural element is

defined in terms of its ultimate unit resistance, ru, equivalent elastic

deflection XA and natu•ral period of vinration TN. The ultimate unit resis-

tarae is obtained from the table for one-way elements in Volume Ill for the
moment cacpac fiy o:iver above. Thyn procedures and parameters necessary to on-
rai. the equivalent elastic deflection and natural period are also obtained
fron Vo)lume l1T.

Vo.ule Ai dMseo iboa orucudurus for dt'termi ni ng the dy•nsaic load wlr[ch is dc-
fiMod by its peak value P and duration T. For the ratios P/ru and T the

ductility ratio X /X and t /T can be obtained from the response charts of

Volu •e I1T. Tnese values I, which is the maximum deflection, and tM, the

time to reach the maximum deflection define the dynamic response of the beam.

A btam is designed to resist the biast load acting over the tributary area
s'4poi ted by the beam. "herefore, the peak value of the blast load F is the
product of toe uniL peak blast presswre times the spacing of the beanm, end
ha:., of pt.!,, ' inch. V

T1: ac,•lition to thi shott term effect cf the blast load, a beam mu5t be able to
Witrstarn o the long term effMet of' t he resistarce of the elem•nt is) Iel r-g

,;4.,r'td by GO: eeam wI'er, the response time of the elreLtLs) is equal to o:
greater thar; the duratiorn or the blact load. To insure against pre'Cr-itufl ,,
failure, the l timate resistance of the beam must be greater than thy reaelior.

f thq s'app- ortz element (slab, wall, blast door, etc.) applied to tile beam a,;

a static load.

Pt the ease of a .upi:,ted slab, the slab does, in faNt, aWt with ti•re Lear; bo,'
portLi, n of tie mass ol' 0. , slab an'ts with the mass of tire beam to resist th?
d vrname• 1cMd. it in$, t.eelnor' e, recom•r•rdeo that 20 percenet oF trio rao:; of'
th -slab (or blast door', wall , etc.) or: each side of the buamn h' added to thre
a.t -i macs oe the beam. This i ncr'eased mass i s then. rced to corip•.t ': tQh
r.atu'ral period of vibratICr. of tire beam. It should bu noted that ir. tio .

- ilo -
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caicl zatien of 1, the values used for the effective mass and stif 1inessB of LiveI

tem depends upiin thte allowarle maximum defict ion. W.hen, desi gning for

completetly elastic behavior, the elastic stiffness is used while, in other
cases, tee equivalert elasno-plastie stiffness K_ is used. The elastic vilue

of the eft ecti ve mass is used for the elastic range while, in the elasto-

plastic oeng, the effective mass is the average of the elastic and elasno-

plastic values. 0 Fý- small plastic deformations, the value of the effectiw ýP
mass is equal to the average of the equivalent elastic value and the plastic
value while for large plastic deformations, the effective mass is equal to the

plastic value.

4-43.2 Design for Rebound

rhesitabeam auttandbytheea nr.o•j'" Af n g' 1 anpesue
The beam must bedigned t) resist the negative deflection or rebound which

occurs after the maximum p.ositive deflection has be-rm. reached. The n:egative

resi sta.oe ,. attair ted by the beamn writ,, s. .. -I-•' . . .. press l..e.

Stime load, ib obtained from figure 3-268 in Vollme II1. Entering the figure
with the I, ioe of Xm/XF at.d T/TNo previously determirned for the p,.e.sitive

prýaose of aesigi:, the ratic of toe required rebound resistance to Lie ultimate

7'nesisoance r /r is obteined. The beam must be reinforced to withstanid thistLi'

rteboujn°d resistanre r to insure that the beam will remain elastic u r ing ye-

bo ur. d

sThe tens on e rein'foremenr.t rov1ided to wit1hstand re noens - orocs is auscod t.o
wr 1 a is needed for the compression zone during the initial loading phase. To
obtaini this rei nforcetient , the beamc is essentially designed for" a negativewI
load equal to tihe calculated value of r However, in no. casýe shall the

,bodr'ei.. cfo.•m•. ,-.t he less that, one-half of the posi tiw. phase reinforc~e-
mnet. 'rIIe moment capacities and the rebound resistance capacity are c.alcu-

Ia stCd usýing the same equation-s previously presented.

DYNAMIC DESIGN OF INTERIOR COLUMNS

4-4 4 Introduction

The design of columns is limited to those iný shear wall type structures3 whe-re
the lateral lo.:ads are trarsmitted through the floor- and roof slabs to the ex-

tenior, (a::d i .terior', if required) sliear walls . Due to the extreme sLi ffress

of' the snear walls, there is negligible sidesway in the irter1ior column:s and,
her.ce, rno i nd'ied moments due to lateral loads. Therefore, interior culumlr.s
are• axially loaded members not subjected to the effects of later.al load.
hower,, atgr.i ' ea.rt.omerts3 car. result from unsymmetrical loaditng conditios.

4-45 Strength of Compremssion Members (P--M Curve)

4-45.1 General

•,c~ It a; o, lcitoy Of a sabtorst O t ti c1ribet' is bhssel pr1mar11 y on the at engti

of' ts5 eroso~ C: L, or; . Thc b'-ha.viot, of the nem her enon pa.s.cs that of both I
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bemand a coln The degee to which either, behavior predomirati~s depends
adnn egnd moet Tec

* ~upon. the relative miiagnitudes of' the axial lod adm en.Tecpacity of be
the column, can tbe determined by constricting an interaction diagram as shown
in. figure 4[-61. Thisý curve is a plot of the column axial load capacity versus
the iioment it. can simultaneously withstand. Points or. this diagram are calcu-
lated to satisfy both stress and strain compatibility. A single curve would
be constructed for, a given, cross section with a specified quantity of rein-
for1cemn, rt . The plot of a giver, loading condition týhat falls within ti -ca
repiresen.t:3 a loading combination that the column can support, whereas, a plot
that falls outside the interaction curve represents a failure combination.
Three points of the interaction diagrain are used to define the behavior of
compression members under combined axial and flexural loads. Thesc poirts
are: (1) pure compress5ion (Pop M =0), (2) pure flexure (P =0, M0 ), and, (3)

talanced conditions (Pb Mb) The eccentricity of the. design axial load for f

the cordit ion, of puire compression is zero. However, under actual conditions,
pur~e axial loads will rarely, if ever, exist. Therefore, thie maximum axi-al
load is limited by a minimum eccentricity, emin' At balanced conditions, th1-e

eccentri city is defined as cb wihile the eccentricity at pu.re flexure is infir,-

',he strength of a section is ccn~rolled by compression, when the design
-*eccentricity e zu P. /11 is sma~ller than the eccent. ni:city undpr bailan Iced con-

ditlons . 'Ihe strength of the secti~on is controlled by tonsion when the desi&ý
eccentricity is greater than that for, balanced condition~s.

J4 -~4 5 .2 Pure Compression

-he u Itimate cyn~amine strength of a shortv 'cnforccd concret~e col urns :'ubie ot ed
to pure axial load (no bending moments) is given, by:

P 0  3,S.- £5 (Ag 9 A t) + A St fd '4154

P =maximum- axial load
% 0

A irosF, area ofseto

As= total ar~ea of reinforcing steel

Amoeiibýr ,,ubj ected to pureo axial coprssion is a hypothetical situation ,3ini
all ooll urn n are sulbj-tted to some, mornernt due to actual Joad condi Li:nS.5 Ali

*tied an-d spiral column~s muilt be designed for a minimfluif load ecccrtricity.
This min~imuri- desi gn situitioni is presented in a subsequient s3ection:

4I-45. 3 Pure FlexureŽ

An ! nttor ior cci umn or' a sher all type, itruictu're, eatrnot bc s uhi cctua to purve
*lxueun~der _omlda r~cr iLoS. F~or the purpose of Jplottj r~g a P-M

-'uv ye, the cr-i teei a preaer~t c for, hWarn is, 113(,d,
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AI-45.4 Balanced Conditionsk

A balanced strain condition for a column s~ubjected to a dynamic load in
achieved when the concrete reaches its limiting strain of 0.003 in/in simul-
taneously with the tension steel reaching its dynamic yield stress f.
This condition occurs under the action of the balanced load P b and the (r

responding balanced monent M b At balanced conditions, the eccentricity of

the load is defined as e bp and is given by;

The actual values of (-,e balanced load anid corresponding balance(! mctnent are-
generally not requl.ired. The balanced eccentricity is fthe important parameter
since a comparison of the. actual eccentricity to the balanced eccentricity
distingutsheuL whether the strength of the section is, controlled by tension or
com pre3ssi or. The comparison of the actual eccentricity to the balanced eccen-
tricity dictates the choice of' the appropriate equation for calculating the
ultimate axial load capacity, P.

Approximate expressions have been derived for the balanced eccentricity for,
both rectangular and circular members. These expressione-, are sufficiently
accurate for design purposes. For a rectangular tied column with equal rein.-
forcement on opposite faces (fig. 14-62a), the balanced eacenericity is given
by:

e= 0.20h + -b 4-156

an.d:I
m dy de'15

eb balanced eccentricitybI
h = depth of' rectangu-lar section,
1b, = wi dt.1h of r'ect afiglilciar sect ion

A area ofl reiniforc..emenit on one face of the s3ection

For a circular, nert ion with spiral. rel nforc~ement (F 1;. h-6%b), the balanced
eccen~tric.ity is given: by:

(.2 4 + 0.,39 Ppi) D 4-1-1

and:

A-r / Ag 4 - Y
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w'iere

p,. - total percentage of reinforcemnent '-.

A = total area of reinforcemenei

A = gross area of circular sectiong

U= overall diameter of circular section

4-4 5 . 5  Compression Controls

When the ultimate eccentric load Pu exceeds the balanced value Pb' or when the

eccentricity e is less than the balanced value eb, the member acts more as a

column than as a beam. Failure of the section is initiated by crushing of the
corncrete. When the concrete reaches its ultimate strain, the tension steel
has not reached its yield point and may actually be in compression rather, than
tension. The ultimate eccentric load at a given eccentricity e less than
eb may be obtained by considering the actual strain variation as the unknown

and using the principles of statics. However, equations have been developed
which apfroximate the capacity of tN- column. These approximate procedures
are adequate for design purpo.;es.

For a rectangular tied column with equal reinforcement cn opposite faces (fig.
I"-U d), t -e uitimatý axial ia. load :apae±ty M, a Fiven eeouerlio-ity is approxi-
mated by;:

A dy bh f 'p - + d2 4-1 60'/(2d-h)] + 0.5 (3he/d2) + 1.18

where
P = ultimate axial load at actual eccentricity eu

= actual encentrcity of applied load

A o area of reinforcement on one face of tne section
s
a= distance from extreme compression fiber

-o centroid of tension reinforcement

h Odep'.h :f rectangular section

b = wid)• of -ectangular section

For a :ir-2uar' -ection with spiral reinforcement, the ,13.timatu axial load
.apacity at a given ;co3ritricity is approximated by:

PU = A. ,6-1 61

1 . - S ,---•

where 0.6 D)2
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A st total area of un if ornl y d i st ribut ed l ongi tudin ral
r e infor cem en t

As = gro43s area of circular, section

D = overall diameter of circular section

D 6= diameter, of the circle through cýenters6 of reinforcement
arranged in a circular pattern

14-145.6 Tension Con tro.Zs

Whet, the ultimate eccertric load P u is less than, the balance vallue Pbor when

the eccentric-ity e is greater, than the balanced value cb the member, acts more

as a be-am than as a col umn. Failure of the section is initiated by yielding
of the tensi~on steel. Th 1liaeeceti oda given, eccentricity e

greater than e b mnay be obtained by considering the actua, strain variation as

the unknown and usLing the principles of statics.

However, again, equations have been, developed to approximate the capacity of
thle Column. It should be pointed out that while tension controls are a pos-
sible design situation it is not an usu1,al condition for interior columns of a
shear wall, type struoture.

For, a rectangular tied coliumn with eqiia] reinforcement on opwosirce faces (rig.
11-62-a), the ultimate axial load! capacity at a given eccentricity is approxi-

mated by;

2413

A
P 24-163

bil

0.85 1"2-)6

w hk,:r e:'

p =porce--.ta~e of reinforcfement or. onle face of sec~ti ~

C' ecoccnrýricity -,f axi-ý. load At the ndof' 'riemLenrc~r0
*from t hie cent:L r ojIduI L I ir thc tens i e It rfor cemrin 1j .
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For a circular section with spiral reinforcement (fig. 4-62b), the ultimate
axial load capacity at a given eccentricity is approximated by:

2 )2P U 0.85 f' D2 {[(0.85e 0.38) 4- 1 66
D

PTmDs] 1/2 0. 85e+ - 0.38)1
2.5 D D

where:

PT= total percentage of reinforcement and is defined in
equation 4-159

4-46 Slenderness Effects

4-46.1 General

The preceding section discussed the capacity of short compression members.
The strength of these members is based primarily on their cross section. The
effects of buckling and lateral deflection on the strength of these short mem-
bers are small enough to be neglected. Such members are not in danger of
Duckling prier' to acnxeving the2r uttimate strength based on the propertie3 of
the c,'oss section. Further, the lateral deflections of short compression mem- k

bees subjected to bending moments are small, thus contriouting little second-
ary bending moment (axial load P multiplied by lateral deflection). These
buckliig and deflection effects reduce the ultimate strength of a compression
member below the value given in the preceding section for short colunns.

In the dsignv of columns for blast resistant buildings, the use of short col-
umns is oreferred. The cross section is selected for the given heignt and
support conditions of' the column in accordance with criteria presented below
for short columns. If the short column cross section results in a capacity
lnuuch greater rhan required, the dime;s•ions may be reduced to achieve an coon-
omical design. However, slenderness effects must be evaluated to insure an
adequate design. It should be noted that for shear, wall typo structures, the
incerior columns are rot subjected to sidesway deflections since lateral loads
are resisted by tioe stiff shear walls. Consequently, slenderness effects due
to buckling and secondary bending moments (PA) are the only effects that must
be considered.

4-46.2 Slenderness Ratio

The unsupporttd length L of a compression member is taken as the clear dis-
u

tance between floor slabs, beanis, or' other members capable of providing lat-
eral s-pport for the coapression member. Where column capitals or haunches
""Ce present, tlbe unsupported length is measured to the lower extremity of cap-
4tal or, haurch iL• hJle plane considered.
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The effective length of a column kL is actually the equivalent length of a

pin ended column. For, a column with pin ends the effective length is,• equal to 1
the actual unsupported length (k = 1.0). Where translation of the column at

both ends is adoquately prevented (braced column) , the effective length of the

columnr is the distance between points of inflection (k less than 1.0). It i :3

recommen.ded that for the design of columns in shear wall type structures the

effective length factor, k may be taken as 0.9 for, columns that are definitel.y

restrained by beans and girders at the top and bottom. For all other cases k

shall be taken as 1.0 unless analysis shows that a lower value may be used.

For' columns braced agal nat side.sway, the effects of sqerderness may be re- X
glected when:

<. < 34 - 12 4 -1 W

k = effective length factor

L = unsupported length of column

r = radius of gyration of cross section of column (r 0. 30.

for tied columns and 0.25D for circular columns)

MI = value of smaller end moment on column, posit.Lye if memberI)

is bent in single curvature and negative in double
curvature

M= value of larger end moment on column (

21In lieu of a more accurate anallysts, the value of M V/M2 mnay coner'vatively be

taken equal to 1.0. Therefore, in the design of coli.umns the effect of slen-- '
derness may be neglected when:

kLu
kL < 2 21 4-16F-8
r-

The use of slender columns is not permitted in order to avoid stability prob-

lers. Consequently, the slenderness ratio must be limited to & maximum value

of 5r..
5 '. .

'i-46.3 Moment Magnification

Slenderness effects due to buckling and secondary bending momenta must be con-

sidered in the design of columns wh(ese slenderness ratio is greater that' that

given by equation 4-167. The rediv ion in the ultimate strength of a slender 1-'.

column is accounted for, in the dtaign procedure by increasing the design mcs-

ment. The cross section and/or reinforcement is thereby increased above that .1
required for a short column.

1.7
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A column braced against sidesway is designed for the applied axial load P and
a magnified moment M defined by:

M = 6 M2  4-169

in which:

C
m 4-170

1 - P/P

where:

M - design moment

6 moment magnifier

M value of larger end moment on column
2

C = equivalent moment correction factor defined
by equation 4-171

M1 value of smaller end moment on columnn

P = design axial load

P critical axial load causing buckling defined
0 by equatiorn 4-172

The value of the moment magnifier 6 shall not be taken less than 1.0.

For columns braced against sidesway and not subjected to transverse loads be-

tween supports, i.e. interior columns of shear wall type structures, the
equivalent moment factor C may be taken as:

m

C = 0.6 + 0.4--i 4-171
m M2

The value of C may not under any circumstances be taken less than 0.4. In
m

lieu of a more accurate analysis, the value of MI/M 2 may conservatively be

taken equal to 1.0. Therefore, in the design of interior columns, Cm may be

taken as 1.0.

The critical axial load that; causes a column to buckle is given by:

.2E
P = 4-172

c 2(kL11)X

Ii. order to apply equation 4-172, a realistic value of El must be ýruait.ed for
the section at buckling. An approximate expression for El a6 the time of
buckling is given by:
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E I I

EI ca 4-173
1.5

in which:

g ca4
a 2

and:

I F•bd 3  4-175

where:

1= average moment of inertia of section
a i

I = moment of inertia of gross concrete section
g about centroidal axis, neglecting reinforcement

I= moment of inertia of cracked concrete section
c with equal reinforcement on opposite faces

F = coefficient given in figure 4 -5

,-47 Dynamic Analysis

Columns are not subjected to the blast loading directly. Rather, the load
that a column must resist is transmitted through the roof slab, beams and gir-
ders. These members "filter" the dynamic effects of the blast load. Thus, in
oiildings designed to obtain plastic deformations, the dynamic load reachiing
the columns is typically a fast "static" load, that is, a flat top pressure
time load with a relatively long rise time.

The roof members• and columnrs act together to resxst the appnnied blast load.
However, a reasonable design can be achieved by considering the column separ-
ately from the roof members. The response (resistance-time function) of the
roof members to the blast load is taken as the applied dynamic load acting on
the columns.

Columns are subjected to an actual axial load (with associated eccentricity)
equal to the ultimate resistarce of the appropriate roof members acting over
the tributary area supported by the column. It is recommended for design of
columns the ultimate axial load be equal to 1.2 times the actual axial load.
This increase insures that the maximum response of the column will be limited
to a ductility ratio (X /X ) of 3.0 or less. If the rise time of the loadM er

(time to roach yield for the appropriate roof members) divided by the natural
period of the column is small (approximately 0.I), the maximum ductility is
limited to 3.0. Whereas, if the time ratio is equal to 1.0 or greater, the
column will remain elastic. For, the usual design cases, the ratio of the rise
time to the natural period will be in the vicinity of 1.0. Therefore, the
columns wili remain elastic or, at best, sustain slight plastic action.

- 175 -
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In some instances, buildings may be designed to remain completely elastic. In

these cases, the actual axial load that the column must resist is equal to the •L *\

maximn. actual response of the roof member's framing into the column. Thts re-

sponse and, therefore, the maximum load on the column, can be no more than two

times the blast load.

4-48 Design of Tied Columns

4-48.i General

Int erior columns are not usuially subjected to excessive bending moments since

sidesway is eliminated by the shear walls. However, significant moments about

both axes car, result from ursymmetrical loading conditions. These moments may _

be due to unequal spacing between columns or to time phasing of the applied

loads. As a result of the complex load conditions, the columns must be pro-

portioned considering bending about both the x and y axes simultaneously.

One method of analysis is to use the basic principles of equilibrium with the

acceptable ultimate strength assu,.iptions. This method essentially involves a

trial and error process for obtaining the position of ar inclined neutral

axis. This method is sufficiently complex so that no formula may be developed

for practical use.

An approximate design method has been developed which gives satisfactory re-

sults for biaxial bending. The equation is it, the form of an interaction for-

mula whi oh for desig-n purposes car: be written in the form:
1 1 1 i - 14-176 4.' < ",_%-

P 4 -- 1 y"6 - -

u x y o
w here:

P = ultimate load for biaxial bending with eccentricities

x y

P x ultimate load when eccentricity e is preaent (e = 0)x x y

P = ultimate load when eccentricity e is present (ex - 0)
y y

P = ultimate load for a concentrically loaded column ex = e = O)

Equation 4-176 is valid provided P, is equal to or greater than 0.10 P . The
14 0

usual design cases for interior columns satisfy this limitation. The equation

is not reliable where biaxial benidirng is pr'evalent and is acoomparricd by an:

axial force smaller than 0.10 P In the case of strongly prevalent beniding,
0

failure is initiated by yielding of the steel (tersion controls region of P-M-

curve). In this range it is safe and satisfactorily accurate to neglect the

axial force entirely and to calculate the section .for, biaxial bending only.

This procedure is conservative since the addition; of' axial load in the tension.
controls region increases the moment, capacity, It. should be mentioned that

the tension controls case would be unusual and, if possible, should be avoided

in the design.

'If'1 'p ;
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Reinforcement must be provided on all four facees of a tied colutmn with the
r reinforcement on opposite faces of the column equal. In applying equat.ion

A . 4-176 to the design of tied columns, the values of F and P are obtained from
x y

equation 4-160 and 4-162 for the regions where compression and tension control
the design, respectively. The equations are foo rectangular columns with
equal reinforcement on the faces of the column parallel to the axis of bend-
ing. Consequently, in the calculation of Px and Py , the reinforcement perpen-

dicular to the axis of bending is neglected. Conversely, the total quantity
of reinforcement provided on all four faces of the column is used to calcu-
late P from equation 4-154. Calculation of Px1 Py and P in the manner, de-

scribed will yield a conservative value of Pu from equation 4-i.

4-48.2 Minimum Eccentricity

Due to the possible complex load conditions that can result in blast design,
all tied columns shall be designed for biaxial bending. If computations show
that there are no moments at. the ends of the column or that the oomputed
eccentricity of the axial load is less than 0.1h, the column must be designed
for a minimum eccentricity equal to 0.1h. The value of h is the depth of the
column in the bending direction considered. The minimum eccentricity shall
apply to bending in both the x and y directions, simultaneously. Z

4-48.3 Longitudinal Reinforcement Requirements

To ii:sure pope L beliavyoil of a tied column, the longitudinal reinforcemeCnt,
must meet certain restrictions. The area of longitudinal reinforcement shall
inot be less than 0.01 nor more than 0.04 times the gross area of the section.
A minimum of 4 reinforcing bar's shall be provided. The size of the longitudi-
ral reinforcing bars shall not be less than #6 nor larger than #11. The use
of #14 and #18 bars as well as the use of bundled bars are not recommended due (ý
to problems associated with the development and anchorage of such bars. To
"permit proper placement of tihe concrete, the minimum clear distance between
longitudinal bars shall not be leso than 1.5 times the nominal diameter of the
longitudinal bars nor 1.5 inches.

4-48.4 Clonsed Ties T-e;cu irerMnnts-.,-

Lateral ties must enclose all lorgitudinal bars in compression to insure their
full development. These ties mist conform to the following:

1. The ties shall be at least1 #3 bars for long.tudinal bars #8 or
smaller and at least #14 bar's for #9 longitudinal bars or greater.

2. To insure the full devoelopment of the ties they shall be closed using
135-degree hooks. The use of 90-degree bends is not recommended.

3. The ver'tical spacing of the ties shall not exceed 16 longitudinal bar,
diameters, 48 tie diameters or 1/2 of the least dimen-sion of the col-
urmn section. '

4. The ties sýhall be located vertically not more than 1/2 the tie spac--
ing above the top of footing or slab and not more than 1/2_ the tie
spacing below the l.owest horizontal reinforcement in a slab or drop

.,.,
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panel. Where beams frame into a column, the ties may be terminated
not more than 3 inches below the lowest reinforcement in the shal-
lowest of the beams.

5. The ties shall be arranged such that every corner and alternate lon-
gitudinal bar shall have lateral support provided by the corner of a
tie with an included angle of not more than 135 degrees and no bar
shall be farther than 6 inches clear on each side along the tie from
such a laterally supported bar.

The above requirements for the lateral ties is to insure against buckling of
the longitudinal reinforcement in compression. However, if the section is
subjected to large shear or torsional stresses, the closed ties must be in-
creased in accordance with the provisions established for beams (see section
4-39).

14-49 Design of Spiral Columns

4-49.1 General

Spiral columns may be subjected to significant bending moments about both axes Y
and should, therefore, be designed for biaxiai bending. However, due to the
uniform distribution of the longitudinal reinforcement in the form of a cir-
cle, the bending moment (or, eccentricities) in each direction can be resolved
into a resultant bending moment (or eccentricity). The column can then be de--
signed for uniaxial bending using equations 4-161 and 4-166 for the regions
where compression and1 tension control the design, respeetivt:ly.

4-49.2 Minimum Eccentricity

Sinee spiral co lmns show greater toughness than tied columns, particularly "
when eccentricities are small, the minimum eccentricity for spiral columns is
given as 0.05D in each direction rather than O.lh in each direction for tied
columns. The resultant minimum eccentricity for a spiral column is then equal
to 0,0707D. Therefore, if computations show that there are no moments at the
ends of a column or thab the computed resultant eccentricity of the axial load
is less than 0.0707D, the column must be designed for a resultant mirimuml
eccentricity o( 0.07L07.

4-49.3 Longitudinal Reinforcement Requirements

To insure proper behavior of a spiral reinforced column, the longitudinal ri--
inforcement must meet the same restrictions given for tied colunns concerning
minimum and maximum area of reinforcement, smallest and largest reinforcing
bars permissible and the minimum clear spacing between bars. The only differ---
ence is that for spiral columns the minimunm number of longitudinal bars shall
not be less than 6 bars.

4-149.4 Spiral Reinforcing Requirements

Coti nuo• spiral reinforcirg must enclose all longitudinal bars in compr'es-
sion to insure their full development. The required area of spiral reinforce-

ment A is given by:

Sp- 178 -



SD2f

As = 0.1125 s D D(p f) y 4-177

wher e: L

A area of spiral reinforcement
sp

s = pitch of spiral

D = overall diameter of circular section

D diameter of the spiral measured through the
centerline of the spiral bar

The spiral reinforcement must conform to the following:

1. Spiral column reinforcement shall consist of evenly spaced continuous
spirals composed of continuous #3 bars or larger. Circular bars are
not permitted.

2. The clear spacing between spiral shall not exceed 3 inches nor be R
less than 1 inch.

3. Anchorage of spiral reinforcement shall be provided by 1-1/2 extra
turns of spiral bar at each end.

4. Splices in spiral reinforcement shall be lap splices equal to 1-1/2 -
turns of spiral bar.

5. Spirals shall extend from top of footing or slab to level of lowest
horizontal reinforcement in members supported above.

6. In columns with capitals, spirals shall extend to a level at which
the diameter or width of capital is two times that of the column.

DYNAMIC DESIGN OF EXTERIOR COLUMNS

4-50 Introduction

Exterior' columns may be required fur severe loading conditions. These columns
could be monolithic with the exterior walls and as such would be subjected to
both axial and tran.sverse luading. The axial load rosults from the direct .
transfer of floor and roof beam reactions while the transverse load is due to
the direct impact of the blast lodd.

The use of exterior columns wc:uld normally be restricted to use in framed
structures to transfer roof and f1 .oor, beam reactions to the foundation. Nor-
mally, only tied columns would be used since they are compatible with the
placement of wall and beam reinforcement. Exterior columns are not normally
required for flat slab structures since roof and floor loads are uniformly
transmitted to the exterior walls.

1179.



4-51 Design of Exterior Columns

Exterior columns are generally designed as beam elements. The axial load on
these columns may be significant, but usually the effect of the transverse
load is greater. The column will usually be in the tension controls region (e
greater than eb) of the P-M curve (fig. 4-61) where the addition of axial load

increases the moment capacity of the member.

Consequently, the design o' an exterior column as a beý,n, where the axial load
is neglected, is conservative.

Since an exterior column is a primary member which is subjected to an axial
load, it is not permitted to attain large plastic deformations. Therefore,
the lateral deflection of exterior columns must be limited to a maximum duc-
tility (Xm /X E) of 3.

STRUCTURAL ANALYSIS AND DESIGN FOR BRITTLE MODE RESPONSE

r% 4-52 inuroduction

The response of a structural element in the brittle mode consists of that
structural behavior which is associated with either partial or total failure
of the element and is characterized by two types of concrete fragmentation:;
(1) spailing (either direct spalling or scabbing) which is the dynamic disen-

gagement of the surface of the element, and (2) post-failure fragmentation
which ais .. s...a.eu with structural collapse.

Spalling is usually of concern only for those acceptor systems where person-

nel, valuable equipment and/or extremely sensitive explosives require protec-
tion. Where the acceptor system consists of relatively insensitive explosives
so that fragment impact will not result in propagation of explosion or mass
detonation, then post-failure fragmentation can be considered in the design.
For this latter case, even though the velocity of the spalls oan be greater
than the velocity of the post-failure fragments, the effects c-f spalling can
be neglected because of the smaller masses involved. Post-failur•e fragmenta-
tion cannot be permitted when personnel are being protected.

4-53 Direct Spalling

Direct spalling of a concrete element (fig. 4-63) is the result of a tension
failure in the concrete normal to its free surface and is caused by the shock
pressures of an impinging blast wave being transmitted through the element.

Wnen a shock front strikes the donor surface of a concrete clement,
compression stresses are transmitted from the air to the element. This stress
disturbance propagates through the element in the form of a compression wave,

and upon reaching the rear (acceptor) free surface, is reflected as a tension
wave identical in shape and magnitude to the compression wave. During the
return passage, it' the tensionr stresses in the reflected wave exceed the
stresses in the compression wave plus the tensile capacity of the concrete,,
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the materi 1l will fracture with that part of the element between the rear free
surface and the plane of failure being displaced from the remainder of the
element. A portion of the stress wave is trapped in the failed section and %N/ .
contributes to its velocity. The part of the stress wave which remains within
the main section continues to propagate with additional reflections and
concrete fractures until its magnitude is reduced to that -level below which 6

spalling does not occur.

Direct spalling generally results in the formation of small concrete
fragments. The size of the fragments is attributed to the nonuniformity of
the shock wave (close-in effects) and the furthe- d'stortions of the wave "
during its propagation through the element (nonhomogeneous material,
nonelastic effects, etc.). Localized failures occur under the action of both
flexural and shear stresses resulting in the rupture of the mortar binding the V
stone aggregate together. The failure zone propagates across the concrete

surface forming a large number of comparatively small concrete fragments. The
thickness of concrete between the rear (acceptor) surface of the element and
the centroid of the rear face reinforcement is the usual depth of concrete
dynamically disengaged from the element. Although the concrete between the
layers of reinforcement may be cracked to some extent, it is confined by the
flexural and lacing reinforcement, thus preventing its disengagement.

The size of the surface area which spalls depends upon the magnitude and
duration of the applied blast loads striking and subsequently being
transmitted through the element, in addition to the size and shape of the
element itself. For' long cantilever-type barricades, only a portion of the
wall will usually spail, since the ma6r.itudes of the applied blast pressures
decrease rapidly along its length, while for cubicle-type structures, the
entire wall surface will usually spall because of the amplification of the
blast pressures due to their multiple reflections within the structures.

A wide range of velocities exists for spalled fragments. The initial velocity
at which spalled fragmunts leave a structural element has been found to be low
(50 feet per second or less). However, concrete elements subjected to the
close-in effects of a detonation are generally accelerating before or soon
after spalling takes place. This accelerated motion of the element in turn
accelerates spalled fragments. The fragment velocities produced by these ac-
Celer'abtiui effects may be as high as several hu-ndred feet per second. For an-
alytical purposes, an upper limit for the velocities of direct spalled frag- r.

ments from elements sensitive to impulse may be taken as the initial velocity
of the element which is also assumed to be the maximum velocity. However, for
elements which respond to the pressure only or pressure-time relationship, an'.
evaluation of the resistance-time and pressure-time curves must be performed
to obtain the maximum fragment velocity. The procedures and eQuations that
are necessary to determine the above velocities are contained in Section 4-58.

4-54 Scabbing r

Scabbing of reinforced concrete elements (fig. 4-6'i) is the end result of a
tonsion failure in the concrete normal to its free surface and is associated
with large deflections. In the later stages of the ductile response mode of a
reinfoiLUJ cureretc element, extrem[oly large aefiec:tions are developed produc-
ing large strains in the flexural reinforcement and, consequently, sever e!5'
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crackirg and/or crushing of the concrete perpendicular to the free surfaces.
Because thie tension and compression strains are highest at the surface and
since the lacing reinforcement in the later, stages of deflection confines the
concrete between the layers of flexural reinforcement, damage to the concrete YJ[
is more severe at the exterior of the reinforcement than between the layers.
The applied loads having long since passed, the element is in a stage of de-
celeration at these large deflections. Therefore, the velocities of scabbed
fragments, which are equal to the velocity of the element at 0 - 50 (start of
scabbing), are lower than the velocities of accelerated direct spalled frag-
ments. However, the velocities of scabbed fragments also may be in the order'
of several hundred feet per second. Refer to Section 4-58 to determine the
velocity of the element at a support rotat on of five degrees.

4-55 Prediction of Concrete Spalling

As previously explained, direct spalling is due to a compression wave trav-
eling througir a concrete element, reaching the back face and being reflected
as a tension wave. Spalling occurs when the tension is greater than the
tensile (fracture) strength of the concrete. Spalling will occur:

for: Vi Pf r ir < 1.0 Pr > 1.0when. r > 04-178

TPoo r u

or for:

10i P TcPrri > 1.0 PrTCPr > 1,0when- . . . .. 4-179 .-.

ToPr a Vir•
acor UVi r

where: :
S0.1 f t  4-180gu

V = (E /p) 1 / 2  4-181
0

and:
P = peak normal reflected pressurer

0 = fracture strength of concrete

V velocity of compression wave
through concrete

i = niormal reflected impulse

T= thickness of concrete element

f' - static compressive strength of concretec
E = modulus of elasticity of concreteo

p = mass density cf concrece

Equations 14-178 and 4-179 are shown graphically in figure 11-65. Use of this
fi gu-re predi cts the incidence of spalling, that is, whether or not spalling
will occr- at the point on the element which is subjected to the peak rormal
reflected pressure P and impulse i .-r r'-''
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If spalling is predicted, the spalled area cannot be calculated from the above
data. However, the spal]ed arca may be qualitatively estimated by considering
the distance of the plotted point above the line on figure 4-65. The greater
the distance above the line, the larger the spoiled area is likely to be. in,
additicn, it' the average reflected pressure Pb and impulse ib are subt 3 ti tuted
for P and i respectively, and spalling is still predicted, then the spalled

r' p
area will likely include the major portion, if not all, of the clement's
surface.

If a concre-te element is subjectLed to side-on pressres only, figure 4--65 may
still be used to predict the occurrence of spailing. In this case, the peak
reflected pressure P and impulse i are replaced with peak side-on pressure

rr
P and impulse i , res3pctively.so 5

4-56 Minimization of Effects of Spalling and Scabbing

If it is determined that concrete spall due to blast loading will occur (using
the procedures outlined in the preceding Section), or that scabbing will occur,

0due to large deflections (>5 ), then there are several procedures which can be
utilized to minimize its effects.

4-56.1 Design Parameters

The occurrence of direct spailing can be eliminated by anl adjustment of the
charge location, i , if' an] explosive charge is placed at a sufficient dis-
tance away from the surface of an element , the magni tude of tile blast pres-
sures striking the element will be less than those which will cause tension
failure of the concrete. Large adjustments of the donor charge location in a
design for the sole purpose of preventing direct spalling is usually not
economically feasible.

Although sufficient separation distance between a detonation and anl elenent.
prevents direct spalling, its effect itn reducing scabbing is neg]igible. A
reduction of scabbing isý accomnpl].ished by limiting the magri tude of the maxi mumT
deflection of the element. By reducing this deflection, the strains in the
concrete and reinforcement are lowered to a level where tensile failure of the
concrete and subsequent scabbed fragnent fonnation is prevented. Scaled tests
have indicated that scabbing dees not occur when deflections are limited to
"values less than those corresponding to support rotations of no larger than
five degrees. To maintain the same response of the element, the resistance-
"nmass product of the element must be increased proportionally to the decrease
in, deNfiection, and this capacity (resi starce arid!/or mas:3) inerease results in'
an increased construction cost.

4-56.2 Composite Constructioi.

Direct spalling ar:d scabbirg can be eliminated through the use of composite
elements composed of two con:crete panels (donor ard acceptor) separatcd by a
sand-filled cdvity. Spa!li ng of the donor pan.el is n;ot genieralIy of coniier'
since resulting fraqn ents enter and are trappe-d in" tie :sa-nd fill. On the
other hand, spailling of the reeei veo' panel will endanger the acceptOr'
systenm. By maintaining certain design parameters, both direct spal ling and
scabbing of the receiver pan~el car: be prevented.
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To prevent the occurren -e of direct spalllng, the high peak blast pressures
applied to the donor panel of a composite element must be attenuated by the
sand fill. This attenuating capability of the sand is attained by provid--
ing: (1) a thickness of the sand fill at least equal to twice the thickness
of the donor panel where the panel thickness is predicated upon the required
strength to resist the applied loads, (2) for one-way elements a ratio of' the
cavity thickness to span length not less than 0.25 for cantilevers and 0,05
for elements fixed orn two opposite sides shall be used, and for two-way cle-
ments each direction (span) shall be considered separately as shown above and
the larger cavity thickness used, and (3) the sand density shall not be
greater than 85 pounds per cubic foot. Since scabbing is eliminated by limit-
ing the element's deflection, scabbing of composite elements is prevented by
limiting the deflection of the acceptor panel to the support rotation previ-
ously cited.

Figure 4-66 illustrates the use of composite construction to prevent spal-
ling. The magnitude of the donor panel deflection was such that the panel was
near, incipient failure, the panel experiencing the effects of Loth direct

spalling and scabbing. On the other, hand, the deflection of the acceptor
panel has been limited and, therefore, had only minor cracking. Direct
spalled or scabbed fragments were not formed on the exterior surface of the
acceptor panel.

The use of composite barriers for the sole purpose of eliminating spalli.g is
not usually economically feasible. However, if the magnitude of the applied
blast loads warrant the use of composite construction, then the elimination of

%\ spalling can be achieved at. a slight irlureabe iil cost by cof.orlming to the
fltý previously stated element configurations and response.

4-56.3 Fragment Shields

4-56.3.1 General. Fragment shields are composed of steel plates or other ,A
structural, material which can be attached to, or placed a short distance from,
a protective barrier (fig. 4-67). Unlike the other methods, the use of
shields does not reduce or deter the formation of spalled fragments but rather
confines and prevents them from striking the acceptor system.

- Attached Fragment Shie lQ7d- If the permissible maximum deflenýtior ofabarrier is relatively s~mall, then stee lts blatmtootrsmla 5
material attached rigidly to the barrier may be used to confine the concrete

fragments, thus preventing their ejection from the barrier (fig. 14-67a). It
is recommended that for rigidly attached shields the deflection be limited to
a five-degree support rotation to prevent failure of the shield and its con-
nections as a result of excessive straining.

The velocity of spalled fragments due to the transmission of air blast is
small. However, spalling occurs during the initial response of the element.
Since the element is in motion when spalling occurs, the spalled fragments are
actually being pushed by the concrete element. After the element reaches max-
imum velocity, the element and the attached shield decelerate due to the
flexural resistance of the concrete element. The attached shield, therefore,
decelerates the spalled fragments which are confired between the shield and
the unspalled portion of the concrete. The maximum deceleration of the
"element and, consequently, of the confined spall fragments is given by:
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a o.r/u4-182

a = deceleration of the structural element -18

ru = ultimate unit resistance of concrete element

M = effective unit mass of the concrete element
u in the plastic range

The force acting or the shield is due to the inertial force of the fragments.
Thus, the required resistance of the fragment shield must be equal to this in-
ertial force or:

* = msp a 4-183

where:

*fs = ultimate unit resistance of fragment shield

* s= mass of the spalled fragments
sp

Wnet. calculating the mass of the spalied fragments the actual mass of the dis--
engaged concrete is used. It is assumed that all the concrete from the rear
fane of the eleipnt to the certroid of the rear face reinforcement disengages.
Thus, the spail thickness for a laced section is:

d sp= (Tc - d )/? 4-184

wner er:

d = depth of spalled concrete
Op

T = thickness of the concrete element

d = average distance between the centroids
of the compression and tension reinforcenant

Ar: attahed fragnent shield usually consists of a flat or corrugated steel
plate sparnir;g between anrgles or channels. The angles or channels act as K
beams SpLCrrIng betwere anchor bolts. The anchor bolts connect the plate and C.
beams to the .rnspcMled portion of the concrete. 1o insure that they do not c
fail duQ to concrete pul1-oit, the anchor bolts are hooked around the flexural
reeir:foreemant as shown in figure 4-68. If the required resistance of the
fr'apner:t shield is smill, the fragment shield may be considered a two-way r
spaxrnir:g manmber without the supporting beams. In such cases, the shield is
designe: as a flat slab with the anchor bolts suppjrting it at multiples of
th, Ilexural bar intersections. For' larger resista.ces, tne plate thick.ess
would become excessive and the design uneconomical.

4-56.3.3 Separated Fragment Shield. if the barrier is permitted to attain
large defa eatians (gQ eater '.an five-degree support rotation) then the shields . -)
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must be separated from the barrier. This separation distance should be N.
sufficient to eliminate the possibility of impact between the deflecting
barrier and shield. Fragment shields, separated from the main protective
elements and affording protection against spalled fragments from the walls \,.

and/or roof', are shown in figure 4-67b. The shield may consist of structural
steel, reinforced concrete, wood. etc., and must be designed to resist the
impact and penetration of the spalled fragments as well as the overall motion
of the main protective structure and any leakage pressure which may occur,

To design a separated shield, the mass and velocity of the spalled fragments
must be determined. As an approximation, an average velocity for all spalled
fragments can be utilized. The average velocity of the spalled fragments is
taken as equal to the maximum velocity of the element (single-degree-of-
freedom system) so that:

v i b/mM 4-185

where:

v ý average velocity of spelled fragments

ib = blast impulse

m = effective unit mass of the concrete element in the
plastic range

The impulse imparted to the fragment shield by the spalled fragments is equal
to their momentum or:

i =m rsp V 4-186

where;

ifs required impulse capacity of the fragment shield

m -- mass of the spal.ed fragments (Section 4-56.3.2)sp F

The shield is designed to resist this impulse, ifs.

The cust of sepailated shields may be somewhatu more oxp.s.iv. than t uhis L.

attached directly to the barrier. However', the cost reduction achieved by
permitting the larger barrier deflections may offset the increased cost of the
separated shield.

4-57 Post-Failure Concrete Fragments

When a reinforced con.crete element is substantially overloaded by the blast
output, the element fails and concrete fragments (post failure) are formed and

displaced at high velocities. The type of failure as well as the size and
r.Lmber of the fragments depends upon whether the element has laced or unlaced
reinforcement.

Failure of an. unlaced element (fig. 4-69) is characterized by the disper.sal of
concrete fragments formed by the cracking and displacement of the concrete be-

tween the donor and acceptor layers of the reinforcement. With increased de I
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Figure 4-69 Failure of an unlaced clement
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flections, these compression forces tend to buckle the reinforcement outward
thereby initiating the rapid disintegration of the element.

Laced concrete elements exhibit a different type of failure from unlao'ed ele-
ments, the failure being characterized by reinforcement failures occ,;'ring at
points of maximum flexural stress (plastic hinges) with the sections of the
element between the points of failure remaining essentially intact. When
fracture due to excessive straining of the tension reinforcement occurs at the
positive yield lines, some small concrete fragments will be formed at the ac--
ceptor side of the barrier. Quite often, if the overload is not too severe, t
the compression reinforcement at the hinge points does not fail and thereby
prevents total disengagement of the sections between the hinges (fig. 4-70).
In cubicle type structures where continuous laced and flexural reinforcement
is used throughout, failure is sometimes initiated at the positive yield lines
where flexural and lacing reinforcement fail, while at the supports, only the
tension reinforcement fails. The intact sections between the failure points
rotate with the compression reinforcement at the supports, acting as the me-
chanical hinges of an analogous swinging door (fig. 4-71). The compression
reinforcement at the supports, serving as hinges, produces rotational rather
than translational motion of the failed sections, and energy which would ordi-
narily result in translational velocities is transferred to sections of the
structure adjacent to the failed element. In other situations, where there is
a larger overloading of the element, the failed sections of the laced element
are completely disengaged and displaced from the structure. The translational
velocities of these sections are usually less than the maximum velocity of the -'
element at incipient failure. N

4-58 Post-Failure Impulse Capacity .

'1-58.1 Ceneral

Elements which protect non-sensitive explosives may be designed for controlled K
post-failure fragments with a substantial cost savings. These elements fail
completely, but detonation is prevented by limiting the mass and velocity of
the fragments. Barriers and shelters which will protect personnel, equipment
and/or sensitive explosives cannot be designed for post-failure criteria.
Procedures are presented below for determining the post-failure impulse capac-
ity of laced elements.

4-58.2 Laced Elements

4-58.2.1 General. The idealized curves of figure 4-72 illustrate the re-
sponse of an impulse-sensitive two-way element when the appliled blast impulse
load is larger than it flexural impulse capacity (area under the resistance-
time curve, fig. 4-72a). The assumptions made in these curves are the same as
those for impulse-sensitive systems whose response is less than or equal to .4
incipient failure (Vol. III) namely: (1) the element prior to being loaded is
at rest, and (2) the duration of the applied blast load and the time to reach
to yield are small in comparison to the time to reach the ultimate
deflection. In figure 4-72 the duration of the applied blast load and time to
reach yield have been taken as equal to zero so that the element will respond
and reach its maximum velocity instantaneously (i.e., at to = 0, vo = ib/mu).

When the element is designed to remain intact (equal to or less than incipient .• -.

failure conditions) ita velocity at time tu (deflection Xu) is equal to
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zero. However, if the element is overloaded, then the velocity just prior to
failure is a finite value, the magnitude of which depends upon: (1) the mag-
nitude of the overload, (2) the magnitude of the flexural capacity, and (3)
mass of the element.

When laced elements are overloaded, failure occurs at the hinge lines and the
element breaks into a small number of large sections. The magnitude of the

veloeitV" of each sector at failure varies from a maximum at the point of maxi-
mum deflection to zero at the supports. The variation of the fragment veloc-

ity across a section produces tumbling. 'his tumbling action may result in an
acceptor charge which is located close to the barrier being stuck by that por-
tion of a failed sector traveling at the highest velocity. If the acceptor
charge is located at a considerable distance from the barrier, the velocity of
the fragments should be taken as the translational velocity. The
translational velocity is approximately equal to the average velocity of the
sector before failure (the average momentum of the element before failure is
equal to the average momentum after failure).

The analytical relationship which describes the resporse of a laced element,
both in its flexural and post-failure ranges of action, is obtained thr-ough a
semigraphical solution of Newton's equation of motion similar to that de-
scribed for incipient failure design in Volume III.

If the areas under, the pressure--time and resistance-time curves (fig. 4-72a)
are considered to be positive and negative, respectively, and the velocity of
the system before the onset of the load is zero, the summation of the areas at
any time divided by the appropriate effective mass for each range is equal to
the instantaneous velocity at that time. The velocity vi at the incipient
failure deflection Xu (time, Lu) may bu expressed as; auu

v b u=( 1 - 4-187m m M1

mu mU mup

where the values of i , ru, t, and tu are defined in figure 4-72 and mu and

Mup are the effective masses of the single-degree-of-freedom system in the

various flexural ranges (ultimate and post-ultimate) of the two-way element.
The acceptor charge is assumed to be close to the barrier, so that the maximum""vlct of• .... frgn afte falue is equal to the max-imr.um velocity of

the element at incipient failure vi.

The expression for the deflection at any time may be found by multiplying each
differential area (between the time to and the time in question), divided by .

the appropriate effective mass, by the time which is defined by the distance
between the centroid of the area and the time in question, and adding these
values algebraically. Using this procedure and the expression for, the deflec-
tion at partial failure (initial failure of a two-way element) the deflection
at time t is:

2

iytl r2tl 4-188

m* I= m ,S<

U u ."--- - . -
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while the equation for the deflection at incipient failure at tu is given by:

ibt r t rpr (t - tbu u I t t up 4-189
u mu mu -2 2m up

4-58.2.2 Post-Failure Impulse Capacity. The expression for the blast over-
load impulse capacity of a two-way element includes both the flexural capacity
and the post-failure fragment momentum portion of the element's response.
Solving equations 4-187 through 4-189 simultaneously gives the expression for
the blast overload impulse capacity. For a two-way element the resulting
equation is:

2 2
b ruX ( )rup (X - X + uf 4-i0

1+u mup

For a one-way element or a two-way element which does not exhibit a post-
ultimate range, the blast overload impulse capacity is:

2 2
1 b muVfrX + 4-191
2m u u 2

u

4-58.2.3 Response Time. The response tiee is the time at which the elements

reach the ultimate deflection X., and failure occurs. The expression for' the

response time tu is found by solving equations 4-187 and 4-188 simultaneously.

The response time for a two-way element is:

S- + - 21 r x 1  • u 14-192tu1 m u m u r p r m r

U U u u rup

The response time of a one-way element or for a two-way element which does not
exhibit a post-ultimate range is:

tu = ( vf r4-193

4-58.2.4 Design Equations. The basic equations for the analysis of the blast

impulse capacity of an element are given above. However, the form of these
equations is not suitable for design purposes. The use of these equations
would require a tedious trial-and-error solution. Design equations can be de-
rived in the same manner as for elements designed for incipient failure or
less (see Sect. 4-33).

if equations 4-190 and 4-191 are compared with equations 4-95 and 4-96, it may
be seen that except for the right-hand term in each of the above equations,
the corresponding analytical expressions are the same if is substituted
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for X , The additional term in the above equations is the kinetic energy

of the fragments after failure. Because of this similarity, equations 4-190
and 4-1911 may be expressed in a form which will be a function of the impulse ->

coefficients (section 4-33), the geometry of the element, applied b]as t im-- •,9
pulse and a post-failure fragment coefficient. The resulting equation is:

__2 22 I
.2 = \±LJ !ds) ~Cd 2V2 4-19)1
b Cu f c f

where
i applied unit blast impulse

P reinforcement ratio in the horizontal direction

d = distance between centroids of the compression and
tension reinforcement A

"fds = dynamic design stress for the reinforcement

H = span height

vf maximum velocity of the post-failure fragments

C = impulse coefficient for ultimate deflection Xu
C = post-failure fragment coefficient

f

Equation 4-194 is applicable to both onc-way and y elements which. are.... ... ,.a ele ents whi..a4
uniformly loaded. Values of Cu can be found in Section 4-33. The post-

failure fragment coefficient takes into account the variation in the effective
mass. It is a function of the element's horizontal and vertical reinforcement
ratios, aspect ratio and boundary conditions. To facilitate the design proce- I
dure, values of the post-failure fragment coefficient Cf have been plotted in

figures 4-73, 4-74 and 4-75 for, two-way elements supported on two adjacent
edges, three edges and four edges respectively. For one-way elements, the
value of coefficient Cf is a constant (Cf = 22,500).

4-58.2,5 Optimum Reinforcement. The optimum arrangement of the flexural re--

inforcement in two-way elements designed for post-failure fragments will not
necessarily be the same as that for similar elements which are designed for
incipient failure damage or less. The optimum ratio of the vertical to hori-
zontal reinforcement p will be a function of the amount of the blast.

impulse absorbed through the flexural action of the element in comparison to
that which contributes to the momentum of' post-failure fragments. Unlike in- k"A
cipient failure design, the optimum ratio will vary with a variation in the
depth of the element. As discussed earlier, the optimumn depth of an element
and total amount of reinforcement PT is a fnct[on of the relative costs of P

concrete and reinforcing steel. In a given situation, the des!. grer must. es-
tablish, through a trial ard error design procedure ard a cost analysis, the -C
optimum depth, reinforeement ratio p /Pj and total amount of reinforcement
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For very large projects. this type of detailed analysis may result significant
cost benefi ts, but for most projects using the values of pv/ PH and PT recom-

mended for incipient failure design will yield an economical design.

STRUCTURAL BEHAVIOR TO PRIMARY FRAGMENT IMPACT

4-59 Introduction

4-59.1 Fragment Characteristics

Detonation of cased explosives results in the formation of primary fragments
due to the shattering of the casing. These fragments are usually small in
size and initially travel at velocities in the order of thousands of feet per
second. Upon contact with a barrier, the fragments will either pass through
(perforate), be embedded in (penetrate with or without spalling), or be de-

flected by the barrier. The resulting effect is dependent on the interaction
of the followirg factors: (1) the magnitude of the initial velocity, (2) the
distance between the explosion and the barrier, (3) the angle at which the
fragment strikes the barrier (angle of obliquity), and (4) the physical prop-
erties of the fragmnenr (mass, shape and material st.ength) and the barrier
(concrete strength and thickness).

4-59.2 Velcx~it and Impact Limitations

This section deals with the situation where a fragment with given properties
strikes a barrier element with a known velocity and where the angle of obliq-
uity between the trajectory path of the fragment and a normal to the surface
of the barrier is zero degrees (normal impact). The striking velocity of the
fragoent. is assu; . .qual to its initial velocity for a detonation in close
proxmity to the element or is determined according to the proced6re is Volume
ii for cases where the fragment travels a distance greater than 20 fe.

4-60 Fragment Impact on Concrete

4-6oI. General

Whei n a primary fragment st rtikes a concrete barr er, penetration resisting

je;, 'ts, i n the order of thousands of psi, act on thne eioss-sectional area
V, t fragment. For a givyen mass of the fragment, as the striking velocity
is i cras3d, the resisting pressures also increase, while for an increase in
teo cr'oss-sectiornal area of tle fragment, the resisting pressures decrease.
IF t1he fagnent can withstand these pressures acting an its frontal surface,
thec the amourt of penetratioan will be governed ny its mass, shape, and strik-
ing velocity. On the other hand, if the fragment deforms under the appltied
lcad-s, .her he v-csist.ng pr eo wur es in the concrete become cffertive over- an

i.creasad en oss-sectio; al area, theirety reducing the possibl.e penetration for
a giw v aval aLle kirnetic en ergy cf the fragnent. Generally, 1.arge' penet 'a-

tLiaOs may be expected with less ductile metals such as fragnents fram armr-'-
piercing ca0 -ngs

As a 1ragmei;= im m rges on a wall sur.Faer,- a seoti ojr of the wall adjaeent to
the poia of impact spa!is, formi rcg a crater around the impact area (fig. 4-
76). Tnis crater is. canit.sl in shape but irreg'ularn. As the strikirg velocity
of the fragment increases, the size of the crater also increases. At smal i
ye oc iti es, the increae in tha er-ater size for a given velocity rec.uement is
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more rapid than at higher velocities in the order of several thousand feet per

second. At a striking velocity of approximately 1,000 feet per second or

less, the fragment does not usually penetrate beyond the depth of the crater,
while for larger velocities, the fragment penetrates beyond the front of the

crater and either lodges within or passes through the barrier. .'".

A crater similar to that formed on the front face of the barrier is also pro-
duced on the back side if the kinetic energy of the fragment upon impact is
sufficient to produce excessive tensile stresses in the concrete. As in the
case of the front-face crater the size of the crater on the back face in-
creases with an increase in striking velocity of a particular fragment. The
back-face crater is generally wider and shallower than the front-face crater,
though again the surface of the crater is irregular. Quite often, the kinetic
energy afforded by the striking fragment is only sufficient to dislodge the
concrete on the exterior side of the rear face reinforcement. In this case,
only spalling will occur. As the striking velocity is increased beyond the
limit to cause spalling, the penetration of the fragment into the slab in-
creases more and more until perforation is attained.

4-60.2. Penetration by Armor-Piercing Fragments

A certain amount of experimental data, which is analogous to primary fragment
penetration, has been accumulated in connection with projects to determine the
effects of bombs and projectile impact on concrete structures. This data has
been analyzed in order to develop relationships for the amount of fragment
penetration inio concrete elements in terms of the physical properties of both
the metal fragment and the concrete. A general expression for the maximum
penetration into a massive concrete slab (i.e. a slab with infinite thickness)
by an arror-piercing fragment has been obtained as follows: - C

= 4.0 x 10 (KND)) d1. I v1 09 4-195 K

for X <2d,f -•

-6 1.2 1.8

=4.0x 10 KNDd v + d for X >2d 4-196
f f

and

K 12.91/(fc) 1 / 2  4-197T
c

whore :

Xf penetration by armor-piercing steel fragments

K = penetrability constant

N = rose shape factor as defined in figure 4-77 (

D = caliber density as defined in figure 4-77

d = fragment diameter
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PORTION OF FRAGMENT
t•DPAREION OF CYLGMNDRCA

r =RADIUS OF HEMISPHERICAL
PORTION OF FRAGMENT
d

r=-2

r r2

d

D = CALIBER DENSITY, Wf/d 3 = 2.976 oz./in 3

Wf= FRAGMENT WEIGHT

N = NOSE SHAPE FACTOR = 0.72 + 0.25 Fn-0.25 u.U ,

n = CALIBER RADIUS OF THE TANGENT OGIVE
OF THE FRAGMENT NOSE r/d

Figure 4-77 Shape of standard primary fragments
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v striking velocity

For the standard primary f ragment and concrete strength f equal to 14, 000 psi,
equations ~4-1 95 and 14-1 96 reduce to the following equations in terms of frag-
n'ent diameter (in) and the striking velocity v8 (f ps)

X f 2. 86 x 10- d 1 .1 0.9 14-1 38

f Or Xf < 2d

2. 04 x i0_ 6 1.2 v1.8 1l4-199

for X f> 2d

Equatiors 14-198 and 4[-199 can also be expressed in terms of fragment weight
(standard shape) as: 3 03 .

X f =1,92x 10-W f 0.3 0.4-200

for Xf < 2d

X 1. I.32 x 10- 6 W 0.14 31 . 8 + 0. 695 W f 0.34-201

r or X f > 2d

Figlire 14-78 i3 a plot of the maximum penetration of a standard fragment
through 14,000 psi concrete for various fragment weights and striking veloc-

i ti es.

Maximumi peneratior. of fragments in concrete of strengths other than 14,000
psi , may be calculated using the values of X f from equation 14-200, 14-201 or
figure 14-78 and the following equation.

4/ 0) 1

Xf = Xf ( 4-202

w here:; ~

X f = maximum-z penet rati on i nto 14, 000 psi. concr ete

X7= maximum penetration into concrete with compressive strength
f

equal. tof

In addition to the w(ýxght and striking velocity of a primary fragment, its
shape wil~l also affect the resulting penetration. The sharper the leading
edge of a fragment, the greater the distance traveled through the concrete.
The shape indioated in figure 14-77 is not necessarily the most critical . When
the contain-er of an explosive shatters, it is statistically probable that som~e
of the resuilting fragments will have a sharper, shape than the standard bulletI
shape assumed in this manuial. However, the number of these fragmer~t* is u-su--
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ally very small in comparison to the total number formed, and the probability
that these sharper fragments will have normal penetrations though the concrete
is low. In most instances, the majority of the primary fragments will have a '
more blunt shape than that shown. Therefore, for design purposes, the normal
penetrations defined for a bullet-shaped fragment can usually be assumed as
cri ti cal. 'p

11-60.3 Penetration of Fragments Other than Armor-Piercing

To estimate the concrete penetration of metal fragments other than armor-
piercing, a procedure has been developed where the concreLe penetrating cap•-
bilities of armor-piercing fragments have been related to those of other metal
fragments. This relationship is expressed in terms of relative metal hardness
(the ability of the metal to resist deformation) and density, and is repre-
sented by the constant in equation 4-203.

Xf =k Xf 4-203

where: X k

Xf maximum penetration in concrete of metal
fragments other than armor-piercing fragments

k = constant depending on the casing metal., from table 4-16

X •- imaxim,- pePenet-rAtion nf armor-piercirg fragment

It. should be noted that X is calculated from equation 4-200, 4-201 or figure
f

4-78 if fe = 4,000 psi, and from equation 4-202 when X is modified for con- ' •1

Crete strengths other than 4,000 psi

Table 4-16 Relative Penetrability Coefficients for Various
Missile Materials

Type of Metal Constant k

Armor-piercing steel 1.00

Mild steel 0.70

Lead 0.50

Am i num 0. .5
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14-60.4 Perforation of Concrete

Quite often the magnitude of the initial kinetic energy of primary fragments

will be large enough to produce perforation of the concrete. The depth of
penetration Xf of a fragment into massive concrete is less that, into a wall

of finite thickness due to the high resisting stresses afforded by the ma sive
concrete. Consequently, the concrete thickness required to prevent perfora-
tion is always greater than the depth of penetration X into massive con-

f
crete. The minimun thickness of concrete required to prevent perforation can
oe expressed in terms of the equivalent depth of penetration into massive con-
coete and the fragment size according to the following relationship:

T = 1.13 Xf 0 + 1.311 d 4-204

wher e:

T = minimum thlckness of concrete to prevcr:t
pf perforation by a given fragment

X = depth of penetration corrected for concriete
strength and fragment material

Fragments which perforate a concrete element will have a residual velocity
which may endanger the receiver system. The magnitude of this velooity may be
approximated from the expression which defines the velocity of the frdgnlent at
"ai-y time as it penetrates the concrete.

For, cases where X is less than 2d:

v/v s- (T/Tpf)2]0.555 4-205Vr S ~ f

and for cases where Xf is greater than 2d:

ies 1 -(Tc/TpF)] 0"5 5 5  -
r''s

wher e:

T = thickness of the concrete, less than or, equal to T9c p f

v = residual velocity of fragment as it leaves the element
r

Plots of v v agairnst T0 T according to equations 4--205 and 4-206 arer i c. pf
presented in figures )4-79 and '1-80, respectively.
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4-60.5 Spalling due to Fragment Impact

When a primary fragment traveling at a high velocity strikes the donor surface
of a concrete barrier, large compression stresses are produced in the vicinity
of the point of impact. These stresses form a compression wave which travels
from the impact point, expanding spherically until it reaches the back face
element. At this free surface, the compression wave is reflected (reversed in
direction and changed from a compression wave to a tension wave). When the
stresses in the resulting tension wave exceed the tensile capacity of the con-
crete, spalling of the concrete at the receiver surface occurs. The spalling
forms a crater on the receiver surface. This crater does not usually pene-
trate beyond the reinforcement at the receiver surfaae.

The occurrence of spalling is a function of the fragment penetration; i e.,
the fragment must penetrate a barrier element to such a depth that suffi-
ciently large stresses are formed at the receiver surface to produce spal-
ling. If the thickness of the element is increased above the critical thick-
ness at which spalling occurs for a particular fragment, then the spalling is
eliminated. On the other hand, concrete spalling always occurs with fragment
perforation. The minimum thickness of concrete barrier required to prevent
spalling due to penetration of a given fragnent can be expressed in terms of
the fragment penetration into massive concrete and the fragment diameter:

Tsp 1.215 Xd 0 1 + 2.12d 4-20 7

where;

Tsp minimum concrete thickness to prevent. slailing

Xf - depth of penetration corrected for concrete strength
and fragment material

The secondary fragment velocities associated with spalling resulting from
fragment impact are usually small (less than 5 fps). However, when blast
pressures are also involved, the magnitude of the resulting velocities can be
quite large. The secondary concrete fragments are accelerated by the motion
of the barrier resulting in possible fragment velocities up to several hundred
feet per second.

Because of the potentially large secondary fragment velocities associated with
primary fragment impact, full protection is usually required for personnel,
valuable equipment, and sensitive explosives. This protection may be accomp-
lished either by providing sufficient concrete thickness to eliminate spalling
or by other mechanical means used to minimize the effects of spalling result-
ing from blast pressures as describedt in section 4-56. The required concrete
thickness to eliminate spalling caused by primary fragment impact may be ob-
tained from equation 4-207.

4-61 Fragment Impact on Composite Construction

4-61.1I General

To evaluate the effect of primary fragments on composite (concrete-sand-
concrete) barriers, the penetration of the fragment through both the concrete
and sand mist be considered. %;,,
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For damage to be sustained at the rear of a composite barrier a fragment must
first perforate both the donor concrete panel and the sand, and then penetrate
or perforate the receiver panel. If the fragment penetrauc3 only part of the

K way through the receiver panel, then spalling may or may not occur, depending
on the panel thickness. Obviously, fragment perforation of the receiver panelindicates perforation of the entire barrier.

4-61.2 Penetration of Composite Barriers

To determine the degree of damage at the receiver side, the penetration of the
fragment in each section of the barrier must be investigated in sequence.
Starting with the striking velocity and the weight of the primary fragment,
the donor concrete section is first analyzed to determine whether or not per-
foration of that section occurs. If the calculations indicate that the frag-
ment will stop within this section, then no damage will be sustained by the
remainder of the barrier. On the other hand, if perforation does occur in the
forward (donor) section, then the fragment penetration through the sand must
be investigated.

The amo:ut of the penetration through the sand depends upon the magnitude of
the residual velocity as the fragment leaves the rear of the donor panel.
This residual velocity is determined from figures 4-79 and 4-80 utilizing the
striking velocity, the thickness of the donor panel, and the theoretical max-
imun fragment penetration obtained from figure 4-78.

The maximum penetration through massive sand is obtained from equation 4-208,
using the residual velocity calculated above as the striking velocity of the
fraSment on the surface of the sand.

-32
X - 1.188 Dd In (1 + 2.16 x 10 v ) 4-208

5 5

wher e:

X= penetration of the fragment into the sand

Substituting the caliber density D for a standard shape (fig. 4-77), equation
4-208 becomes:

X 3.53d ln (I + 2.16 x I0-3 v 2 4-209s s

A plot of equation 4-209 for a range of fragment weights and striking proper-
ties is shown in figure 4-81. If the penetration in the sand is found to be
less than the thickness of the sand layer, no damage is sustained at the rear,
surface of the barrier. In case of perforation, the penetration of the frag-
ment into the rear section (receiver) of the barrier is governed by the resid-
ual velocity as the fragment leaves the sand. This residual velocity is cal-

culated in a manner similar to that used for computing the residual velocity

for the donor panel, except that the fragment penetration and striking veloc-
ity are those associated with movanent of the fragment through the sand, that
is:
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k2,

Fi gure AI-80 can be uspd to cal eul aC th le residual y voli ty or a frraiigmW per'-
for'atirig the sand uye.'.

Si mil1ar Co thle £ ragment. pen tA r'otion t hr ough the doror' [part;) and ýýii oeI, ret
t~ion of the fr'agment. t hrough the ree ci ver panel ina a f unptie n of thu mnagni tude_
of Cthe. fragmrent yel1oc ity au the frragm ent st ri kes tlip forw ard sraa or Uoe f Ln
pan el . This velocity is equal to the r'esidual velocity as the fram-ient I no v'c
t he a an a Once the pe netrnati on in t he receiv~er pineli is know r., C in UKli damui-
age sustCai ned at the rear' of tho comnposite barri en non be defined in temnns of'
ci thor' wiling or' f ragment perfor'at ion.

COXNSTRUCT ION DETAIL.S AND PRFOCE DUR ES

MJ-62 Introduction

Armaj or por'ti on of the detail ing and constCruet ion pr'oce dir'eaý 'equi "d F'or

strucitur'es desigrned conventionally. However, some differences doe xisat ar.1
neglecting them would resultC in ain uns3afe situation, since the st~ructure, would
not act as assumed in the design. These sections descri be the di Frerenceo in
en ntLr'uc Li on. Par'ticulan, attention is directed towar'ds the cornatructiun of
structures subjected t~o close-in blast Metects (elernen~ta neinforceed with
lacing or' singl e leg stir'rups) but t he co nst ruc t ion of con ventionallIy
reinforced elementq, flat slabs and composite elemer~ts is also di scussed.

Although the conrstruct~ion of blast r'esistant structures is similar to convun-
tions) structures, some charges in the fabri cation and conistr'uction prooedurjz

Sine reuied a iris ii'e fuli deveiojnierst of bohtec"'W n h er

foncernent well into the range of plastic action of the vinious ejenietr Cs.
Snethese changes pr'imar'iy affect the r'einforcement rather than. th cor.-

crete, the mrajor por'iion of the fonowing discussion pertains to ne nror'eirg
steel details. Typical detail~s are presented to illustrate detailing pruce-
dui'es and design consider'ations. These details may not be applicable to all, 1
design situations, and may have to be modified by Lhe engineers within the
guidelines given below.

1J-63 Conrrete

The dynamic chanacteristi cs and high rmagnituode of the app] ied blasat loads re-A

quire the strength of the concrete used in blast resistant cornstruotior to be-
higher than that reqouired I'or conventi onal cons tructi on. Because of the flx
ural action of blast resistant elements where large defieatior~s ar'e requiired

-217



and the high prees csure associated with blast loadings, it is rec>nmrrnted that
a minimun concrete strength of 4,000 psi be used.

The properties and testing of the concrete materials (cement, aggregate,
water) used in blast resistant concrete conrstruction are the same as those
normally used and shoul2 conform to the standards specified in the ACI Build-
ing Code. High early-strength Portland cement (type Ill) may be used. To
minimize the effects of spalling, it is recommended that the size of the ag-
gregate used be not greater than 1 inch. This limitation of the aggregate
size also facilitates the placement of the concrete, particularly where the
cover over the reinforcement is held to a minimum. In all cases, the minimum
concreta cover should conform to that specified in the ACI Building Code and,
wherever possible, shlould also be the maximum thickness of the concrete cover.

Because of the large amounts of flexural reinforcement and, in laced elements,
the presence of lacing reinforcement, the concrete slump used is usually

larger than that permitted for conventional construction. A concrete slu3mp of
4 to 6 inches is recommended for laced elements to isure that concrete voids

do not occur.

Wherever possible, both horizontal and vertical construction, joints should be
avoided. A wall whose height is equal to or less than 10 feet usually can be
poured without a horizontal joint. On the other hand, good construction tech-

niques and economy may require the use of horizontal joints for higher walls.
These joints should be located at points of low stress intensity. A more de-
tailed discussion of joint locations is giver later in sections.

S4-64 Flexural Reinforcement

The flexural reinforcement used in blast resistant construction should be des-
ignated as ASTN A 615, Grade 60. Slabs must be reinforced in two mutually
perpendicular directions. In all elements, tee reirforcement should be con-
tinuous in any direction. All flexural reinforeement should consist of
straight bars, and bends in the reintorcing within the span of an element
shoul, be avoidec. However, the reinforcement may be bent well within the
element's supports when additional anchorage is required.

The spacing of flexral bars is governed by the required area of the reirforc-
ing steel, the selected bar size and, as discussed later, the spacing required
to achieve a working and economical arrangement of lacing reinforcement and
single leg stirrups. In general, flexural bars should be spoced fairly close
toget her" to insure that the cracked concrete between the layer's of
reinforcement will not be dislodged fran the ement. Tests have indicated
that a maximum spacing of approximately 1 5 inches will insure confinem|•ent of
the concrete.

Because of their reduced dicotility, reinforcing steel larger tharn No. 14 bars

(No. 18) shoulo not be used as flex)-ral reinforcement in blast resistant ele-

ments. Also, the size of the flexural steel should be at least equal to a No.
*14 bar. Where necessary, the area of steel nornally fur.nished by the sp-cial

large bars should be p-ovi ded by bundling s rral Ler bars. However, the use of '
these bundled bars should be limited to one direction only, for any laced eI e-
,ue, t . If bundled bars are used in an elcment whose main span is between two
opposite supports, then all bars of each bnidle should be contin:uous across r, r,

the full spar . On the other han~d, if the rain n3pan is between a s'1upper c arid a ..
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free edge, then bundled bars may be cut off' at points of reduced stress. At
least one bar in each birdle should be continuous across the full span. For,

two-way elements these cutoffs must be located beyond the positive yield line

with sufficient anchorage to develop the bars.

Continuous reinforcement should be used in blast resistant elements, but in

many cases, this is a physical impossibility. Therefore, splicing of the re-

irforcement is necessary, Splices should be located in regions of reduced

stress and their number held to a minimun by using the longest reinforcing
bars practical (bars 60 feet. in length are generally available throughout the
counftry). Tests have indicated that the preferable method of splicing flex-
irai reinforcement in laced concrete elements is by lapping the reinforcing
bars. The length of each lap should be at least equal to 40 diameters of the

larger of the two bars spliced, but not less than 2 feet (usually the sane
size bars will be spliced). In addition, splices of adjacent parallel bars
should be staggered to prevent, the formation of a plane of weakness, Figure
41-82 illustrates typical splicing patterns for both single and burdled bars

used in the close-in design range.

In conventionally reinforced (non-laced) concrete elements used in the far
desigr range, a two bar splice pattern is used. The length of the lap splices
must be calculated to ensure full development of the reinforcement. If the
splices occur in regions of low stress , the length of the lap is taken as 40
bar diameters. Lap splices of No. 14 bars are not permitted in either laced
or non-laced concrete elements.

Mechanical splices may also _e used, but they must be capable of developing
the ultimate strength of' the reinforcement without reducing its ductility. If

trhe bar def ormations have to be r'emoveA in: tie pr'eparat 101i o 1 these bp] iUce,
grinding rather than heat should be employed since heat can alter the chemical
properties tnereby changing the physical properties of the steel and possibly
reducing the capacity of the elem-ent. Welding of the reinforcement should be
prohibited unless it can be determined that the combination of weld and rein-

forcament steel will not result in a reduction of the ultimate strength and
ductility. In those cases where welding is absolutely essential, it may be
necessary to obtain special reinforcement manufactured with controlled chem-
ical propxrties.

4-65 Construction Details for "Far Range" Design

4-65.1 General

Unlaced reinforced concrete elements are generally used in those facilities
designed to resist explosive output at the far design range. The facilities

generally consist of shelter-type structures.

Blast resistant structures utilizing unlaced reinforced concrete construction
will only differ from conventional construction insofar as the increased mag-

nitude and reversibility of auplied loads are concerned. These diCferernces
are reflected in the details of the blast resistant structure. An increase in
the amourt of reinforcement is required to resist the large dynamic loads.
Also, the reinforeemert at both surfaces of an element must be detailed to
prevent failure due to rebornd stresess.
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In general, conventionally reinforced elements are limited to deflections cor-

responding to support rotations of 2 degrees or less. However, elements
designed for far range effects are capable of attaining deflections up to 4
degrees through the use of single leg stirrups and up to 8 degrees by
developing tension membrane action. Elements subject to close-in effects re-

quire stirrups and are limited to 2 degrees support rotations. Details are
presented below for elements designed for limited deflections, elements acting
under tension membrane action and columns. For elements subjected to low arid
intermediate pressure and reinforced with stirrups, the details given below
may be used without modification. However, details for elements with stirrups
and subject to high pressures are discussed in the following section.

4-65.2 Elements Designed for Limited Deflections

Construction and detailing of unlaced, blast resistant structures is very sim-
ilar to conventional structures. The major difference is the method of an-
choring the reinforcement. A typical section through a non-laced wall is
shown in figure 4-83. At the roof-wall intersection, the exterior wall
reinforcement is continued through the regions of high stress and lap spliced
with the roof reinforcement in the vicinity of the point of inflection. Thus,
the reinforcement is not actually anchored but rather developed. The interior
reinforcement of both wall and roof is terminated with a standard hook in
order to be effective in resisting rebound tension forces. However, this
reinforcement will be in compression during the initial, phase of loading and
therefore, the straight portion of the bar must be sufficient to develop the
reinforcement in compression.

The bottom floor slab reinforcement is extended through the floor-wall inter-
section into the wall in the same manner as the roof-wall intersection. Again
the reinforcement is developed into the wall. Tne vertical wall reinforcement
is supported on the floor slab rather than supported above the floor, slab onf
the reinforcement. Figure 4-83 illustrates a building with a slab-on-grade
foundatior:. Figure 4-84 illustrates several alternative arrangements.

A horizontal section through the intersection through two discontinuous walls
(fig, 4-85) would reveal details very similar to those shown for the roof-wall
intersection. The number of splices used would depend on the length of each
wall.

Wherever possible, continuous reinforcement should be used. Lap splices may
be used when necessary but their number should be held to a minimum arnd they
must be located i~n regions of reduced stre,.ýP. To prevent the formation of a
plane of weakness, splices on adjacent parallel bars must be staggered. In
addition, the splice pattern for the reinforcement on opposite faces of an
element should not be in the same location. Figures 4-86 and 4-87 illustrate
preferred splice locations for a two-way slab and a multi-span slab respec-
ti vely.

4-65.3 Elements Design.•ed for Large Deflections

Unlaced concrete slabs are capable of' attaining deflections up to 8 degrees
support rotation through the developnent of tension membrane action. Con-

struction details are basically the sae whether the slab attains large or A

small deflections, however, there are two important exceptions, At large de- b
flectiun.5, ternsion membrane action produnes large tensile strains in both ten-
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Vigure 4-83 Typical section through conventionally reinforced concrete wall
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Figure 4-86 Preferred location of lap splices for a two-way element
fixed on four edges
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sion and "compression" reinforcement. Therefore, all anchorage lengths and
lap splice lengths must be calculated for the design stress fd, and all the

reinforcement is in tension. The second difference in detailing concerns the %

location of splices. Although splices should still be located in regions of
low flexural stress, they will be located in regions of high tensile stress
when the element attains its full tension membrane capacity. The length of
the lap splice must, therefore, be increased to 1.3 times the modified devel-
opment length given in Section 4-21.4 of a reinforcing bar in tension.

4-65.4 Column Details

Columns are generally required in blast resistant, shear wall structures.
Their details differ little from those used in conventional structures. Both
round, spiral reinforced columns and rectangular, tied columns can be used,
but one or the other is preferred for a given design situation. Details of
the reinforcement and formwork of rectangular columns are compatible with beam
details and, therefore, are recommended for beam-slab roof systems. Round
columns should be used for flat slab roofs.

Figure 4-88 illustrates a typical section through a circular colunn with a
capital supporting a flat slab. A round column prevents stress concentrations
that may cause local failures. The column capital, although not required, is
preferred since it simplifies the placement of the diagonal bars as well as
decreasing shear stresses. All diagonal bars should extend into the column.
If, however, the number and/or size of the diagonal bars do not permit all the
bars to extend into the column, up to half the bars may be cut off in the cap-
ital as shown. Lateral reinforcement of a circular column consists of spiral
reinforcement beginning at the top of the floor slab and extending to the

0" underside of the drop panel or the underside of the roof slab if no drop panel
is used. Within the column capital, No. 4 hoop reinforcement at 6 inches on
center must enclose the diagonal bars.

In a beam-slab system, beam reinforcement does not permit the addition of di-
agonal bars at the top of the column. Therefore, the beams themselves must be
able to provide adequate shear strength. Closed ties provide lateral support

of the longitudinal reinforcement in rectangular columrn. The ties must start
not more than 1/2 tie spacing above the top of the floor slab and end not more
tharn 3 irnches below the lowest r'einforocesient in the shallowest bean. The ties
must be arranged so that every corner and alternate longitudinal bar has the
lateral support provided by the corner of a tie having an included angle no
more than 135 degrees. In addition, no longitudinal bar shall be farther than
6 inches clear on either side from such a laterally supported bar.

The column footing illustrated in figure 4-88 is the same for both rectangular
and circular columrs. Dowels anchor the column into its footing. Since there
is little or no moment at the bottom of the column, splices need not be stag-
gered as they are in a wall. The splice should be able to fully develop the
reinforcement in tension in order to resist rebound tension forces. Within
the column, no splices of the longitudinal reinforcement are permitted. Con-
tinious reinforcement should not be a problem as blast resistant structures
are limited to one and two-story buildings.
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4-66 Corntruction Details for "Close-In Deslgn" V

N MI-66.1 General

Laced reinforced concrete elements are usually used in those facilities whichi
are designed to resist the explosive output of close-in detonations (high-
intensity pressures with short durations). The functional requirements of

these facilities (storage and/or manufacture of explosives) normally dictate
the use of one-story concrete buildings with austere architecture. Basically,
these structures consist of a series of interconnecting structural elements
(walls, floor slabs, and/or roofs) forming several compartments or cubicles.
Because of this cubicle arrangement, the walls separating the individual areas
are the predominant element used in laced construction and are the most eriti- p.
cal component in the design. However, in sane cases, the roof and/or floor
slat can be of equal importance. %

Single leg stirrups may replace lacing bars when the scaled normal distance
between the charge and the element is equal to or greater than 1.0

ft/lbs.I/3. However, the maximum allowable support rotation for elements with
single leg stirrups is less than for laced elements. Single leg stirrups are
more economical to fabricate and slightly more economical to place during
construction. Unlike laced reinforcement which requires that the position of
the flexural reinforcement be changed to suit the horizontal and vertical lac-
ing, the position of the flexural reinforcement remains constant for single M.
leg stirrups. The stirrups are tied around the outer bars whether they are
horizontal or vertical. Details for flexral reinforcement, splice location
and length etc., are the same for single leg stirrups and laced reinforcement. L
4-66.2 Laced Elements

4-66.2.1 Lacing Reinforcement

All flexural reinforcing bars must be tied with continuous diagonal lacing
bars (fig. 4-89). At any particular section of an element, the longitudinal
or main tension and compression reinforcement is placed to the interior of the
transverse or secondary flexural reinforcing steel around which the diagonal
lacing bars are bent.

Lacing reinforcement must be fabricated without the formation of excessave s.-
stress corcertrations at the bends. The bending should be performed without
the use of heat, and in no case should the radius of the pin used to bend the
lacing be less than four, times the diameter of the bar. Figure 4-90 illus-
trates the typical lacing bends used with both single and bundled flexural
bars.

The amount of lacing reinforcement required in an element depends upon the ,
element's capacity (quantity and distribution of flexural reinforcement,
thickness of the element, and the type and numiber of supports) while the size
of the lacing bars is a function of the required area and spacing. The maxi-
mum ana minimum size of the lacing bars should be No. 8 and No. 3 bars, n-e
spectively. However, the preferred maximum, size of lacing bar is No. 6.
Several lacing schemes have been developed (fig. 4-91) which avoid excessive
stress concentrations as a result of large angular bends, provide adeLquate
restraini.t against buckling of the compression rei nforeement, and make use of
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Figure 4-89 Laced reinforced element
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the most efficient arrangement of the lacing reinforcement (lacing making an

angle of 45 degrees with the longitudinal reinforcement is most efficient).

In these schemes, the transverse flexural reinforcement may or may not be tied
at every intersection with a longitudinal bar. However, a grid system is

established whereby bar intersections are tied within a distance s or 2

feet, whichever is less. The choice of the scheme to be used depends upon the

flexural bar spacing and the thickness of the element so that the angle ot is
approximately equal to, but never less than, 45 degrees. Although not tying

every transverse flexural bar results in a large lacing bar size, the total
cost of the lacing may be reduced since the size of the lacing bend associated
with an increase in the spacing s£ reduces the overall length of the bar and

the ninber of bends required to cover a given longitudinal distance. k

An additional cost saving in the fabrication of the lacing may be realized by

utilizing the equipnent that is used to bend the steel bars for open web steel

joists. However, when detailing the flexural and lacing reinforcement and the
concrete wall thickness, consideration must be given to the physical capabil-

ities (size of bend and bar, depth of lacing, etc.) of the equipment. Altera-

tion of bar joist equipment to meet the requirements of a design is not usu-

ally practical with respect to both time and cost.

The placement of the lacing depend-, upon the distribution of the flexlral re-
inforcement ana the number and type of supports. Lacing is always placed per-

pendicular to the element's supports to resist diagonal tension stresses.
Because of the nonuniformity of the blast loads associated with close-in deto-
nations, continuous lacing across the span length should be used to distribute

the loads. Except for cantilever elements, lacing in one-way elements is

placed in the direction of and continuous across the span. Cantilever ele-
ments require lacing in two directions. Discontinuous lacing is located per-
pendicular and adjacent to the sipport while continuous lacing is placed

across the full width of the element in direction parallel and adjacent to the
free edge located opposite the element's support. For two-way elements, diag-

onal tension stresses must be resisted in two directions. Because of inter-
ference, lacing can only be continuous in one direction, which in general is

in the direction of the longest span. Figure 4-92 illustrates the location of

the lacing used in a cantilever wall as well as in several two-way elements.
For two-way elements, the location of the lacing is rnot affected by the type
of supports. Therefore, the supports indicated in figure 4-92 can be simple,
restrained, or fully fixed.

Similar to the flex.iral reinforcement, lacing will usually require Mpliccs.
Tests have indicated that the preferable way of splicing lacing is by lapping

the bars. The lap length which is measured along the bars should be at least
equal to that required for a full tension splice (40-bar diameters). However,

the lacing should also be bent around a minimum of three flexural bars. The
splices of adjacent lacing bars should be staggered to avoid forming a plane

of w:aakness in the element, and the splices should be located ir regions of

low stress (away fron the supports and positive yield lines). Typical details
for the splicing of lacing bars are presented in figure 4-93. Wherever

possible, welding of lacing bars sho.ild be avoided and is only permitted where
the full dewvlop•nent of the ultimate strength can be assured without any
reduction in strength or ductility.
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The location of the splices is determined from the distance alcng the length
of the element which can be covered by a given length of lac.ing bar" ("usually
60 feet). The expression for the actual length of' lacing bar LZ required to

cover the length s£ is a function of the flexural bar spacing and the geom-

etry of the lacing and is given in figure 4-94.

4-66.2.2 Corner Details

Because of the magnitude of the blast loads associated with close-in detona-
tions and their amplification at corners, the use of conacete haunches has
been found to be a satisfactory method of maintaining the integrity of these
sections of a structure. All corners should be reinforced with diagonal bars
to transfer the high shear forces from the element to its support and to as-
sist in maintaining the integrity of the intersection. Diagonal bars should
be used in elements both with and without haunches. Reinforcemenu details for
corners are shown in conjunction with wall intersections in the following
section.

4-66.2.3 Walls

Figuire 4-95 illustrates the detailing procedure for a typical iaced wall. The
wall is free at the top, supported at its sides by otner walls (not shown),
and at its base by the floor slab. It has vertical lacing which is continuous
from the bottom of the wall to approximately midheight. In the upper half of
the wall, the horizontal lacing reinforcement is continuous over the full
length of the wall and anchored in the side supports. It shou•ld be noted that
the horizontal flexural steel in the lower half of the wall is located at the
exterior of the vertical reirforceaent, while in the upper half of the wall it L
is at the interior. This arrangement is necessary for the pIlaemnent of the

lacing so that the lacing can provide full confinement of both the flexural N

steel and the concrete separating the two layers of reinforcement. If
spalling is critical, its effects may be minimized by reducing the concrete
cover over the reinforcement in the upper haif of the wall. The addition of
U-bars at the top of the free edge also minimizes the formation of concrete
fragments frei this area. Reducing the concrete cover is not cost effective
and, therefore, if spalling is not critical, the wall snoald have a (•onstart
thi ckness.

A portion of the wall should extend below the floor slab a distance no less
than that required to anchor the flexural reirlorcement (40-bar diameters) and
in no case less than I foot - 6 inches. In addition to providing anchorage
for the vertical reinforcement, the portion of the wall below the floor slab
assists in resisting sliding of the structure by developing the passive
pressre of the soil adjacent to the wall.

The working pad at the base of the wall provides the support required for the
erection of the wall reinforcement and also affords orotection for the reln-
foreement after con.truction is completed. It should be noted that in the ex-
anple illustrated in figure 4-95 the cover over the reirforcement in the por-
tion of the wall above the floor slab is specified as 3/14 inch (minimum rein-
forcement cover required by the ACI Building Code for concrete not exposed to
the weather), while below the floor slab it is specified as 2 inches (minimuan
cover required by ACI Building Code for concrete in contact with the ground,
after removal of the form1s). The increased cover below the floor slab is 3
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achieved by increasing the wall thickness rather than bending the
reinfor cement,

Diagonal bars are provided at the intersection of the floor slab and wall.
These bars transfer the high shear forces from the base of the wall through
the haunch and into the floor slab. Section C-C, figure 4-95 indicates the
location of the diagonal bars relative to the lacing reinforcement.

Details of the reinforcement at wall intersections are similar to those at the
intersection of the wall and floor slab. Figures 4-96 through 4-98 illustrate
these details for the intersection of two continuous walls, one continuous and
one discontinuous wall, and two discontinuous walls, respectively. In all
cases, both the flexural and lacing reinforcement are fully anchored by being
made continuous through the intersection (a distance of at least 40 bar diam-
eters). In discontinuous walls, the wall must be extended a distance suffi-

cient to anchor all reinforcement but not less than 1 foot-6 inches. This ex-

tension (or extensions) aids in resisting both the overturning of the struc-
ture and the tension forces produced in the walls (discussed further in subse-
quent sections). Diagonal bars have been provided at all intersections to
transfer the support shears and to maintain the integrity of the section.
Where discontinuous walls are encountered, only one diagonal bar is effective
for the continuous wall of figure 4-97 and for both discontinuous walls of
fig-re 4-98. For these cases, bundled diagonal bars (2 bars maximum) may have
to be used.

If wall extensions are not permitted due to architectural or other criteria,
the reinforcement is anchored by bending it within the corner (figs. 4-99 and
4-i00). However- the distance from the face of the suppo~rt to the end of the
hook must be at least 20 bar diameters. A standard hook may be used if; (1)
the total distance from the face of the support to the end of the bar (includ-
ing the hook) is 40 bar diameters and (2) the length of the hook is at least
12 inches. The use of hooks may cause problems in the placement of the lacing
reinforcement and is discussed in conjunction with the sequence of
construction below.

In addition to flexural reinforcement, the walls of contairnment structures may
require the addition of tension reinforcement. This reinforcement is placed
at the mid-depth of the wall and has the saene spacing as the flexural
reinforcement. It may be required in the vertical and/or horizontal
directionI . '1:2' reinmforcement *. a,,cnored at wall intersections in the same
manner as the flexural reinforcement. Vertical tension reinforcement usually
does not require splices. However, if the horizontal tension reinforcement

requires splicing, the splice (lap, mechanical, weld) and pattern should be
same as the flexural reinforcement. Of course, the tension steel should never
be spliced at the same location as the flexural reinforcement.

4-66.2.4 Floors Slabs

Floor slabs on grade must provide su1fficient capacity to fully develop the
wall reinforcement. If sufficient resistance is provided by the soil, slabs
poured on gr'ade usually do not require lacing nor other shear reinforeement;

although lacing reinforcement is always required in slabs exposed to multiple
detonations. Soil strata having enough bearing capacity to support the dead

load of the structure can be considered to provide the support required by the
slab. Before placement of the slab, the top 6 inches of the subgrade should
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be compacted to 95 percent of maximum density in accordance with ASTM Standard
D1557.

FPiles are used to support a strueture where the bearing caparety of the soil
is inadequate. The piles are placed under the walls and the floor must span
between them. Lacing or' single leg stirrups must be provided. The reactions
of the slab are transferred to the portion of the wall below the floor slab
which acts as a beam spanning between piles.

In addition to flexiral reirforeement, floor slabs may require tension
reinforcement located it mid-depth of the slab. Tension forces are discussed
in corj niction with single and multi-cubicle structures.

4-66.2.5 Roof Slabs

Roof slabs are similar to walls since they are usually supported only at their
periphery and require the addition of lacing to distribute and resist the ap-
plied blast loads. In those facilities where the explosion occurs within a
structure, thle blast pressures acting on the interior surface of a nonfrang-
ible roof causes tension stresses in the walls which require the addition of
tension reinforcement above that needed for bending. Tension forces are
discussed in conjunction with single and multi-cubicle structures.

4-66.3 Elements Reinforced with Single Leg Stirrups

4-66.3.1 Single Leg Stirrups

A single leg stirrup consists of a strai ght bar with a 180 degree hook at each
end. The hook confonms to the standard 180 degree hooks specified by the ACI
DBilding Code. At any particular section of an element, the longitudinal
flexural reinforcement is placed to the interior of the trar sverse
reinforcement ard the stirrups are bent around the transverse reinforcement
(fig. 4-ic0).

The requiired quantity of single leg stirrups is calculated in the same manner
as lacing. They are a function of the element's flexural capacity while size
rebar used is a function of the required area and spacing of the stirrups.
The maximlin and mini-! i ý i sze of stirrup bars ar e No. 8 and No. 3,
respectively, while the spacing between stirrups is limited to a maximin of
d/2 or d./2 for type I and type 1I or II, respectively.

The preferable placement of single-leg stirrups is at every flexural bar,
intersection. However, the tranisverse flexural reinforcoent does not have to
be tied at every intersection with a longitudinal bar. A gxrid system may be
established whereby alternate bar intersections in ore or both directions are
tied within a distance not greater than 2 feet. The choice of the three
p,ossible schanes depends upon the quantity of fiexiral reinforcement, the
spacing of the flexural bars and the thickness of the concrete elanent. For'
thick, lightly reinforced elements, stirrups may be furnished at alternate bar
intersectiorz , whereas for thin and/or heavil teinforced elenents, stirrups
will be required at every bar intersection. For those cases where largeo
stirrups are required at every flexural bar, intersection, the bar size used
may be redu ed by furnishing two stirrups at each Clexial bar inter.'ection.
In this sitiiation, a stirrilp is providad at each side of longitudinal tar.
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Single leg stirrups must' be distributed throughout an element. Unlike shear
reinforcement in conventionally loaded elements, the stirrups cannot be
reduced in regions of low shear stress. The size of the stirrups is
determined for the high stress areas and, because of the non-uniformity of
the blast loads associated with close-in detonations, this size stirrup is
placed across the span length to distribute the loads. For two-way elements,
diagonal tension stresses must be resisted in two directions. The size of

stirrup determined for each direction is placed to the same extent as the
lacing shown in figure 4-92. However, the distribution does not apply for
cantilever elements since they are one-way elements requiring only one stirrup
size which is uniformly distributed throughout.

4-66.3.2 Corner Details

Corner details for elements with single leg stirrups are the sane as for laced
elements. Concrete haunches, reinforced with diagonal bars, should be used at
all corners. For those cases where compelling operational requirements

prohibit the use of haunches, diagonal bars must still be placed at these
corners . In addition to diagonal bars, closed ties must be placed at all
corners (fig. 4-102) to assist in maintaining the integrity of the
intersection. The tie should be the same size as the stirrups but not less
than a No. 4 bar. The spacing of the ties should be the same as the flexural
reinforcement.

4-66.3.3 Walls

The detailing procedure for a wall with single leg stirrups is similar to a
laced wall. Figure 4-103 illustrates the detailing procedure for a typical
wall with single leg stirrups. This wall is the same as the wall shown in
figure 4-95 except that stirrups are used rather than lacing. These are only
two differences between the two walls. First, there is no need to alter the
position of the horizontal flexural reinforcement for the placement of
stirrups. The horizontal reinforcement is in the main direction (assumed for
wall illustrated) and, therefore, this steel is placed exterior of' the,

vertical reinforcement for the entire height of the wall, Second, closed ties
are placed at the wall and floor slab intersection to assist in maintaining
the integrity of the section. The common requirements for both walls include
the addition of U-bars, diagonal bars, concrete haunches, increased cover over
the reinforcement below the floor slab by increasing the wall thickness, shear
reinforcement (stirrups or lacing) in the wall extension below the floor slab,
and the preferred use of a working pad.

Details of the reinforcement at wall intersections are similar to those at the
intersection of the wall and floor slab. The requirements for anchorage of
the flexural reinforcement and diagonal bars at wall intersections are exactly
the same as laced walls (fig. 4-96 through 4-100). The placement of the
single leg stirrups and the required closed ties are shown in figure 4-102.
Similar to laced walls, the use of wall extensions is the preferred method of
reirnforcement anchorage at discontinuous walls.

4-66.334 Floor Slabs

The floor slab must provide suf'ficient capacity to fully develop the wall
reinforcement. The requirements arc the same as a floor slab for laced walls.
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4-66. 3.5 Roof Slabs

Roof slabs are similar to walls since they are usually supported only at
their periphery and require the addition of single leg stirrups to distribute
and resist the applied blast loads. For interior explosions, the roof causes
tension forces in the walls. Tension reinforcement is discussed in
conjunction with single and multi-cubicle structures.

4-67 Camposlte Construction

Composite construction is primarily used for barricades and --onsists of two

concrete panels separated by sand fill (fig. 4--l04). Details of each panel
are similar to those described for single laced walls (or walls reinforced
with single leg stirrups).

The concrete panels may 'oe supported at the base either by the floor slabs or
a concrete pedestal. When the pedestal is used, reinforcement across the base

of both panels terminates in the floor slab and provides a monolithic cofonec-
tion between the two panels. The floor rei rforcement serves as the monolithic
connection when pedestals are not used.

Th. upper p-2<r". on of the wall may either be open or solid. Open se tiorns are
ussally uoed whe unper edge of the wall is unsupported; the solid section
.zs used when an external tie system is used to restrain the motion and provide
supoort for the top of the wall. Tne solid section rfiust be reinforced to re-
sist torsion and bending induced by the ties and the panels.

The impulse capacity of composite walls is a function of the density of the ;n

sand fill. The sand will be compacted after construction due to its own
weight and/or by water drainage when the wall is exposed to the weather. The
sand fill mlzt be continuously maintained at the level stipulated in the de-
sign by mechanical moans which will allow periodic rearrangement of the sand
fill. Clay pipe or other similar material may be placed in the wall cavity
with the sand so that when the wall is loaded the clay pipe will be crushed by
th~e impxact of the donor kanel, thereby providing space within the wall cavity
into which the cormacted sand may flow, hence reducing its density. It' pos-
sible, the sand should be protected from the elements by scaling the top of
the cavity.

41-68 Single and Multicubicle Structures

In single--cell structu:-es (fig. 4-105) u-inbalanced forces (support reactions)

exist at all element iintersections (walls, and floor, and wall intersection.s).
and must be reesisted by tension forces produced in the support el]ments. Irn
addition to the reinforcem.-ent required to resist flexural and shear stresses,
tension reinforcement, distributed along the oenterline of the elements, is

requi red. Horizontal ter;sior: reinforcetrent i r. the side wall and floor slab
(parallel to the side walis) is required to resilst the vertical aod horizontal
reaetiors of the back wall, while horizontt- steel in the back wall and floor
slau (parallel to the back wall) resists.- the tersion forces produced by the
si®, wall reactions.

These u•rbalanceed forces arc transmitted to the struot, re's foundation and.
depending ipotn their magrn[itudde, the sizea an.d (.urifig'ataion of' the stru'inIrfe,
aitd th, s ubgrade condi ionrs, the -true.ire may b'c :-,Ijoct to both tran :, a
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tional and vertical rotational motions. Translation of the structure is re-
sisted by the extension of the walls below the floor slab (shear key) and the

friction developed between the floor slab and subgrade, whereas rotation is
resisted by the mass of the structure with assistance from the blast load act-
ing on the floor, slab of the donor cell. The stability of the structure can
be substantially increased by the extension of the walls and floor slab as
illustrated in figure 4-105b. This extension of the walls and floor slab (I)
increases the resistance of the structure to overturning (rotation), (2) in--
creases the rigidity of the structure, (3) reduces the effects of tne unbal-
anced wall moments which cause twisting of the corners, (4) reduces the re-
quired thickness and/or reinforcement in the floor slab (moment capacity of
the floor slab extension must be developed by bearing on the subg'ade), and
(5) eliminates the need to anchor the reinforcement by bending at the corners

which would ordinarily hinder the placement of the concrete.

End cells of multicubicle arrangements also require the addition of tension
reinforcement to resist unbalanced blast loads acting on the end walls. The
interior cells do not require this additional reinforcement since the mass and
base friction of adjoining cells provide the restraint to resist the lateral
forces. Two possible multicubicle arrangements are shown in figure 4-106. In
both arrangements the back walls of the cells are continuous, whereas thle side
walls between the adjoining cells are either continuous or discontinuous. The
type of cell arrangement (either one of those shown in figure 4-106 or a com-
bination of both arrangements) used in a particular design depends primarily
upon the functional requirements of the facility and the economy involved.
However, there are certain structural features which should be considered in
the final selection of either structural arrangement. The horizontal rein-
forcement (flexural and lacing) in the side walls may be placed continuous
across the back wall of scheme a, whereas with scheme b, the side wall hori-

zontal reinforcement must be bent and anchored in the back wall. This latter
arran'gement can result in congestion of the horizontal reirforcement at the
wall intersections. On the other hand, by offsetting the side walls at each
side of the back wall, the span length of the back wall between adjacent side
walls is reduced thereby reducing the required strength (concrete thickness
and/or reinforcement) of the back wall.

In general, continuous walls usually require cornstant concrete thickness and
horizontal reinforcement. However, where economy can be achieved, it may be
desirable to reduce the thickness and reinforcement of the continuous wall of
one cell in comparison to those of adjoining cells. This reduction should
only be made between the supports in order that a constant moment capacity can
be maintained across the length of the reduced element. This capacity reduc-
tion requires the horizontal reinforcement to be spliced at the supports, and
extreme caution should be exercised in the detailing of the splices.

4--69 Sequence of Corntruction

Although the construction procedure for all blast resistant concrete elanent:s
is similar, each structure mist be evaluated to determine the specific se-
quence of construction whinh is most appropriate for the particular situa-
tion. This evaluation should consider: (1) type and location oF shear reirn-
forcement (single leg stirrups, horizontal and veotical lacing), (2) location
of reinforcement splices, (3) erection sequence of the reinforcenent (flexural
and shear), (4) location of horizontal construction joints af .d (5) pouring se-

qienr.ce of concrete.
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To illustrate the construction of a laced concrete structure, consider the N
recommended construction procedure for the cubicle structure shown in figirco
14-105 b. A vertical section through any wall is similar to the wall described

tikZ in figure 4-95. Figure 4-107 illustrates the pouring sequence for the
following procedure.

1. Fabricate the reinforcement as indicated on the drawings.

2. Pour a working pad.

3. Erect vertical flexural reinforcement, vertical lacing and vertical
diagonal bars in all walls. Thread horizontal flexLral bars between
vertical lacing and vertical flexural bars up to the top of the floor
slab. Also place reinforcement for the floor slab.

4. Adjust reinforcement to required positions and complete second pour
to the top of the floor slab. As an alternative, place sufficient
horizontal lacing (as described in step 7) to insure proper position-

ing of the vertical flex'ral reinforcenenet and then complete second
pourI. Additional horizontal flexural bars may be placed beyond the
limit of the pour to help stabilize the reinforcement.

5. Thread horizontal flexural bars between the vertical lacing and vet- _

tical flexural bars beyond the limit of the third pour. Adjust rein--
foroeiTment and complete the third pour.

o. Thread the remainder of the horizontal flexural bars up to the top of'
the vertical lacing.

7. Place horizontal flexural and lacing reinforcement and diagonal bars
between the top of the vertical lacing and the top of the wall.
Placement of the horizontal flexural and horizontal lacing reinforce-
ment is accomplished by lowering this reinforcement over the vertical
reinforcement. At wall intersections the proper sequerce is to first

lower diagonal bars, type a. Then in the north-south walls lower,
horizoi:tal lacing bar type b, place horizontal flexural reinforcement
ajnd lower opposing lacing bar type a. Repeat this sequence with the ::.½
reinforcement in the east-west walls and complete this individual

layer of reinforcement by placing the horizontal diagonal bars type
b. The entire sequence is repeated for the remainir:g reint'orcemefnt.

8. Add U bars at the top of the wall and adjust reinforcement to r'e- C;
quired positions. Po•r remainder of the wall.

The above procedure is for the eubicle structue of figure 4-IO0 b, where wall
extensions are provided at the corners. For the case where wall extensiors.
are not used (fig. 4-105 a), the horizontal reinforcemc::t mist utilize a 90
degree hook for anchorage (fig. 4-100). The horizontal flexural reinforcement

for, the side walls requires a 90 degree hook at one end. Thierefore, the $

reinforce, mert mi'-t be threaded between the vertical lad 2" and verti cal
flexural bars frair behind the back wall. If the tack wall was close to and
existing structure, the horizontal reinforcemetnt could not be threaded. Tl'h

hori zontal flexural reinforcement in the back wall requires a 90 degree hook
at each end whi ch would prohibit tireadi•ng the bars. To placoe t his st'eel, the lie,
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bars would have to be spliced so that they could be threaded through the back

wall from each side wall. The use of splices is not desirable arid should be

avoided, making the use of wall extcnsions preferable.

The construction procedure for an element reinforced with single leg stirrups

is similar, but not quite as complex as laced elements. The single leg

stirrups should be lowered into position if the vertical flexural reinforcing

bars are exterior of the horizontal bars. However', if the horizontal bars are

exterior, of the vertical bars (fig. 4-1ý03), the horizontal bars should be

threaded between the stirrups and vertical bars. Again, as for laced

elements, the reinforcement of intersecting walls and the diagonal bars must

be placed in sequence.

The use of construction joints (both vertical and horizontal) should be

avoided wherever possible since all joints are a potential plane of weak-

ness. However, joints in large structures cannot be avoided because good

practice for placement of concrete and/or economy requires their use. All

joints should be located in regions of low stress intensity, and, if possible,

for laced elements, vertical joints should be situated in areas where

horizontal lacing is located, and horizontal joints should be situated in

areas where vertical lacing is located. However, vertical joints are

difficult to form ir laced construction. In most cases, vertical joints are

not used, and a certain height of all walls is poured simultaneously. In

addition, concrete surfaces should be roughened at all joints.

The above construction procedure required the use of two horizontal cornstruc-

tion joints. The joint located at the floor slab is generally used in all

blast resistant structures while the second joint in the upper section of the
wall should only be used if the height of the wall warrants it. The use of

vertical construction joints is generally required for multicubicle arrange--
ments. Walls (intersecting walls must be poured simultaneously) and corres-

ponding floor slabs should be poured in checkerboard fashion to guard against

joint separation due to shrinkage and temperature variations. To maintain a

minimum rate of pour, multiple pouring crews may have to be used, and pumping

of concrete, rather than the use of tremies, may be required for, high walls.

Expansion joints are generally not required for laced concrete elements due to

the presence of relatively large amounts of reinforcement. However, their use

should be considered 'or long buildings and/or structures siibjected to extreme

temperature changes.
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Problem 4A-1. Elements Designed for the Pressure-Time Relationship

Problem: Design an element which responds to the pressure-time relatiornship.

Not e:

Steps 5, 8, 10 through 18, 22 and 23 are specific for two-way ele-
menus, however, references are given defining similar procedures
for, one-way elements.

Procedure:

Step 1. Establish design parameters:

a. Blast loads including pressure-time relationship (Volume II).

b. Deflection criteria.

c. Structural configuration including geometry and support condi-
tions.

d. Type of section available to resist blast, Type i, Il or III
depending upon the occurrence of spalling and/or crushing of
the concrete cover.

Step 2. Select cross section of element including thickness and concrete
cover over reinforcemient. Also determine static streszýe of con-

crete and reinforcing steel (Section 4-12).

Step 3. Determine dynamic increase factors for both concrete and reinforce-
ment from table 4-1. Using the above DIF and the static stresses
of step 2, calculate the dynamic strength of materials.

Step 4. Determine the dynamic design stresses using table 4-2 and the
results from step 3.

Step 5. Assume vertical and horizontal reinforcement bars to yield the op-
timuwm s:t-eel distribution. The steel distribution iqs optimum when
the resulting yield lines make an angle of 45 degrees with sup-
ports.

Step 6. Calculate d (d or d , depending upon type of cross section avail-e c

able to resist blast) for both the positive arid negative moments in
both vertical and horizontal directions. Determine reinforcing
ratios. Also check for minimum steel ratios from table 4-3,

Step 7. Using the area of reinforcement, the value of d from step 6, and

the dynamic design stresses of step 4, calculate the moment capac-
ity (Section 4-17) of both the positive and negative reinforcement.

Note: Steps 8, 10 through 18 are required to determine the actual I
and equi vale; resi stance-deflection curve3 for' two-way el. emeCt".

To obtain these curves for one-way elments, see problem 4JA-6.

A-1
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Step S. Usi-•g the equations of table 3-2 or table 3-R and the moment capac- _,
ities of step 7, calculate the ultimate resistance in the plastic t
range-

Step 9. Using equation 4 -4, t0 3tatic concrete stress of step 2, and unit

weight for concrete equal to 150 pai, calculat ; the modulus of
elasticity for concrete, With the above modulus for concrete and
that for steel (eq. 4-5) and equation 4-6, calculate the modular
ratio.

Step 10. With the use of equation 4-9a and the assumed concrete thickness of
step 2, calculate the gross moment of' inertia of the concrete.
Using the value of d for the negative and positive reinforcement

of step 6, calculate an average value of d . Also calculate an
e

average percent of positive and negativ e reinfroremenL' using the
above d and the area of reinforcement of step G in both ve'tical

e
and horizontal directions. With toe val us of p (average) and f ig--
ure 4- 11 or 4 -12, det,.ermi ne the v a! ues of the co iot ant s F and ca P

culate the moment of inertia of a cracked section with eqation 4-
9b in both directions. Calculate the average cracked moment of in-
ertia for the elemea t using equation 4-10, and also, the average
moment of inertia of the eemont from equation 4-7.

Step 11. Using C4eqLtio0a 3-3.3 and Lim iud•, l•s or v!anLi uiCit y uCn SLjp 9 and
the moment of ine, Va of step 1 0, calcul ate the unit fltxural
rigidity.

Step 12. Establish points of inter'est and their' ultimate moment capdci te-5
(fig. 3-23) •

Step 13. Compute properties of first yield.

a. Location of first yield.

b. hesistanre at first yield r .c
c. Ma•nents at remai ning points consistent with r

d. Maximum deflection at first yield.

Step 14 Computa properties at second yield.

a. Remaining moment capacity at other' points.

b. Location of secono yield.

c. C hango ini unit resistarcc Ar, betweer firat and sccond yield.

d. Unit, resistance at seec •oid yield r
Ce p

P . Mane n at r'ama i nring po ints corns latont wi th r' e

K. CharnZe in ;nnaximorn deflection.

Total maximum del'iection.

A-;'
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& %-,,• An element with unsymmetrical. support conditions may exhibit, three
or four support yields. Therefore, repeat step 14 as many times as

necessary to obtain properties at various yield points.

Step 15. Compute properties at final yield (ultimate unit resistance).

a. Ultimate unit resistance.

b. Change in resistance between ultimate unit resistance and
resistance at prior, yield.

c. Change in maximum deflection (for elements supported on two,
three or four edges, use stiffness obtainea frorm figure 3-26,
*3-30 and 3-36, respectively).

Sd. Total maximum deflection.

*! Step 16. Draw the actual resistance-deflection curve (fig. 3-39).

"Step 17. Calculate equivalent maxi.aum elastic deflection of the element.

* Step 18. Calculate the equivalent elastic unit stiffness KE from equation

3-36.

Step 19. Determine the load-mass factor KLM for the elastic, elasto--plastic

and plastic ranges from table 3-13 and figure 3-44. The average
load mass frctote is obuained by teaking she average K f or the

LM.

elastic and elasto-plastic ranges and averaging this value with tile
KLM of the piastic range. In addition, calculate the unit mass of

%LM

the element (account. for reduced concrete thickness if spalling is
anticipated) and multiply this unit mass by KLM for the element to

Sobtain the effective unit mass of the element.

K Note:

For one-way element.,, use table 3-12 to determine the average load•'; mass factor.

$top 20, Ui ng th! effer'i ve tass of steýp 9 and the equivalent stiffness,
ea'culabe the natural period ,,r vibration TN from equation 3-60.

.\Step 21. Determine the response chart parameters:

a. Peak pressure P (step 1).

b. Peak resistance r u (step 8).

c. Duration of load T (step 1).

d. Natural period of vibration T (step 20).

A-3
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Also calculate the ratios of peak pressure P to peak resistance
r and duration T to period T N Using these ratios and the

response charts of Volume HlI, determine the value of X /X and
mn E

tm/T / Compute the value of Xm and compare it to the maximum

permissable deflection of step 1, and if found satisfactory, pro-
ceed to step 22. If comparison is unsatisfactory, repeat steps 2
to step 21. In addition, compute the value of tim/ta fromn

tm/T N and T/TN and assuming tnat T = t , determine whether or not

correct procedure has been used; for elements to respond to the
pressure--time relationlship, 0. 1 <t /t <3.

m 0 ~•
Step 22. Using the ultimate resistance of step 8, the value of d of step 6

and equations of table 4-7, calculate the ultimate diagonal tension
shear stresses at distance d from each support. Also calculate

e
the shear capacity of the element from equation 4-23. If" the
capacity is greater than that produced by the load, shear rein-
foroement is not required. However, if the shear produced by the
load is greater than the capacity, then shear reinforcement must be
added to resist the excess. I

Note:

For, one-way elements, use table 4-6 to establish diagonal tension

.shear s tr P s

Step 23. Using the equations of table 3-10 or 3-11 and the ultimate resis-
tance of step 8, calculate the shear at the supports. Determine
required area of diagonal bars using equation 4-30. However, if
section type I is used, then the minimum diagonal bars must be pro-
vided (eq. 4-31).

Note:

For one-way elements, use table 3-9 to calculate the sihear at the
supports .

Ekamplc 4A-1, Elements Designed For" the Pressure-Time Relationship

Re quired: Desi gn a wall whi•oh spars in two directions arid is fully restraincd

at all supports for a given blast load.

Sol ution:

Step 1. GivTn:

a. Pressure Li ic loading (fig. 'IA-1),

1 . Me ximum,, def'lection equal to 3 tiues Clas3ti c deflection.

L = 1•80 in., H! = 14b1 i i. and f'ixed on four- sides (fig. 'IA--1).

d Type 1 C' o:30 s5 ctic m .i II.

t
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Figure 4A-1

Step 2. Select cross section of element and static stress of reinforcement
and concete (fig. 4A-2).

NEGATIVE REIN -. -- POSITIVE REINF c '
INTERIOR SURFACE f 66,000 psi

y

Assume T = 12 in. and

4 3/; - CL. concrete cover as shown.

EXTERIOR SURFACE

Fi gure 4A-2

Step 3. Determine dynamic stresses.

a. Dynamic increase factors -DIF (table 4-1).

Concrete:

Bending - 1.19

Diagonal tension - 1.00
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Reinforcement:

Bending - 1.17

Diagonal tension - 1.00

Direct ,hear - 1.10

b. Dynamic strength of materials

Concrete (fW ):
do

Compression - 1.19 (4,000) = 4,760 psi

Diagonal tension - 1,00 (4,000) = 4,000 psi

Reinforcement (f dy):

Bending - 1.17 (66,000) = 77,200 psi

Diagonal tension - 1,00 (66,000) = 66,000 psi

Direct shear - 1.10 (66,000) = 72,600 psi

Step 4. Dynamic design stresses from table 4-2.

Concrete (f ) :

Compression - 4,760 psi

Diagonal tension - 4,000 psi

Reinforcoment (fds = fdy"

Bending - 77,200 psi

Diagonal tension - 66, 000 psi

Direct shear - 72,600 psi

Step 5. In order to obtain optimum steel ratio pv/PH' set x = 11/2 to hlave

45 deg:'ees yield lines.

x H 1 44=-= =- = = 0.40

From figure 3--,7,

L VN+ MVp_L (--N-- / = 1.43
H 'ýl +' M1f

Theoefore,

MVN vi M 1.43 x 1144)

MHN + M1 1(80 1.31

T'y Ao. 4 bars at 10 in. o.c. in v,?ruicai direction, and No, )I bars i z

at 12 in . .c . in ho 'zoiurital direction .

A-6
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Step 6. Calcolate d and steel, ratios for each direction, minimum rein-
C

forcement ratio is equal to 0.15 percent.

Vertical:

Vertical reinforcement bars are No. 4 at 10 in. o.c. from step

5.

A 2 ,20 X 12 = 0.24 in 2 /ft
sv 10

Negative moment d = 12 - 1.5 - 0,25 = 10.25 in

Positive moment d = 12 - 0.75 - 0.25 = 11.0 in
;sV

Pv sb V 0.24X1 .

Hori zont al:

Horizontal reinforcement bars are No. 4 at 12 in. o.c. from

step 5.

12 2
A = .20 X = 0.20 in2/ft

1-2

Negati ve inonent dH 10. 25 -0. 25 0. 25 9. 75 i n

Positive moment dH = 11.0 - 0.25 - 0.25 = !i.5 in

AsH .20 0 00158 > 0. U015 O.K.

H bd H 12 X 10.5

Step 7. Calculate moment capacity of both positive and negative reinforce-

ment in bOtij directions.

a. Depth of equivalent rectangular stress blocks.

A I
b (eq. 4-12)

.24 X 77,200
a - 5 ---- 382 in

V .85 X 12 X 4760

.20 X 77,200 .318 in
a = _ _

H .85 X 12.X 4760

A-7



h. Manenr. capacity (eq. 4-11).

A 3f ds ,d a

Mu b 2 -)

0.24 (77,200)(10.25 - .382/2)
vN15531 in-lbs/in

0.24 (77,200) (11.0 - .382/2) 16689 in-lbs/in

M VP 12

0.20 (77,200) (9.'75 - .318/2)
MHN N 12 12340 i2n-bs/in

0.20 (77,200) (10.5 - .318/2) 13305 in-lbs/InM HP 12 1330 1 n--I2

Step 8. Determine ultimate resistance of the element..

M1 + Mi34~30~- )0 1135
L VN *VP 11/ 180 15531 + 16689 1/2

-1 114% •3 = -0 .40 (step 5)

From figur'e 3-17,

xJS:.405

x = .405 X 180 = 7219 9

Ultimate res s tance \t.abie 3-2)

5 (M +H Nf:
H N H P 5( H1' 1-( , ?i,ý10 2 1 3 -13 [5U = .- " = 2 1 . 1 3 l 3

ux (72.9)2

Step 9. Det cririne modiiu u of elaUtj city and [nodul ar ratio.

a. Conc..ete (--q. 4--4)
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E = wl.5 33 0.5 = (5150)1 50(33)(4000)0.5c c

= 3.83 X 10 6 psi

b. Steel (eq. 4-5)

E = 29 X 106 psiS

Es3 29 X 10 6

E 9 nX =0 7.56 (eq. 4--6)e. 6

Ste 1. Dtemin c 3.83 X 10

Step 10.]o Determine average moment of inertia for an inch strip.

a. Gross moment of inertia (eq. 4-9a)

T 3 23
S _ I_ 144 in4/in

g 1 2 12

b, Moment of inertia of cracked section (eq- 4-9b)o

Vertical direction:

10.25 + 1 1.0K-
d av) 10. 625 in(avg) 2

AA 0.24
- O. O01 88

ý(avg) =bd' 12(10.625)

F = 0.0102 (fig. 4-12)

3 3 14
I c= Fd (avg= .0102 X (10.625) = 12.2 in /inl

pHorizontal direction:

9. 75 + 1 0. 50
d(avg) = 10.125 in
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.20 0
P(avg) '012 (10.125) -

F = 0. 0092

I = .0092 X (10.125) = 9.5 in /in

c. Average moment of inertia of cracked section.

LIv +HMIc
LV cH 

(eq. 4-10)SL + H

(180 X 12.2) + (144 X 9.5) =41Ic 180 + 1 441.0i/n

d. Average moment of inertia (eq. 4-7).

1  Ig 2 4 1 044.0 11.0 Y 17.5 in4/in
a 2 2

Step 11. Calculate unit Viexural rigidity.

E I
c a
D a,((eq. 3-33)

Use v = .167 for concrete

Thr' of orec

D 38) X 10• T`. b• 0
83 __ _= 305.311 X 10 -lbs

1-(.1i67)•

Step 12. For points of' int.erest, see f _ELro I4A-3.

Step 13. !'roperl"e," at first yielid.
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From figure 3-33 for H/I., = 0.80

/ '" POINT 3, MVN

a 10/

PO111

POINT 2! IMHN

POINT 3, MVN71

Figure 4A-3

6,II 0.023 0,2 0.056

B = 0.031 P3 =0.068

1 0.0018

a. p =13,305 ipn-Iba/in MH = 12,340 in-1b3/in

MVp = 16,689 in-lbs/in MVN = 15,531 in-lbs/in

M rH . . r = 2 (eq. 3-25)

= 1 3 , 3 0 5/AO, 0 23 ( 1ifl 27.90 pi•

riv = 16,689/[0. )31 (144)2 - 25-96 psi

= 12,340/[0.056(141)2] = 1 0.63 psi

A-1Il
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r = 15,531/L0.068(1114) 2 11.01 psi
3

First yield at point 2 (smallest r).

b. r e 10.63 psi
e

c. M (0.023)( 0.63) 144) = 5,070 in-lbs/in

2
M IV (0.0 3 1)(10.6 3 ) (1144) = 6,833 in-Ibs/in

M3 0(.068)(10.63) 144) = 1 4,989 in-lbs/inI

d. X r H4/D (/q. 3-32)

e

Step 14. P'-operties at seobnd yield.

ArtTer rf. rsr yiei! element, arsjmes a Cipi ! -sk mpn i-r ixeOO-iIxc(J d c',n-
figuration, therefore, figure 3-34 for HiL = 0.80.

R H- 0.020

S= I .V 0 0.39 0.076

Y 1 0.0022

a. MlI =Mlp - MIII (at r) = 1,3 " -5,070 = 6,235 iri-lb• in

V =Vp v(at ) 16,609 - 6,833 = 9,856 in-ISa/in

M3 =MVN -PM3 (at r )e 15,53 1 14,989 542 in-1bs/in

b. Ar m

= 8,235/[0.020( 1 44)2 = 19.86 psi

Ar = 9,856/L0.039(09414)2] 4 12.19 psi
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Ar.Ar3  542/[O.076(1 44) 2 0.34 psi

Second yield at point 3 (smaller Ar)

C. Ar 0 0.34 psi

ci. r re + Ar = 10.63 - .34 = 10.97 psi (eq. 3-26)d rep r

e. IH (.020)(0O34)(144)2 + 5,070 5,211 in-lbs/in

2
M = (0.039)(0.34)(144) + 6,833 7,108 in-lbs/in

f. AX =YIArH4/D

41 6
AX - (0.0022)(0.34)(144) /305.34 X 106 0. 0011 in

Vep = Xe AX = 0.0269 4 0.0011 .028 inSep e

Step 15. Properties at final yield (ultimate unit resistance). After second

yield element assumes a simple-simple-simple-simple configuration,

therefore, from figure 3.36 for H/L 0.80.

Y = 0.00511

a. ru = 2. ý13 P.-i (f rom step 8)

b. Ar = r - r 24.13 - 10.97 13.16 psiu ep

c. AX - Y ArH4 /D

AX (0.0054)(13.16)(144, '4/305-3S X 106 0.100 in

d. X = X + AX = 0.028 + 0 i0 = . 128 :inp ep

Step 16. For actual resistance deflection nurve, sre f£gur' •,A-!1.

Step 17. Equivalent elastic dei').tct.iu- t'roi equation 3-35.

A'--1 3



1N

ru 24.13

w EQUIVALENT

z
{t) - ACTUAL

wwr rep =10.97
:::Lz re =10. 63 / ,/

z

X0.0269 X 0282
XE=0. 0 9 8

DEFLECTIONS X (inches)

FIGURE 4A-4
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XE -- Xe(rep/r ) * XepL1 - (re/ru)] X p[i - (r Ilru)]
F e ep u ep 0 U p WOp uI

XE = 0.0269 (10.97/24.13) + 0 028 Li - (10.63/24.13]

+ 0.128 [I - (10.97/24.13)) - 0.098 in

The equivalent resistance-deflection curve is shown in figure 4A-4.

Step 18. Calculate equivalent elastic stiffness.

u 24.13
K E 0.098 246.2 psi/in (eq. 3-36)

Step 19. Calculate effective mass of element.

a. Load mass factors (table 3-13 and fig. 3-44).

L/H = 1.25 x/L = .405

Elastic range - K = .61 + .16 (1.25-1) = .65

Elasto-plastic range:
two simple edgej K LM .62 + .16(0,25-1) =.66

four simple edges - K .63 + .16(1.25-1) = .67

Pl as•ti ranwe - .54
LM

K (avg. elastic and elasto-plastic) -. >6 + .66 + .67 = 66L M3

6.6 + .54
K (avg. elastic arid plastic) 2 .60

b. Unit mass of element.

wT 0wT 150X (I)X 10 2
m = .- 1 0 x( - ) x-10- 2,700 psi - mc ,/ing 32.2 (1728)

0,1. Effective unit mass of element.
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"m e K L m -. 60 (,,700) 1,620 ps i=ms 2min

Step 20. Calculate natural period of vibration.

m11
NT 2(1_ /2 (eq. 3-60)TN 2 KM

,1I 620, 1/2
T = 2(3.14) (' 62 0)/) = 16.1 ms

N 2'46.2

Step 21. Determine response chart parameters (fig. 3-64a).

Peak pressure P = 35 psi (step 1)

Peak resistance r = 24.13 psi (step 8)

I Duration T = 10.5 ms (step 1)

Period of vibration T = 16.1 ms (step 20)
* N

P/r 35/24.13 = 1.45 T9I = 10.5/16.1 0.65

From figure 3-64a:

X /X = 2.8 <3 (step 1)
m E

Use assumed section

traTN = 0.60 (fig. 3-64a)

t ITtmTN 0.60

t /t 0 t /T = .0.6 0-923tm o m T"/T 0.6

N

The correct procedure has been used since t /t = 0.923 is within
the range, 0.1<t /t <3. m 0

m o

Step 22. Check diagonal tension at d distance from support.

a. Ultimate shear stress (table 4-7),

3r ( ! - /d x)•
u I (5 - 4d - where d = d (of negative moment)

x(5 4dA/x e H

A- 1 6



3 X 24.13 (0 - 9.75/72.9)2 2,.

uH (9.75/72.9) [5 - 4 (9.75/72.9)] 91.0 psi

3r (0.5 - de/11)(1 - x/L - 2 dex/HL)

uV d /H(3 - x/L - 8 d x/HL)ee

where d = d (of negative moment)e v

3 X 24.13(.5 - iO.25/144)(I - ,405 - 2 X .405 X 10.25/144)
VuV ( 10.25/144)(3 - .405 - 8 x .405 X 10.25/11414)

=99.1 psi

b. Allowable shear stress (eq. 4-23).

V )1/2 0 (f,)1/
o[1.9 d + 2,3500 p .3,50 (f)/ - 221.4 psi

where p is the steel ratio at support

2,500 (0.20)
v = 1.9 (4,000)1 + 1(1214.14 psi 91.0

IVv 1.9 (4,000)1/2. 2,500 (0.214)
V= 1 12 (10.25) -- 125.0 psi >99.1 psi

No stirrup.,3 required

Step 23. Determine minimum area of the diagonal bars (cross section type I).

Ad = v bd/fd -:3-1.nt (eq. 4-31)

where d is equal to d at support.
e

Using a 145 ,

Ad{ = 124.4 (2 X 9.75)/72,600 (0.707) .283 in'/ft

AdV 1I5.0 (12 X 10.25)/72,600 (0.707) .300 in2/fCt

"P,-~ 17

*- - - - - -- - - - - - - - - - - - - - - .*-*~-.-*•,-- ".! 7



use #5 diagonal bars @ 12" 1.(7 K

Problem 4A-2. Preliminary Flat Slab Design for Large Deflection

Problem: Desigi a flat slab for large deflections.

Frocedure:

Step 1. Establish design parameters:

a. Blast loads including pressur'e--time relationship (Volume II).

b. Deflection criteria.

e. Structural configuration including geometry and support con-
di tions.

d. Type of section available uo resist blast, type I, II or IIl
dapending upon the occurrence of spalling and/or crushing of
the ecicrete cover.

Step 2. Select cros.3 section of the slab and the column or column capital.
Include conorete cover over reinforcement and maximum size of the
reinforcing oars in the flat slab. Also dpt.rmine allowable static
stresses of conurete aind reai ifurcing steel (Section 4 12). .

Step 3. Determine dynamic increase factors for both concrete and reinforce-
ment from table 4-1. Using the above DIF and the allowable static

stresses of step 2, calculate the dynamic strength of materials.

Step 4. Determine the dynamic design stresses" using table 4-2 and the re-
sults from step 3.

Step 5. Determine the ratio of the flexural stiffness of the wall to slab
in both direcitons using equations 4-50, 4-51, 4-62 and 4-73.

Step 6. Proportion total span moments to unit column and midstrip moments
in both directions using equations 4-52 through 4-60 arid 4-63

through 4-71.

Note;

Use equivalent framne method for the direction(s) with only two

spans.

Step 7. Adjust unbalanced negative unit moment at column and 'iidstri p in
both directions of the roof. Correct the corresponding positive
moments to maintain the, same total span moments.

Step . Calculate total external wtrk dnon by ru from equation )!-74 using

yield line patterns similar to figure )1-24. Jse Uniform deflection
(A) for all positive yield lines.
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Step 9. Calculate total internal work done using equation 4-76 and the unit
moments determined in steps 6 and 8.

Step 10. Equate the total external work to the internal work (equation 4-
77). Solvc the resulting equation for the ratio of r u/MoH Use

equations 4-61 and 4-72 to substitute MOL with Moll.

Step 11. Determine the minimum value of ru/MoH by trial and error proce-

dure. Vary the assumed value of one of the yield location vari-
ables while assuming a constant value for the rest to find the min-
imum r /Mo. Repeat until all yield line location variables are

u OH
established (X, Y, W and Z). The last step will yield the finalI

minimum valuc of iu' 1 oH i be used in the rollowing steps.

Step '12. Calculate the load-mass factor for the flat slab using the proce-
dure outlined in Volume III, for two-way elements. Use equation 3-
59 for the slab sectors with no drop panel and equation 3-58 for
the slab sectors with drop panel.

Step 13. Calculate effective unit mass of the slab using the larger de of
the assumed slab section from step 2 and equation 3-54. e

Step 14. Calculate the maximum deflection of the flat slab using the short-
est sector length (L).

S

Step 15. Determine the required unit resistance (ravail in equation 4-90)

to resist the given impulse loading (Volume II) and the values from -
steps 13 and 14. Check that the correct procedure was used.

Step 16. Determine the uniform dead load of the flat slab and calculate the
ultimate resistance of the slab (r u) from equation 4-90.

Step 17. Determine the required total panel moments in each direction using
the ultimate resistance from step 16, the minimum value of r /M

u oH
from step 11 and the ratio of M to M estatb).ished in step 10.

oL oHT

Step 18. Calculate the minimum required unit moments in each direction from
step 6 or 7 using the values of M and M from step 17.oL oH

Step 19. Calculate the minimum moment capacity of the slab section in each C

direction by choosing reinforcing bars. These capacities should be
equal to or slightly larger than the corresponding moments from
step 18. Also check for minimum reinforcing ratios from table 4-3.

Step 20. Determine provided resistance in each direction by using the ratios
provided to required unit moments from steps 18 and 19. Find the
average of these values to establish the unit resistance if the

flat slab.

,Step 21. Determine u])timate tension membran.. capacity of the flat slab using
equation 4-85. Find the average of continuous steel in the mid and

A-19
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column strip using: unit moment ratios from step 6 or' 7 and step
19. Use fds for- bending from stop 4 in calculating unit tension

forces in the continuou,- reinforcement, in each span direction.

Step 22. Calculate diagonal tension stresses at de distance from the edge of

wall supports according to Section 4-31.2 in both directions. De-
termine concrete capacity in diagonal tension from equation 4-23
using the ratios of unit moments from steps 6 or 7 and the rein-
forcing ratios from step 19. If' the diagonal tension stresses are
larger than the concrete capacity, s- )le leg stirrups should be
used or a drop panel be added along the wall in lieu of a change in
flat slab cross section. If drop panels are used, the diagonal
shear stress at de distance from the edge of wall drop panel must

also be checked.

Step 23. Check punching shear d /2 distance out and around the column or'e

column capital. Use the load area between positive yield lines
minus the area supported by column or its capital. if the shear

1 /2
stress is larger, than 11(fc) , use a column drop panel and check

the punching shear with the new thickness of the slab over the
column.

Stcp LAI. Determine the size of co.lumn drop panel by ohecking punching shear
de /2 distance out and around the drop panel .

Step 25. Check one-way diagonal shear' stress between positive yield lines de
distance out from the column drop panel in each direction. Use

equation 4-23 to find concrcte capacity. Increase column drop
panel size if required or' use single leg shear stirrups according
to Section 4-18.3.

Step 26. Check one-way diagonal shear stress between positive yield lines

for an average de distance out from ths column capital similar to

step 25. Average de is based on the width of the drop panel to the

total width. Increase column drop panel width or' thickness if re-
quired.

Step 27. Assume preliminary reinforcment for the flat slab using unit moment
ratios from step 6 and 7, MoL nd Mol from step 17 and equation 4-

19 with the slab thicknesses established throughout this procedurc.
Calculate all actual unit momenit capacities.

Note:

Check the actual flat slab resistance using unit moments frow step
27 and the established sizes and thicknesses of' drop panels. Be-
peat steps 8 to 27 for the actual values in ecieh direction. Also
provide diagonal bar's at wall and column according to sections 4--19

arid 4-31.2.
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Example 4A-2. Preliminary Flat Slab Design for Large Deflection

Required: Design of a flat slab with three equal spans in each direction for

large deflections.

Solution:

Step 1. Given:

a. P = 96 psi, T = 15 ms and triangular loading.

b. Maximum support rotation of 8 degrees.

c. L = H z 240 in., continuous walls all around 207 in. high and

21 in, thick.

d. Type III cross section.

Step 2. Assume:

a. T 15 in. thickness of flat slab.

b. D 145 in. diameter of column capital.

0. Concrete cover: outside 2 in.

inside 3/4 in.

d. d = 3/4 in. largest bar diameter.

e. f' = 4,000 psi compressive strength of concrete.
c

f. f = 66,000 psi yield stress of reinforcing bars.
y

g. fu = 90,000 psi ultimate stress of reinforcing bars.

Step 3. Determine dynamic stresses.

a. Dynamic increase factors. DIF (table 4-1).

Concrete:

Diagonal tension - 1.00

Rei nforcement:

Bending, yield stress - 1.17

Bending, ultimate stress - 1.05

Direct shear yield stress - 1.10 VI

Direct shear ultimate stress - 1.00

LvN b. Dynamic strength of materials.

A-21
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Concr et e:

Diagonal tension -) 1.00 (4,000) =4,000 ps

Rei nforcement:

Bending (fd) - 1.17 X 66,000 = 77,220 psi

Bending (fdu) - 1.05 X 90,000 = 94,500 psi '2

Direct shear' (fy) - 1.10 X 66,000 = 72,600 psi
dy

Direct shear (fd) - 1.00 X 90,000 = 90,000 psi

Step 4. Dynamic design stresses from table 4-2.

Concrete (

Diagonal tension - 4,000 psi

Reinforcement (fds):

""fds = (dy fdu)'d/2

Betiding - 85,860 psi

Direct shear - 51,300 psi r

Not e; :.

Since the structure is synmet ri cal in both directions, thle

calculations will be done only in one direction in steps 5 through.K
9, 12, 17 through 22, 25 and 26.

Step 5. Determine the ratio of the flexural stiffness of the wall to the
roof slab.

37
T w 21 3 X 240

oH - 32 = 3.18 (eq. 4-50)
HaITt)'X 20Y

cc' 0.76 (eq. 4-62)•e eli "1 + 1 1 + - 1 ".

Ote C H 3.18

Step 6. Calculate unit moments using equations- 4-52 through 4-60. See

figure 4A-5 for locations. .-

Sm = 0.65 a'I Mo/L = 0.65 (0.76) M 1/240 = (0.)194) Mo/ 2 4 0
1 e elO0
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I= 0.40 (0.63 - 0.28 a') MH /(L - H/2)
oCH cH

= 0. 40 0.63 - 0.28 X 0.76) M /(240 - 240/2) = (0.334)M /240
oH -Olf

m3  u.25 (0.75 - 0.10 (') M o/(L - 11/2)

- 0.25 0.75 - 0,10 X 0.76)M /(240 - 240/2) = (0.337) M /240
OH OlH

= 0.25 u.bS)M /(L - 11/2)
4 oH

= 0.25 X 0.65 mo/(240 - 240/2) = (0.3 7 5 )MH /240

+ 
H2m 0.40 (0.35)M ,,/(L - H/2)

= 0.40 X 0.35 MoH/( 2 40 - 240/2) (0.280)M /240
oH oH

+ = 0.60 (0.63 - 0.28 aecH)MoH/(H/2)

= 0.60 (0.63 - 0.28 X 0,76)M /(24u/2) (0. 501)M /240
oH oH-

m7 = 0.75 (0.75 - 0.10 (tH )M oH/(H/2)

= 0.75 (0.75 - 0.10 X 0.76)M ol/(240/2) = (1.011)M H/240

* 8 =0.75 (0. 6 5)MoH/(H/2) 0.75 (0. 6 5)MoH/( 2 40/ 2 ) (0.975)MoHll/240
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NOTE: L =I. OF SYMMETRY
H

L 240" I L 240" ,.[

o0mT + mT mj m7 I.

E E

"0 Mo+: + +420 M2 m 6 m

E - E "•

E

m3 or m4 ro8or m 3 or m4

E E J E E

E COLUMN
-- _______ _ _ _ _ CAPITAL_ _ -

. ... _ 9
T--7I E K÷I i _5• m9 m 5

:EE

0 H, 0

L--2 _ --- /2 _L -
Wall Mid Col. Mid

PLAN

'10

FIGURE 4A-5
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in9 = 0.60 (0.35)M /(11/2) - 0.60 (0.35)M //2 40/2 = (0.420)M o/t;40
9 oH oil i

Stop 7. a. Balance the negative unit momeut over the coluin arid midstrip.

n m3 mi4 in 3  1 =4 ý (0.337) Mol/240

mi) mn s.. in - in m (1.011) M //240
1 8 7 8 0H-

b. Adjust the corresponding positive unit moment in order, to keep
total panel mcments equal.

+ +
Adjusted mi5 = m5 - 2(m 3 - mO

+m5 = [0.280 ~ 2(0.337 - O. 3 2 5 )]Mo / 2 40 = (0.256) Mo/240

+ +

Adjusted m9 = in9 - 2(m 7 - in 8 )

.m9 = [0. 420 - 2 (1.011 - 0. 9 7 5 )]MoH/2 4 0 = (0. 3 48 )Mo/ 2 40

Step 8. Ca)oulate total cxternal work for an assumed deflection of A. Use
one quarter of the roof slab duc to synnit•t.o in both diretions+
See figure 4A-6 for yield lines and sectors.
Equivalent square column capital, C X C.

/2.._.4__1/2 = (1•(45L1 /2

= = 39.9 in. say 40 X 40 in.

W= Wv = [(3L A X)(X)+ (x
I IV u 2 2

r [(3 X 240 A X- 2 A
r___ L( X) (X )- +

u 2 2

A-2•
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[C'(l11 C/2' 3)ý 12 L - X C) )(11 )(A"I I V u 2 2 2 3

L 1 [ 2r4(20 2-42- X ) 1 I2U X 4 40) (24 0- -

w [- (240 - ) -L x C)__ 4) --

110 A 1(3)(2110)20--0 A
U2 2 2 2

From equation 4-7J4.

W E r F AA

v IW = w W. = (243200 -320X)

NStep 9. Calc-ulIt, C total ir[tu'z1cil work for the aossumed defCleotion ofA
U::,, onO qlUarter' of the roof slab due to symmetry in both dir'cc-
ti ons Sec, figute 4A-6 f or' aiigl es of r~otat i.on.

0 =o A

02H 0 2 A _ A A

0A A A

311 3V II C 2¾-4 0 100

A3ssuine N< X < 10in
4

4x

F E m n 0 (9-r -I IV I ill 2 3 ill]

(li)m 0 (L 2i" 0.-
2 2 ill3 2 111 2



m"- (2)(24A0) J0,494 [3 (240) - X/3] 1 0.501 (240)
(2)(2~40)X

Kvs

4 0.3334 [2 (240) -X/3)]

E1 E 0 (L) + - X 0 + m3 02H (L - X)

11 V 6 H 2 1 H2 32

- 0 22 - -[(0.501 1.011)240
(2)(240) 22 x

* 2(0.3311 0.337) (2 4 0 - X)]

E VI 0  L 4 0 (L - X) + m L + m3 0 3H (L -- X)

EII VI 9 3H 5 3H 7  3H

Moll A
S(2)(40) X 0. 348 1.011) 240

+ 2 (0.256 + 0.337) (240 - X)]

From equation 4-75.

E = E m Ok

i mV Moli A (129972.8 + 1331.76X - 9.7832X' + 0.01186X
3

EV E.
(240)(220 - X)

Step 10. Set. the external work equal to the internal work arid solve the
equation t'or' the ratios of r u/Mol.

W= E

M A(139972.3 1331.76X - 9.7832X' + 0.01186X3
(-2'43100 -320OX)

3- 7(240)(220 X)

A-27



t OF SYMMETRY

L =240" L /2 li20

FACE OF WALL
x C

0

• 'r •
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0 I
N it

An 4 OF SYMMETRY

'Div 444.4

LEGEND:

= NEGATIVE YIELD LINES

= POSITIVE YIEL.D LINES

P LAN

I ._

FIGURE 4A-6
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139972.8 + 1331.76 X -9.7832X + 0.02186) 43

MoH (80) (220 - X) (243200 - 320X)

r

Step 11. Minimize value of M using the equation from step 10 by assuming

various values for X to locate the yield line locations.

X (in) r /MoH (psi/in-lbs)u

lI 0 91 3.212 X 10

115 911.686 X 10-9

120 912.445 X 10-9 9

9116 911.654 X 10 *miinimu

117 911.713 X 10

Step 12. Calculate plastic load mass factor for the flat slab. See Section
4-30.5 and figure 4A-6.

"5 (¶4_

I_ _ c_ (2 3L X) X2 2 (3)(240) + 1 16 ,)

c) () x ( - X) - (-) (116) 1 + 1 -- -_)

c L I cI. IV 3 2 2 2 3 2 2 I

(cI =() =- XC(H---X) + 2 (H - - /--2

(Ao2 (o 40 1<

* (40) (240 40 -116)

3 (240 - 11 6) (3 24

I I 2 3 3L
-= (-) =- C (H - C)/2 + - (H - C)(.- c X)/4

clI I1 I cLl VI 3
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S= (140) (2110 - 40)/2

+ 4 (240 - 40)( X240 2 40 - 116)/4'

VI 86558.67 in2

I L1

A, (3L =-- X) = 1-• (3 X 240 - 116)I=AIV -22

A A = (H -C-- X)(LL + C- X)/2
TI V 2 2)~

(240 - 40 - 116)(3 X 240) + 40 - 116)/4
-- +)40 - 116)02 2

AIII AVI (H - C) (31- + X)/4 (210 -4)(3 X2240 11
II =I 2 20 - 116)/ 4

EI A 128,000.0 in. 2

CL 1 i 86558.67 0.676 (eq. 3-59)

KLM E Ai 128,000.0 6 (

Step 13. Calculate the unit mass of the slab.

d = 15 - 2 - .75 2 I5.5 in.

W 11.5 X 150 X 1000 2.
m - 12 X 32.2 X 1728 = 2583.5 psi--ms /in

Determine effective unit mass from equation 3--54.,

m = KLlM X m = .676 X 2583.5 = 1746.4 p:i- ms 2 /in 2

Step 14. Find maximum deflection using shortest sector length.

A -30
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C 240 - 40

X M L tan 0max = 100 X tan 8 14.05 in.

Step 15. Determine impulse load and required resistance for blast..

PT 96,0 X 15.0
Ib 22 720.0 psi-ms

b
r X (eq. 3-93)

u

r720.2 - 10.56 psi. r720.0

2 X 1746. 4 X 14.05 avail

Check for correct procedure,

720

m r 10.56 68.2 ms

68.2

t /T = 6 = 4.55 > 3 O.K. (section 3-20)
m 15

Step 16. Caloulate uniform dead load of slab and the required ultimate
resistance. Assume 150 psf concrete.

15 150
.DL 12-- X - = 1.30 psi

ffds

ravail =ru fdyr DI (eq. 4-90)
dy 4

= I .56+ 8!5 860"
Required r 10.56 860-) 1. 30 1 2.25 psi
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Step 17. Calculate required panel moment using the required ru from step 16

and the ru/MoH from step 11.

r
u 12.25Requirei M oH (r U)/ (-) 1= 3,437,115 in-lbs

MoH 911.65'4 X 10-9

Step 18. Calculate the minimum required unit moments from step 7.

M+ .256 oH
Minimum unit moment m i5 240

+ .256 X 13,437,115 14333 in-lbs/in

"5 240 =

Step 19. Calculate actual moment capacity at m5 , assume No. 4 reinforcing
bars 12 in. o.c.

de in H direction =d 15 - 2 - .75 - 2 X .75* + 2 X -5 = 11.25 in

7 .5
de iti L diection dV 15 - 2 - .75 - 2 X .75" - 2 X --- = 10.25 in

* Assumed No. 6 reinforcing in step 2.

A f d

M = A ds c (eq. 4-19)
u b

+, = .2 X 85,860 X 11.25 - 16099 in-lb/in > 1433 .K.
114 12

.@2 X 85,860 X 10.25
M . = 14668 in-lbs/in > 14333 O.K.

S(eq. 4-13)
e !

.20
p 1 .20 .0015 = .0015 O.K.

ml 12 X 11.2
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.1 20 .0016 > .0015 O.K.(•,• m 12 X 10.25

Step 20. Calculate the provided unit resistance of the flat slab.

ru (provided) = re (required) X m (unit moment roqidred)

(r) = 12.25 X 0-99 13.76 Psi
u 14333

S~14668
(ru) 1 2.25 X T4 3-3-3 1 2.54 psiI'••L\

m5

(ru) + (r)
u m14 m5 13.76 + 12.54

ru 2 = 2 13.15 psi > 12.25 O.K.

Step 21. Estimate minimum area of continuous steel in column strip using
unit moment ratios from step 7.

+ .348 MoHl

(A 2X(A X (0.20) .27 in /ft
m5  m5 .256 oH

240

Calculate the average unit tension force in continuous steel.

(As) H/2 + (A ) (L - H/2)

T-= s Xfd X 2
b bX L d

2'40 20
.20 X + .27 X (240 - 2 '

= 12 X 240 X 85,860 X 2 = 3,362 lbs/in

Calculate tension membrane resistance from equation 4-85.

3 1.5 X T /L 2

r = n-1

4 Z}
n3 n1TLL TI

,n 13,5 n H 1/21•%,]•<• ' ~cosh (2H (-_ )
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HL H - C = 24o 40 = 200 in

rT X (1.5) X (14.05) X 3,363)/(200)2PT n

(-) 2

3 nc (200) 3,
n 1,3,5 cosh 2 (200) ,3 63

-T 3 X 1.5 X 14.05 X 3,363 = 23.97 psi > 13.15 psi O.K.
T 4 X (200)2 (.6015 - .0364 + .0080)

Step 22. Calculate diagonal tension stresses at d distance from the edge

of wall supports according to section 4 - 3 1. 2 in both directions.

X Area (Sector I) V V 3L -X ) + 2 V

13.15 (3 X 240 - 116 ) 16 V (3 X 240 - 116) 2 V 116
2 i6 v 2 3 V+- 2

460670.8 1352.3 lbs/in" VV 340.67 =

Total diagonal shear load in L direction.

IN

v v (3L Y- X) + v ( x - d)uV V 2 3 V v

1352.3 X20- 116 2 6 -1 0.25)] = 4 5 1,44 3 lbs.23 2

Diagonal shear stress in L direction.
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V uv 451,443
Vu 3 X--4 125.9 Psi(3L (3 X 2d0 10.25) 10.25

2 V 2

Estimate reinforcing ratio at support using the ratio of unit
moments.

.494 MoH
2.0rml • rm m'i = 0016 ( M) = .0031

mi M M5,.256 MoH

Calculate diagonal shear capacity of concrete.

v = 1.9 If) + 2500 p (eq. 4-23)

VV = 1.9 (4000)1/2 + 2500 (0.0031) 127.9 psi > 125.9 psi

No stirrups or" wall drop panel required.

"Note:
Diagonal shear at d distance from the H direction wall will be

less than the one in L direction due to symmetry and larger de in H

direction. Calculation is not required.

Step 23. Check punching shear around column capital.

Use average de.

dV d,d+ d H 10.25 + 11.25
davg 2 2 10.75 in.

Diameter of punching. D = D + d 45 + 10.75 55.75 in.,U

Find area between positive yield lines minus column capacity.

2 2
3L p (3 X 240 2 i X 55.75

Area = - X 4 -- 116) - 57095 inL
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r X Area
v (punching) u 13.15 X 1095 398.8 psi0T D d n x 55.75 X 10.75 - 9. s

p avg ,

,/2• 4 (4000)I/2 253.0 psi < 398.8 psi

, Need drop panel, aasune 6 in.

d (revised) = 10.75 + 6 16.75 in.
avg

D (revised) = 45 + 16.75 = 61.75 in.
P

Area (revised) 13 X 240 2 X 61.75 in
2 416) - 4 - 554_i

V (punching) X 61.5 X 56541 7 228.8 psi < 253.0 O.K.V pnhn)=¶X 61,75 X 16.75

Step 24. Assume 63 X 63 in. drop panel. Check punching shear.

Punching Length Z 9. 9. + d = 63 + 10.75 73.75 in
p avg

r 3L 2 2 3 X 240 2 -2 2

Area - - X) - p 116) - 73.7 = 54097 in
p 2

r Area 13.15 X 54097 K- 4<
v (punching) 4 uZ d - TX 73.75 X 10.75 224.3 Psi 253.0 psi

p avg

Step 25. Check one-way diagonal shear de distance away from column drop

panel and between positive yield lines.

Width in L direction - X 240 - 116 = 244 in.2 2

Q

Area in L direction = Width (H - X - - d
2-3v
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244 (240 116 63 10,75) = 19947 n2

r Area 13. 15 X 19914 7 112

v 1 - 1 100. psi < v O.K.
d Width 10.75 X 244

v

Note:

Diagonal shear in H direction will be less than the one in L ,
direction due to symmetry and larger de in H direction.
Calculation is not required.

Step 26. Check one-way diagonal shear at an average d distance away from
column capital and between positive yield lines.

(Width) = 244 in (step 25)
L

dayg dv + (wdth) X drop panel depth

d 10.25 4 - X 6 11.80 in
a v g 2 4 4 M I

CArea in L direction Width (H - 2 - d av2)

40 2
- 244 (240 - 116 11.80) = 22496.8 in2

r Area 13.15 X 22496.8
V d=118 = lO2.7 psi <v O.K.Width 11.80 X 244 cavg

Not e:

Diagonal shear in H direction will be less than the one in L direc-
tion due to symmetry and larger de in H direction. Calculation is
not required.

Step 27. Calculate all remaining required moments similar to step 18.
Assume reinforcing bars for each, and determine actual provioed
unit moment capacities similar to step 19.
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Problem 4A-3, Elements Designed for Impulse-Large Deflections

Problem: Design an element subjected to an impulse load for a large deflec-
tion.

Procedure:

Step 1. Establish design parameters:

a. Impulse load and duration (Volume II).

b, Deflection criteria.

c. Geometry of element.

d. Support conditions.

e. Type of section available to resist blast, type II or III de-
pending upon the occurrence of' spalling.

f. Materials to be used arid corres pondi ng static design
strengths.

g. Dynamic increase factors (table 4-1).

Step 2. Determine dynamic yield strength and dynamic ultimate strength of
reinforcement,

Step 3. Determine dynamic design stress for the reinforcement according to
the deflection range (support rotation) required by the desired
protection level (table 4-2).

Step 4. Determine optimum distribution of the rpi nfor cement according to
the deflection range considered (sect. 4-33.4 and figs. 4-37 and 4-
38). Step not necessary for one-way elements.

Step 5. Establish design equation for deflection range considered arid type
of section (type II or III) available.

Step 6. Determine impulse coefficient C1 and/or Cu for optimum Pvi'l ratio
and L/H ratio.

Note:

If the desired deflection X is riot equal to X or XW determine
in 1

yield line location (figs. 3-4 through 3-20) for optimum )pp

ratio and L/H ratio and calculate Xm, XI and, if neccssary, X

(table 3-5 or, 3-6).
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Step 7. Substitute known parameterls into equation of step 5 to obtain rela-
• • tionship between p and d(I

Step 8. Assume value of' d and calculate p and from opt imum P)/P
C H

calculate p.. Select bar sizes and spacings necessary to furnish

required reinforcement (see Sect. for, limitations).

Step 9. For actual distribution or" flexural reinforcement, establish yield
line location (figs. 3-4 through 3-20).

Note: M PM 112 1/2

L VMvN + M VP L PV = A_, VAs V

f N HP+ M H P H AsH

since:
A

2 AsMN PM = p dc fds - dc fds
b

Step 10. Determine the ultimate shear stress at distance d from the supportC

in both the vertical (v from eq. 4-119) and horizontal (vuH from

eq. 4-118) directions where the coefficients CV and CH are deter-

mined from figures 4-39 through 4-52 (see sect. 14-35.2 for an
explanation of the figures and parameters involved).

Step 11. Determine the shear capacity v of' the concrete in both the ver-

tical and horizontal directions (use eq. 4-21).

Step 12. Select lacing method to be used (fig. 4-91). (Note: Lacing making
an angle of 450 with longitudinal reinforcement is most efficient.)

Step 13. Determine the required lacing bar sizes for both the vertical and
horizontal directions from equation 4-26 where the parameters

bk and s Z are determined from the lacing method used (ftig. 4-91),

and the angle of inclination of the lacing bars a is obtained from
figure 4-i5. The lacing bar size d must be assumed in order to
compute d and R b
(Note: See sect. 4-18.3 for limitations imposed upon the design of
the lacing).

Step 14. Determine required thickness T for assumed, d , selected flexural

and lacing bar sizes, and required concrete cover. Adjust T to
the nearest whole inch and calculate the actual d . 0

CA-3
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Step 15. Check flexural capacity based on either impulse or lefl'ection. p
Generally, lacing bar sizes do not have to be checked since they
are not usually affected by a small change in d .

a. Check of impulse. Canpute actual impulse capacity of the ele-
ment using the equation determined in step 5 and compare with
antiopated blast load, Repeat design (from step 8 on) if,
capacity is less than required.

b. Check of deflection. Compute actual maximum deflection of theW

element using equation determined in step 5 and compare with
deflection permitted by design criteria. Repeat design (fronm
step 8 on) if actual deflection is greater than that per-
mi tted.

Step 16. Determine whether correct procbdure has been used by first comput-
ing the response time of the element t (time to reach maximumm
deflection) from equation 3-95 or 3-96, depending on the deflection
range considered in the design, and then compare response time tm

with duration of load to. For elements to be designed for im-
pulse, tm 0o.

m o
V.

Step 17. Determine the ultimate support shear in both the vertical (Vv

from eq. 4--1 22) and horizontal (V from eq. 14-121) directions.

The coefficients CsV and CsH are determined from table 4--1 5 and

figures 14-53 through 4-56 (see sect. 4-35.3 for an explanation of
the figures and parameters involved).

Step 18. Determine the required diagonal bar sizes for the vertical and hor-
izontal (intersecting elements may control) directions from equa--

tion 4-30. Diagonal bars should have the same spacing as the flex-
ural reinforcement (fig. 4-95).

Note:

To obtain the most economical design repeat the abovw step:' for
several wall thicknesses and compare costs. Percentages of re-
inforcement may be used to reduce the amount of calculatiorns. In

determining the required quantities of reinforcement, lapping of"
the bars should be considered.

Example 4A-3, Elements Designed for Impulse-LarWg Defleetions.-

Required: Design the back wall of the interior cell (fig. 4A-7) of a mul tiCu-
biele structure for incipient failure.

A-40

',-kP-A F-kr-;, 7, r> '-J- r 'r" 1ý 1 ok !i, ý,lit.: v A7, ýA Aý-- 10 k-



28'-0

PLAN ELEVATION

FIGURE 4A-7

Solution:

Step 1. Given:

a. i b = 3,200 psi-ms and to = 5 ms

b. Incipient failure

C. L = 336 in, H = 120 in

d. Fixed on thee edges and one edge free

e. Type III cross section

f. Reinforcement f = 66,000 psi and f = 90,000 psiy u

concrete f' = 4,000 psi
c

g. For reinforcement DIF = 1.23 for dynamic yield stress

DIF = 1.05 for ultimatu dynamic sties3

Step 2. Dynamic Strength of Materials

f = DIF f = 1.23 x 66,000 = 81,180 psi
iy y

fdu= DIF fu = 1.05 x 90,000 = 914,500 ps3i

Step 3. Dynamic Design Stress, from table 4-2

f ds  ( (dy + f du )/2 = (81,180 + 94,500)12 87,8110 psi
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Step 4. From figure 4-38 for L - = 2.8 and 3 edges fixed,

11 120
Optimum:

Pv / PH = 1.41

Step 5. Since X = X (incipient failure):m u

.2
i H

b C(eq. 4-103)P } d 3 f d u

H cf q

Step 6. L/H = 2.,5 is not plotted on figure 4-34, therefore must interpolate
for optimum p v/p .

For pv/pH I.41

L/H C
U

1.5 613.0
2.0 544.0
3.U 444.0
4.0 387.0

From figure 4A-8, C = 461.0.

Step 7.

3  i t H
PH d . .... .G Cu fd••.'

3 (3,200)2 (20) =30.3

C (461 .0) (8Y,840)

Step 0. Assume do 21 in:

30.3 30.3 0,00327

P V"
DV . .. PH) = 1!.41 (0. 00327) = :0. 000•:i L-

DH



700

600 , ,
II

S500

• " I 'A

400

3001

0 I 2 3 4

L/H

FIGURE. 4A-8
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AsH = 0.00327 (12) (21) = 0.82 in 2/ft - Use #8 @ 11
(As = 0.86)

A sV - 0.00461 (12) (21) = 1.16 in 2/ft - Use #9 @ 10
(A = 1.20)

Step 9. Yield line location.

Actual :

Pv _ AsV 1.20 0,698
2 pH 2 AsH 2 x 0.86

1/ 2

From figure 3-11 for E [sv] 2.8 (0.698)1 2.34
H AsH

and M vp/MvN2 1.00

x/L = 0.385, x = 0.385 (336) = 129 in

K x-- 129" x --129"

/0
/ / N

i/ N

z 1117771 17777l~iil J/

L = 336"

FIGURE 4A-9

Step 10. Ultimate shear stress at distance d from support.
C

a. Vertical Direction (along L):

For:

dc 21
= 0.175 and x/L- 0.385

H 120
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From figure 4-45:

d
(_) - 0.49 and CM = 1.07

H M

For:
d c/H 0. 175 0.5

(dc/H)M 49

From figure 4-46:

Cv
0 0.58CM

Therefore:

C 1.07 (0.58) = 0.62

Asv 1.20
P V . .. 0 . 0 0 4 7 6

b d 12(21)

3o that:
Cv = V V fds (eq. 4-119)

- 0.62 (0.00476) (87,840)

- 259 psi

b. Horizontal Direction (along H)

For:

d- = 21 = 0.163

x 129

From figure 4-40:

C = 0.81

AsH 0. 86H1b d 12(21)
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so that;

uH °H H dP
(eq. 4-118)

- 0.81 (0.00341) (87,840)

= 243 psi

Step 11. Shear Capacity of Concrete (eq. 4-23)

a. Vertical Direction
1/21/

vc = (1.9 (fc) + 2,500 p

= [1.9 (4,000) + 2,500 (0.00476)]

= 129 psi

b. Horizontal Direction

vc = (1.9 (f 1/2 + 2,500 p
cH

= [1.9 (4,000) + 2,500 (0.00341)]

= 132 psi

Step 12. Use lacing method No. 3 (see fig. 4-91).

Step 13. Lacing bar sizes:

a. Vertical Lacing Bars

bt = 10 in s = 22 in

Assume No. 6 Bars,

d = 0.75 in

d = 21 + 1.13 + 2.00 + 0.75
- 24.88 in.

Min R - 4d
p b

For:

Z9, 22
o0.884 (eq. 4-28)

d 24.88
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2 Rt + d 9 b 9 _ 9 (0.75)
- . = 0.271 (eq. 4-29)

d d 24.88

09 QO0
(VERT.)

(WORIZ.)

FIGURE 4A-10

From figure 4-15:

ax 53.00

For shear:

fdy = 1.10 x 66,000 = 72,600 psi

f du 1.00 x 90,000 = 90,000 psi

fds (72,600 + 90,000)/2 = 81,300 psi

A -- c ) (eq. 4-26)
Sfds (sin a + cos a)

(259 - 132) (10) (22)
0.85 (81,300) (0.799 + 0.602)

2
0.289 in

Min A = 0.0015 b s
v 2

= 0.0015 (10) (22)
2

= 0.330 in
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Use No. 6 bars:

(A = 0.44 in

b. Horizontal Lacing:

*9,MIo" (VER'r)

b = b 11 in = 20 in

4 #Ia I I" (HORIZ")

FIGURE 4A-I 1

Assume No. 6 Bars:

d = 0.75 in

d = 21.0 + 1.13 + 0.75 22.88 in

Min. Rf 4 d
Z b

For:

s_ 20

S22 

0.874 (eq. 4-28)

2R 22.88

2£ + db 9 db 9 (0,75)
. ... =0.295 (eq. 4-29)

dZ d• Z 22.88

From figure 4-8:

0 -
a-- 53.5

(v -v)b s)AV uH c (eq. 4-26)

f (sin cx + cos aX)

(243 - 129) (11) (20)

0.85 (81,300) (0.804 + 0.595)

- 0.259 in 2
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Min. A = 0. 0015 b , s,

= 0.0015 (11) (20)

= 0.330 in2

Use No. 6 bars: in

(A = 0.44 in 2 )

Otep 14. Actual d depends upon vertical lacing.
C

Cover - 2 x 0.75 = 1.50
Lacing - 2 x 0.75 = 1.50

Horizontal - 2 x 1.00 - 2.00
Vertical - 1.13 = 1.13

6.13 in

T = d + 6.13 = 21 + 6.13

= 27.13 in .. Use 27 in

Actual d. = 27 - 6.13 = 20.87 in

Step 15. Check capacity.

a. Actual impulse capacity.

For:

V = 1.40 1.41, C = 461.0 (fig. 4-34)

PHu

For:

o. 86

dc 20.87 in, p H 12(2.
8 7 0.00343

2 PH dc fds Cu
ib

0.00343(20.87)3 (87,840) (461.0)

(120)
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ib = 3244 psi-ms > i b - 3,200 psi-ms

b. Actual maximum deflection.

For:
PV

S= 
1.40, CI = 4'52.0 (fig. 4-31)

PH

Note: Interpolation for C not shown.

Cu = 4161.0

From table 3-6 for x > H:

X 1 H tan 120 = 120 (0.2125) = 25.5 in

L r -1 (tan 0max

Xu x tan 0 a (- - x) tan [O - tan maU a ma x x/H

(129) tan 12 ÷ (168-129) tan 112-tan-I 12

- 27.42 ± 0.56 27.98 in.

From Stop 5:

ds~ I

22

(3200) (120)

0.00343(20.87)3(87,840)

X - 25.5

452.0 + (461.0-452.0) [ T - - - ]
27.99 - 25.5

From which:

X = 24.58 in < X

Note:

Since the deflection X is less than X the above solutionm 1'

(X = 24.58) is incorrect because the equation used is for
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K <
the deflection range X X < X Therefore, an equation for-

I m u "
the deflection range 0 < X < X must be used to obtain th,-'
correct .Soiutlon.

From Section 4-33.5 for, Typ. II[ cros3 sections and valid for
deflection range:

0< X < X
m m1

PH dc 3fdo1

H X
X =

Pit dc3 f ds C1

(3200)2 (120) (25.5)

(0.00343) (20.87)3 (87,840) 452.0

X = 25.3 in
m

Note:

The element is slightly over-designed. To obtain a more
economical design, the amount of flexural reinforcement may
be reduced.

Step 16. The response time of the element is obtained from:

t b (eq. 3-96)
m r

U

where:

5 (M + M)
r - (table 3-2)u2

2
x

but:

A5H f s d c
MHN =M HP b
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0.86 (87,840) (20.87)

12
therefor :

= 131,380 in-lbs/in

= 5 (2) (131,380) = 789 Psi
u 2~

(129)2

so that:
1 3,200

t = b- 40. 6
m r 78.9

U

m 40.6
-- = -. 8.12

t 5
0

The correct procedure has been used since:

t
-- >3

t
0

Step 17. Ultimate support shear.

a. Vertical Direction (along L):

From figure 4-54, for:

x/L = 0.385

CsA = 4.4'L

22
v V = v dC fd (eq. 4-122)

av H

4.40 (1.20) (20.87 2 (87,840)

12 (20.87) (120)

= 6720 lbs/in

b. Horizontal Direction (along iH):

From table 4-15:

6 6HC 6 - 6 15.6
(x/L) 0.385
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CsH P dc fdseq.
•"VSHH ds'I)

15.6 (0.00343) (20.87)2 (87,840)

336

= 6,090 lbs/in

Step 18.. Diagonal bar sizes.

Not e:

Place bars on a 45° angle.

sin a = 0.707

a. Vertical Direction (at floor slab):

V bVsVb 6,720 (10) 2
Ad- 1.17 in (eq. 41-30)

A ds sin a 81,300 (0.707)

Required area of bar:

Ad 2
=-- 0.58 in

2

Use No. 8 @ 10.

b4 Horizontal Direction (at wall intersections):

A V .sH b 6,090 (11) 1.6 in2  (eq. 4-30)
fds sin a 81,300 (0.707)

Required area of bar:

Ad 2
- -- 0.58 in
2

Use No. 8 @ 11.
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Problem 4A--4, Elements Designed for Impulse--Limited Deflections -.

Problem: Design an element which responds to the impulse loading of a close-
in detonation.

Procedure:

Step 1. Establish design parameters: •1

a. Blast loads including pressure-time relationship (Volume II).

b. Deflection criteria.

c. Structural configuration including geometry and support conditions.

d. Type of cross section available depending upon the occurrence of'
spalling and/or crushing of the concrete cover.

Step 2. Select cross section of element including thickness and concrete
cover over the reinforcement. Also determine the static design
stresses of concrete and reinforcing steel (Section 4-12).

Step 3. Determine dynamic increase factors for both concrete and reinforce-
ment from table 4-1. Using the above DIF's and the static design
stresses of step 2, calculate the dynamic strength of materials.-K

Step 4. Determine the dynamic design stresses using table 4-2 and the re-

sults from step 3.

Step 5. Assume vertical and horizontal reinforcement bars to yield thle
optimum steel ratio. The steel ratio is optimum when the resulting
yield lines make an angle of 45 degrees with the supports.

Step b. Calculate de (d or d0 depending upon the type of cross section

available to resist the blast load) for' both the positive and nega-
tive moments in both the vertical and horizontal directions. De--
termine the reinforcing ratios. Also check for the minimum steel
ratios from table 4-3. ..

Step 7. Using the area of reinfor'cerment and the value of d from step 6,

and the dynamic design stress of step 4, calculate the moment
capacity (Sect. 4-17) of both the positive and negative reinfor'ce-
ment. Also calculate the pv/pQ ratio and compare to the optimum
steel ratio from step 5.

Step 8. Establish values of KE, Xl, and ru similar' to the procedures of'

prorlem 4A--1, steps 8 to 18.

Step 9. Deter'mine the load-mas,3 factor KLM, for elastic, elasto-plastic and

plastic ranges from table 3-13 and figure 3-44, The average load

mass factor is obtained by taking the average KLl for' the elastic ,.

A-5'4
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and elasto-plastic ranges and averaging this valac with the KLM of,

the plastic range. In addition, calculate the unit mass of the

element (account for reduced concrete thickness if' spalling is
anticipated) and multiply this unit mass by KLM for the element to

obtain the effecti.ve unit masý of the element.

Step 10. Using the effective mass of step 9 and the equivalent stiffness of'
step 8, calculate the natural period of vibration TN from equation
3 -6o.

Step 11. Determine the response chart parameters:

a. Peak pressure P (step 1).

b. Peak resistance r u (step 8).

c. Duration of load T (step 1),

d, Natural period of vibration TN (step 10). t

Also calculate the ratios of peak pressure P to peak resistance r, 0.

and duration T to period of vibration TN. Using these ratios and

the response charts of Volume III, determine the value of Xm/X.E,
Compute the value of Xm,

Determine the support rotation corresponding to the value o01

from step 11 using the equations of table 3-6. Compare this value
to maximum permissible support rotation of step 1, and if found to
be satisfactory, proceed to step 13. If comparison is unsatisfac-
tory, repeat steps 2 to 12.

Step 13. Using the ultimate resistance of step 8, the values of de of step 6

and the equations of table 41-6 or 4-7 (table 3-10 or 3-11 if shear
at support is required), calculate the ultimate diagonal tension
shear stress at a distance de from each support (or at each sup-

port). Also, calculate the shear capacity of the concrete from
equation 4-23. If the capacity of the concrete is greater than
that produced by the load, minimum shear reinforcement must be
used. However, if the shear, produced by the load is greater than
the capacity of the concrete, then shear reinforcement in excess of
the minimum required must be provided. Also check for maximum
spacing of shear reinforcement.

Step 14. Using the equations of table 3-9, 3-10 or 3-11 and the ultimate
resistance of step 8, calculate the shear at the supports. Deter-
mine the required area of diagonal bars using equation 4- 3 0. How--
ever, if section type I is used, then the minimum diagonal bars
must be provided.
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Example 4A-4, Elements Designed for Impulse-Limi'ed Deflections

Required: Design the side wall of cubicle with no roof or front wall and sub-
ject to the effects of' a detonation of an explosive within the
cubicle.

Solution:

Step Givei,:

a. Pressure-fime loading (fig. 4A-12).

b. Ma;ximum support rotation equal to 2 degrees.

c. L - 180 in., H = 144 in. and fixed on two sides (fig. 4A-12).

d. Type III cross section,

TCE m

BLAST LOAD PLAN SECTION

Figur'e 41A- 12

Step 2. Select element thickness and static stress of reinforceinent and
concrete (fig 4A-13).

..... .....,.

NEGATIVE REIN..- -. . �POSITIVE REIN.

* - - INTERIOR SURFACE
" f' '1, 000 p!.

1 - C L. f 466,000 psi

EXTERIOR SURFACE I Assume T. 22 in. and concrete u

"cowv). is as shown in figure 4A-13.
* ,, . .' .*Ii,

Figure 4A--1 3
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Step 3. Determine aynamic stresses.

a. Dynamic increase factors, DIF (from table 4-1),

Concrete:

Diagonal Tension - 1.00

Rei nf orcement:

Bending - 1.23

Diagonal Tension - 1.10

Direct Shear - 1.10

b. Dynamic strength of materials.

Concrete (f'I dc):

Diagonal Tension 1.00 (4,000) = 4,000 psi

Reinforcement (fdy):

Bending 1.23 (66,000) = 81,180 psi

Diagonal Tension 1.10 (66,000) 72,600 psi

Direct Shear 1.10 (66,000) = '.72,600 psi

Step 4. Dynamic design stress from table 4-2.

Concr el e (f Idc): ;1

Diagonal Tension - 4,000 psi ,

Reinforcement (fds fdy for 0 < 2)

Bending - 81,180 psi

Diagonal Tension - 72,600 psi

Direct Shear - 72,600 psi

Step 5. Determine the optimum steel ratio pv/PH. Set x H to obtain 45
degree yield lineb.

L

x H 1144 0 0
SL-- 0 o0.80

From figure 3-4,
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L VP 1/2
- M ) = 1.08
H M HN MHP

Therefore,

MVp (1.08 X 144 0.75

MHN MHP 180

or

Mvp/MHN = 1.50

Try No. 7 bars at 8 in. o.c. in the vertical direction and No. 6
bars at 8 in. o.c. in the horizontal direction.

Step 6. Calculate dc and the steel ratios for each direction.

Assume No. 3 stirrups.

dcv = 22 - (2 X 0.375) - 0.75 - 1.5 - (2 X 0.875/2) = 18.125 in.

deH = 18.125 -- (2 X 0.875/2) - (2 X 0.75/2) = 16.50 in. .J-J.

A_ _
sV 0.60

.X .25 0.0041 > 0.0015 minimumSV bdcev 8 X 18.125

AsH 0. 44

pH . . 1 = 0.0033 > 0.0015 minimum

bdCH

St-ep 7. Calculate the moment capacity of both the positive and negative
reinforcement in both directions (eq. 4-19).

A f d
Mu = b

0.60 (81,180)(18.125) 1 0 4-,
MVN MP = 8 = 110,354 in-lbs/in

-- M p 0.44 (81,180)(16.50)8'•

M M 0 _-0 = 73,671 in-lbs/in

MVN /14HN = 110,354/73,671 - 1.5 1.5 from step 5 o.k.
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Step 8. Using the procedure in example 4A-1, steps 8 through 18 and the
moment capacities from step 7, establish the values of KE, XE and
ru.

K 36.7 psi/in.

E

X = 0.968 in.

r = 35.53 psi
u

Step 9. Calculate the effective mass of the element.

a. Load mass factors (table 3-13 and fig. 3-44)

x/L 0.80

elastic range KLM = 0.65

elasto-plas tic range:

one simple edge KLM = 0.66

two simple edges KLM = 0.66

plastic range KLM 0.54

KLM (average elastic and elasto-plastic values)

0.65 + 0.66 + 0.66
__ o= 0.66

KLM (average elastic and plastic values)

0.66 + 0.54 02 0.60

b. Unit mass of element:

Using the larger dc as the thickness of the element.

Due to spalling (Type III cross section) available thickness
equals

T = d = 18.125 in.0 0

w d 150 (18.125) 10i 6 2
m = 4,072 psi-ms /in

g 32.2 X 12 X 1728
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c. Effective unit mass of element:

me KLM m = 0.60 ('4,072) = 2, 443 psi-ms 2n

Step 10. Calculate the natural period of vibration.

112"
T N =2ir (mr/K)I/ (eq. 3-60)

T = 2 (3.14) (2443/36.7)1/2 = 51.2 ms

Step 11. Determine maximum response of element.

a. Response chart parameters:

Peak pressure, P = 1485 psi (step 1)

Peak resistance, ru = 35.53 psi (step 8)

Duration of blast load, T = 1.2 ms (step 1)

Period of vibration TN 51.2 ms (step 6)

P/ru = 1485/35.53 = 41.8

T/TN = 1.2/51.2 - 0.023

b. From figure 3-614a:

Xm/XE = 5.0

Xm = 5.0 X 0.968 = 14.84 in

Step 12. Check support rotation (table 3-6).

Since x = H = 1 4 4 in. and 0 <Xm < XI

Xm = xtanOH

tan OH = 4.811/144

EH = 1.93" < 20 assumed section is O.K.
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Step 13. Check diagonal tension at supports (internal loading).

a. Calculate ultimate shear stresses at support bN dividing the
values of the support shear from table 3-10 by their
respective dc.

VsH 3ru x/5 = 3 X 35.53 X 144/5 = 3,070 lb/in

x

3ru H (2 - 3) 3 (35.53) 144 (2-0.80)
V = 8 x - (6 - 0.80) = 3,542 lb/in

(6 - L)

"VuH = V sH/dcH 3,070/16.50 = 186.1 psi

" Vu V Vsv/dcv = 3,542/18.125 = 195.4 psi

b. Allowable shear stresses (eq. 4-23)

1/2 1/2
v 1.9 (f') + 2500 p - 3.5 (fc) = 221.4 psi

where p is the steel ratio at the support.

• • =1.9 (4000)1/2 + 2500 (0.0033) = 128.4 psi < 221.4 psi
cH

= 1.9 (4000)/ + 2500 (0.0041) ý 130.4 psi < 221.4 psi

c. Required area of single leg stirrups.

(Vu - V ) bs

5 (eq. 4-26)

v - vcH = 186.1 - 128.4 = 57.7 < 0.85v cH 108.8 psi

Use 0.85 v cH as minimum.
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Vuv - Vcv = 195.4 - 130.4 = 65.0 < 0.85v = 110.8 psi

Use 0.85 VCV as minimum.

Tie every reinforcing bar intersection, therefore,

b = s = 8 in. < d t/2 (maximum spacing) O.K.

108.8 X 8 X 8 = 2
vH 0.85 X 72,600 .

minimum AV = 0.0015 bs = 0.10 in < 0.11 O.K.

110.8 X 8 X 8 2 1i
AvV = 0.85 X 72,600

minimum Av = 0.0015 bs = 0.10 in2 < 0.11 O.K.

The area of No. 3 bar is 0.11 in 2, so bar assumed in step 6 is
O.K.

Step 14. Determine required area of diagonal bars using the values of the
shear at the support from step 13.

V b
A s (eq. 4-30)Ad -fssina

Assume diagonal bars are inclined at 45 degree:,. I
3.070•X 8 _ 0 2AdH =72,600 X 0.707 = .8in- at 8 in. o.c. •

A 3,4 =0558 in2 at 8Bin. o.c.
=3,542 X 8 2•

Ad 7260 -.0 0.55 in2 at 8 in. o.e. ,

dV 72,600 X 0.707

Use No. 7 bars (Ab = 0.60 in 2 ) at 8 in. o.c. at both support3

"A-62 '

A - 6 2,•I- _



Problem 4A-5, Elements Designed for Impulse-Composite Construction

Problem: Design a composite (concrete-sand-concrete) wall to resist a given
blast output for incipient failure.

Procedure:

Step 1. Establish design parameters.

a. Structure configuration.

b. Charge weight.

c. Blast impulse load (Volume II).

d. Thicknesses of concrete and sand portions of wall.

e. Blast impulse resisted by concrete panels.

f. Density of concrete and sand.

Step 2. Determine scaled thicknesses of concrete and sand using:

S= T 1W1/3 and T = T /W1/3
c c 5 s

6tep 3. Determine scaled blast impule rv.••i-- d by each concrete panel.
usi ng:

b- i //W1 /3 (donor panel)Zbd bd •

1/3 I

-ba = ba /W (acceptor panel)

Step 4. Correct scaled blast impulse resisted by concrete (Step. 3.) to
account for the increased mass produced by the sand and the re-
duction of thc concretc mass produced by spalling and scabbing of
the concrete panels using:

+ d w T 1/2
c c s

Tc c+ (__-) (-_s)

2 w 2
(Corr.) -d c ]

bd bd d V.
o

112 ..
T +d w T
Tc c s A

2 w 2
(Corr.) 'ba- [ c
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Step 5. Determine scaled blast impulse attenuated by acceptor panel and the

sand ia from figure 4-57 or 4-58, for ws equal to 85 and 100 pcf.,

respecti vely.

Step 6. Calculate total impulse resisted by the wail using:

I =i +i1

bt a bd

Step 7. Compare blast impulse which is resisted by wall to that of the
applied blast loads.

Example 4A-5, Elements Designed for Impulse-Composite Construction

Required: Design the composite wall shown below for incipient failure con-
ditions.

ELEVATION SECTION

FIGURE 4A-14

Step 1. Given:

a. Structural configuration as shown in t'igure 4A-14.

b. W = 1,000 lbs.

c. Ib = 4,800 psi-ms (Volume II).

d. T = 1 ft, Ts 2 ft, and d 0.833 ft.
cs

e. i bd = iba = 1,500 psi-ms (sect. 4-33).

f. w - 150 pcf and w = 100 pcf.C S

Step 2. Scaled thicknesses of concrete and sand;
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1/3 /31/3
T = Tc/W 1/0000)/ 0. 1 ft/lb (eq. 4-125)

SS T /WI/3- 2/(1000)1/3 - 0.2 ft/lb 1 / 3  (eq. 4-126)

Step 3. Scaled blast impulse resisted by individual concrete panels.

- 1500 1/3
1bd = ba 150 psi-ms/lb (eq. 4--127)

( 1000)1/

Step 4. Correction or scaled impulse resisted by concrete panel used in com-

posite walls.

1/2
T +d + w Tc c s S

(Corr. i = [ 2 -- 2__]

bd d
I/2- 2 d

1.0 + 0.83.3 .+ 1 2 -- 2)

-150[ 2 - 1502
0.833

1/3207 psi-ms/Ib 1 • (corr.)= _- ba

Step 5. Scaled blast impulse attenuated by acceptor panel and sand.

1/3i = 280 psi-ms/lb (fig. 4-58)a

Step 6. Total scaled blast impulse resisted by wall.

-bt a + -ibd = 280 + 207 = 487 psi-ms/lb1 / 3

Step 7. Comparison of wall capacity and applied blast load.

-bt = 487 "b = 480 psi-ms/lbI/3 O.K.
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Problem 4A-6, Design of a Beam in Flexure

Problem: Design an interior, beam of a roof subjected to an overhead blast
load.

Solution:

Step 1. Establish acsign parameters:

a. Structural configuration.

b. Pressure-time loading.

c. Maximum allowable support rotation.

d. Material properties

Step 2. From tatle 4-I, determine the dynamic increase factors, DIFo For
the det'lection criteria given in Step 1c, find the equation for the
dynamnic design stress from table 4-2. Using the DIF and the
material properties from Step 1d, calculate the dynamic design
stresses.

Step 3. Asruming reinforcing steel and concrete cover, calculate the
distance from the extreme compression fiber to the centroid of the
tension reinforcement, d.

Step 4. Calculate the reinforcement ratio of the steel assumed in Step 3.
Check that this ratio is greater than the minimux, reinforctinent
required by equation 4-137 but less than the maximum reinforcement
permitted by equation 4-132.

Step 5. Using equations 4-129 and 14-130, the dynamic design stresses from
Step 2, and the value of d from Step 3, calculate the ultimate
moment capacity of the beam.

Step 6. Compute the ultimate unit resistance of the beam using the moment
c ,pacity of Step 4 and an equation from table 3-i

Step 7. Calculate the modulus of elasticity of conerete E and steel E

(equations 4-U and 4-5, respectively) and the modular ra-

tio n (equation 4-6). Determine the avcrage moment of in-
ertia I of the beam accordin2 to Section 4-1i5.

a

Step 8. From table 3-8, find the correct equation for the equivalent
elastic stiffness K V Evaluate thts equation using the. values

of E and I from Step 7.c a

Step 9. With the ultimate resistance from Step 6 and the stiffness K1,

from Step 8, use equation 3-36 to calculate the equivalent elastic
deflection XE.,
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Step 10. Find the values for the loadc.mass factor K in the elastic,
LM

elasto--plastic and plastic ranges from table 3-12. Average these
values according to Section 3-17.4 to determine the value of KLM to
be used in design.

Step 11. Determine the natural period of vibration T using equation 3-N
60, K LM from Step 10, KE from Step 8 and the mass of the beam. The

mass includes 20 percent of the adjacent slabs.

Step 12. Calculate the non-dimensional parameters T/T and r /P. Using the
appropriate response chart by Volume III determine the ductility
ratio, •.

Step 13. Compute the maximum deflection Xm using the ductility ratio from

Step 12 and X from Step 9. Calculate the support rotation cor-

responding to Xm using an equation from table 3-5. Compare this

rotation with the maximum allowable rotation of Step 1c.

Step 14. Verify that the ultimate support shear V given in table 3-9 does

not exceed the maximum shear permitted by equation 4-142. If it
does, the size of the beam must be increased and Steps 2 through 13
repeated.

Step 15. Calculate the diagonal tension stress vu from equation 4-139 and

112check that it does not exceed 1 O(f)

Step 16. Using the dynamic concrete strength f'I from Step 2 and equation 4-
140, calculate the shear capacity of eRe unreinforced web, v.

Step 17. Design the shear reinforcement using equation 4-140, and the excess
shear stress (v - v ) or the shear capacity of concrete

V , whichever is greater.

Step 18. Check that the shear reinforcement meets the minimum area and
maximum spacing requirements of Section 4-39.4.

Step 19. With T/TN and Xm/XE from Step 12, enter figure 3-268 and read the
required resistance of the beam in rebound.

Step 20. Repeat Steps 3 through 6 to satisfy the required rebound resis-

tance.

Example 4A-6, Design of a Beam in Flexure

Required: Design of an interior of a roof beam subjected to an overhead blastload.
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Sol ut i on:

Step 1 Given:

a. Structural configuration is shown in figure 4A-15a.

b. Pressure-time loading is shown figure 4A-1 5c.

c. Maximum support rotation of one degree.

d. Yield stress of reinforcing steel, f = 66,000 psi

Concrete compressive strength, f = 4,000 psic3

Weight of concrete, w = 150 lbs/ft

Step 2.

a. Dynamic increase factors from table 4-1 for intermediate and
low pressure range.

Reinforcing steel - bending, DIF = 1.17
- direct shear, DIF = 1.10

Concrete - compression, DIF = 1.19
- direct shear, DIF = 1.10
- diagonal tension, DIF = 1.00

b. 'rom tablo 4-2, for 0 2 90 :m •j

fds - fdy

c. Dynamic design stresses from equation 4-3.

Reinforcing steel -- bending f = 1.17 x 66,000
dy

= 77,220 psi

- diagonal tension fd = 1.00 x 66,000

= 66,000 psi

Concrete - compression f' = 1.19 x 4,000
= 4,760 psi

- direct shear f. 1.10 x 4,000
Go = 4,400 psi

- diagonal tension fdy 1.00 x 4,000
-y 4,000 psi

Step 3. Assume 5 No. 6 bars for bending:

A = 5 x .44 1 2.20 in 2

For concrete cover, arid beam sections -ee figure 4A-1 5b.
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Step 4. Check reinforcement requirements:

a. Calculate d negative (support) and positive (mid-span) for

checking bending reinforcement ratios.

d = h - d' (cover) - 4' (tie) - -- (Bending Bar)

dN = 30 - 2 - 0.5 - 0.75/2 = 27.125 in

d = 30 - 1.5 - 0.5 - 0.75/2 = 27.625 in

b. Calculate reinforeemen' ratio:

From equation 4-1 31,

p = A /bd

PN = 2.2/(18 x 27.125) = 0.0045

p = 2.2/(18 x 27.615) = 0.0044

c. Maximuum reinforcement:

VaXimu 1u"el einforcing ratio Pmax 0.75 x Pb

From equation 4 -1 3 2;

0.85KI 1dc 87,000
f dy 87,000 + fdy

where;

0.05 (f, - 4,000)

K1 =0.85 - =0 .812
1,000

= 0.85 x 0.812 x 4760 8Y,000 ) = 0.0225
77,220 87,000 ± 77,220

-max 0 0.75 x 0.0225 0.0169 > pN 0.0045 and

p = 0.OO4 O.K.

d. Check for minimum reinforcing ratio using equation 4--138
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200
Pmin fy

200Pmin 20 0.0033 < PN = 0.0045 O.K.

60,000 < pp, = 0.0044 O.K.

Step 5. Moment. capacity of the beam using equations 4-129 and 4-130 is:

M = As fdy (d-a/2)

where:

A s fdy
a

0.85b

2.20 x 77,220
a = 2.333 in

0.85 x 18 x 4,760

at support:

MN = 2.20 x 77,220 x (27.125 - 2,.333/2)

= 4,409,934 in-lbs

at mid-span:

M = 2.20 x 77,220 x (27.625 - 2.333/2)
p

= 4,494,876 in-lbs

Step 6. From table 3-1, ultimate resistance of a uniformly loaded beam
with fi ced ends is.

8 (MN + Mp
r

8 (4,409,934 + 4,494,934)

2402

Step 7. From Section 4-15, calculate average moment of inertia of the

beam section.

a. Concrete modulus of elasticity (eq. 4-4):
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E = w1 . X 33 x (f') 1 1 2

1.51/6

E= = 150i"5 x 33 x (4,000) /2= 3.8 x 106 psi

b. Steel modulus of elasticity (eq. 4-5):

6
Es = 29 x 10 psi

c. Modular ratio (eq. 4-6):

EC

E

6
29 x 10
3.8 x 106

d. From figure 4-11 and having n, pN and p , the coefficients

for moment of inertia of cracked sections are:

FN = 0.0235 aT support

F' = 0.0230 at mid-span

Cracked moment of inertia from equation 4-8b is:

I = Fbd
3

c

I cN= 0.0235 x 18 x 27.125 3 = 8,442 in4!

62531 0.0230 x 18 x 27.625 = 8,728 in
eP

Average:

cN + IPI

8, 442 + 8,728 8 885 in 4

2

e. Gross moment of inerLia (eq. 11-8):
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bh
3

g 12

I 1L8 x 303 40,500 in4

g 12

f. Average moment of inertia of the beams from equation 4-7:

Ia 1 + Ic2,4.
Ia 2 cgI_ _

40,500 + 8,585 in4I a = 24 5 2 5 i

Step 8. From table 3-8, KE of a uniformly loaded beam with fixed ends
is:

307 E IaKE ca

E4
L

K - 307 x 3.8 x 106 x 24,542.5

24 02404

8,629.70 lbs/in/in

Step 9. Equivalent elastic deflection from equation 3-36 is: 
ik

r u 1, 236. 79
X E = - O . 1433 in

K 8,629.70 Arn

Step 10. Load-mass factor from table 3-12 for a plastic range of a
uniformly loaded beam wih fixed ends is:

K LM- elastic = 0.77

- elasto-plastic = 0.78

- plastic - 0.66

KLM for plastic mode deflections; from Section 3--17.4 from

Volume III:

K0LM [ .77 + 078) + 0.661/2 0.72

2
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Step 11. Natural period of the beam from equation 3-60 is:;

T N = 2ir (K LMn/K E1/

Where m is the mass of the beam plus 20% of the slabs span
perpendicular to the beam:

m = w/g

m = (30 x 18 + 2 x 8 x 102 x 0.20)

x 15--0 x 1, 0 2

123 32.2 x 12

= 194,638.50 lbs-ns 2/in/in07Ix /2

T = 2rr 0 "72 x 194,638. 50 = 25.3 ms
Tn =2r 8, 629.70 23m

Step 12. Find p, ductility ratio from figure 3-54.

From Step 1:

T/TN = 60.7/25.3 = 2.40

P = (18 + 84 + 120) x 7.2

= 1,598.40 lbs/In

r /P = 1,236.79 0.77
1, 598.40

Ia = 9.0

Step 13. From table 3-5 support rotation is:

X L tan 0
m 

2

X = x XE
In E

X = 9.0 x 0.1433 = 1.29 in
mA7
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tan 0 2 x 1.29 0.01075
240

e = 0.620 1 0 O.K.

Step 14. Direct Shear from table 3-9 is:

r L
uV --

2

v = 1236.79 x 240 = 148,415 lbs

2

Section capacity in direct shear from equation 4-1142:

Vd 0.18 f'd bd

Vd = 0.18 x 4, 400 x 18 x 27.125

= 386,694 lbs > V- = 148,415 O.K.s

Step 15. Diagonal tension stress from equation 4-139:

V
u < 1/2

v -- 10 (f')@ u c

Total shear d distance from the face of support:

V- (L/2 - d) r

A- (---- 27.125) 1236.79 - 114,86'7 lb

11 4867
V -- 1 235.2 psi

u 18 x 27.125

10 (f=c)I/2 10 x (4,000) 1/2

= 632.5 psi > 235.2 psi O.K.

Step 16. Unreinforced web shear capacity using equation 11-140 is:

vc = [1.9 (fc11/2 + 2,50O p]

< . (f)1/2
<dc
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1/2vc= [1.9 (4,000) + 2,500 x 0.0045]

S131.4 psi
3.5 (f L )112" -- 3.5 x (4,0 0 1

= 221.4 psi > 131.4 psi O.K.

Step 17. Area of web reinforcing from equation 4-1 41:

A [(v - v c) x b x s s]/ x ;f vu - -V

Ass ume: v - VC = 235.2 - 131.4 = 104 < v use v
U 0C C

s = 9 in

A = 131.14 x 18 x 9/(0.85 x 66,000)
V

= 0.38 in2 /9 in

Use No. 4 tie:
2

AV = 0.40 in2

Step 18. Minimum tie reinforcing area:

A (rain) = 0.0015 bs

A r(min) = 0.0015 x 18 x 9

= 0.24 in 2 < 0.40 in 2 O.K.

Maximum tie spacing:
4 (f, )I/ . 4 x (4,000)I/

= 253 psi. > v = 131 psi

v- v -- 104 psi

F

d/2

27j. 125smax =13.56 in > 9 i n O.K.
max 2

2 A6
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Step 19. Determine required resistance for rebound r- from figure 3-268:

x
r /r = 0.50 for T/T = 2.40 and - - 9.0

uN XE

Required:

r = 0.50 x 1236.79 = 618. 4 lbs/in

Step 20. Repeat Steps 3 to 6:

Assume:

A- = 1.664 in2 , 2 No. 7 + I No. 6

P-N at support = 0.0033 ý 200/fy

p at mid-span = 0.0034 > 200/fy

N-N at support = 3,388,275 in-lbs

M p at mid-span = 3,324,954 in-lbs

r = 932.4 lbs/in

> 618.4 lbs/in O.K.

Problem 4A-7, Design of a Beam Subject to Torsion

Problem: Design a beam for a uniformly distributed torsional load.

Procedure:

Step 1. Design the beam and adjacent slabs in flexure for, the applied
blast load.

Step 2. Calcuiate the unbalanced slab support shears, VT using the
ultimate resistance of the slabs from Step 1..

rul LI ru 2 L2

T 2 2 •W

Using the unbalanced slab support shears, compute the torsional
load at d distance from the face of the support from:

L - )b

T d (Vu = 2 2 T
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Step 3. Using the torsional load from Step 2, cumpute the nominal torsional

stress in the vertical direction from equation 4-143 arid in the

horizontal direction from equation 4-144. Verify that the tor-

sional stresses do not exceed the maximum stress permitted in
See. 4-41.5.

Note:

If the height of the beam is greater than width, the horizontal

torsional stresses will not be critical and may be ignored.

Step 4. Determine the shear and torsional capacity of an unrelnforced web,

v and vtc, from equations 4-145 and 4-146 or 4-147, the torsional

stress from Step 3 and the shear stress from step 1.

Step 5. Find the excess shear stress (vu - v ) where the nominal shear

stress v is from Step 1, and the shear capacity of the unrein-

forced web v0 is from Step 4. Using the excess shear stress and

equation 4-141, determine the area of web reinforcing for shear.

Step 6. With torsional capacity of the concrete from Step 4, the torsional

stresses from Step 3, and equations 4-148 and 4-149, calculate the

area of web reinforcement for torsion in the vertical and, if re-

quired, in the horizontal directions.

Step 7. Add the area of shear reinforcement from Step 5 and the area of

torsion reinturcemei-t in the vertical direction, and compare with

the area of torsion reinforcement required in the horizontal, direc-

tion. The larger of the two values will control for the design of

the closed ties. (If height of beam is greater than width, see

note at Step 3.)

Step 8. Check minimum area and maximum spacing requirements of ties accord-

ing to section 4-41.5.

Step 9. Calculate the required area of longitudinal torsion reinforcement

from equations 4-1 51a and 4-151b, the torsional stress from Step 3

and the torsion capacity of concrete from Step 4.

Step 10. Determine the distribution of flexural and longitudinal steel at

the supports and at the midsection.

Example 4A-7, Design of Beam in Torsion

Require I: Design of beam in example 4A-6, for torsional load due to unequal

spans of adjacent slab.

Solution:
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Step 1. Given:

a. 8eam designed for flexure in example 4A-6 where:

L = 240 in

d = 27.125 in; b = 18 in

vu = 235.2 psi

b. Slabs designed for flexure where:

ru U 15.0 psi L. = 14 ft = 168 in

ru2 7.85 psi L2 20 ft = 240 in

Step 2. Calculate torsional load.

a. Unbalanced slab support shears:

rul L1  ru2 L2
T 2 2

15(168) 7.85(240)

2 2
320 lb/in

b. Torsional load at d from the support:

T= (L d) b (V
u 2 2 T

(240 27. 125) x 18 x267,480 in-lb
S.... ~~~x 320 2748i-l2 2

Step 3. Maximum torsional stress:

Since h > b, the torsional stress in the vertical direction is not I
critical and will be ignored.

a. Torsional stress:

3T
v (eq. 4-I143) •(tu)vb2h

b h

3 x 267,480o 82.5 psi

182 x 30
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b. Shear' stress:

v- 235.2 psi

c . Check maximun allowable torsional. stress.

1 2(f'c )1/2

maxv tu

12/

12x (4000) ./P

2 1/2
[1+ (1.*2 x 235.2)

82. 5
-212.9 >82.5 O.K.

Step 4. Find shear' and torsional capacity of unreinforoed web,

a. Shear capacity:

2(fdc )1/2

c0  v 1/2 (eq. '4-145)

12 x (40)/

Vo 2 x (4000) 112 1/2 12,.4 psi

..2 x 2.35.2

b. Torsional capacity.

2.4 Kfc )112
t1.v2 1/2 (eq. 4-146)

[1 +( u

tu
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2.4 x (4,000)S~~~~~~~VtC 
...........

1 /2

tI 1.2 x 235.2) ]

82.5

142.6 psi (Vertical Face)

"telp 5. Area of wib reinforcing for- shcar us:ing equation 4o-141 :

AV = (Vu -- v x b x s/(ý I'd y

Assume = 12 in.

A = (235.2- 121. 4) x 18 x 12/(0.85 x 66,000)
v

= 0.438 in2/ft

Step 6. Web reinforcing for torsional .stress using equation 4-1N8:

2(V tu - Vtc) b h.'3
A t )Vertical

3 b • t ht f dy

where:

ht

t= 0.66 + 0.33 -- 1.50
bt

ht 3 30. 0 - 2. 0 - I. -5 (2 x 0.o5/2) 2 26 i n

See figure 4IA-15.

bt = 18.0 - 1.5 -- 1.5 - (2 x 0.5/2) = 1 4.5 in

See figure 4IA-15.
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= 0.66 + 0.33 x2 = 1.25 < 1.50 O.K.
t~ 14.5%

(82.5 - 42.6) 182 x 30 x 12
3 x 0.85 x 1.25 x 14.5 x 26 x 66,000

= 0.059 in2i/f

Step 7. Total web reinforcement:

At + A v/2 = 0.059 + 0.438/2 0.278 in 2/ft/Leg

Use No. 4 ties @ 8 in = 0.300 in 2/ft/Leg.

Step 8. Minimum torsion reinforcement (sect. 4- 141.5):

a. Minimum tie reinforcing area.

A (min) A shear, alone from example 4A-6V V

Use No. 4 ties 3 • in.

A (m,) 0.38 n2
V 2 9

- 0.253 in'/ft/Leg < 0.300 in /f't/Leg O.K.

b. Maximum spicing:

h + b
t t

ma x 4

26 + 14.5
ma X

- 10.125 in > 7 in O.K.

Step 9. Required area of longitudinal steel is the greater of the two val-
ues from equations 4-151a or 4-151b.
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bt + ht

A. 2A x

14.b + '16. 0)
A = 2 x 0.06 x 0.410 in'

12

of':

A 00 x b x s Vtu bt 1 tt
Af v '

dy tau U

where:

50 •s
fdy

Sobs 50 x 18x 1× 1

... 50 - - 8 x1 0.16 in2/ft 2A

66,000 
t

40x 18 x 12 (82. 5)A y0.1 2
66,000 82.5 + 235.2

1 4.5 + 26.0 2x ... ... ... 0. 74 in

12

Step 10. Distribute A , A anid A as follows (see fig. 4A-16):
S

Distribute A equally between four corners of the beam and one on

each face of depth, a total of six locations to satisfy maximn

spacing of 12 inches.

2
A /6 - 0.7)14/6 0.12 in

Vertical Face:

One (1) No. 4 bar
2

0.20 in > 0.12 O.K.

Hiorizonta]. Face at Top:
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Support = 2.20 (bending) + 2 x 0.12 (torsion)

= 2.44 in 2

Two (2) No. 7 at corners + three (3) No. 6
9

2.52 in" OK.

Midspan = 1.64 (rebound)

Two (2) No. 7 at corners + one (1) No. 6

= 1.64 in2 O.K.

Horizontal Face at Bottom:

Support = Greater of reboumd (1.6h1 in2

or torsion (2 x 0.12)

Two (2) No. 7 at corners + one (1) No. 6

= 1.64 in2 O.K.

Midspan = 2.20 (bending)

Two (2) No. '7 at corners + one (1) No. 6 + two (2) No. 5

= 2.26 in2 > 2.20 O.K.

4 COL. 4COL.--

2-#6 ,.2-#7 +1- 6 2 -*6

__.-:.-___'"- -- . - -'..".-: -'- ---- -- 1-.-'

.L•-I..#4E' I... .j_5L

__-6'_200'- 0"

Figure 4A--16
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Problem 4A-8, Column Design

Problem: Design an interior column of a one-story structure with shear
walls.

Procedure:

Step 1. Establish design parameters:

a. End conditions of column.

b. Clear height of column.

c. Dynamic loads from roof.

d. Static material properties.

Step 2. Find equivalent static loads on the column by increasing the
dynamic loads 20 percent (sect. 4-47).

Step 3. From table 4-1, determine the dynamic increase factors, DIF. Using
the DIF, the material properties from Step Id and equation 4-3,
calculate the dynamic design strength of the concrete and the rein-
f orcement.

Step 4. Assume a column section and reinforcing steel.

Step 5. Calculate the slenderness ratio of the col •un bection a.med in
Step 4, using either equation 4-167 or 4-168. If the slenderness
ratio is less than 22, slenderness effects may be neglected. If it
is greater than 22 and less than 50, the moment magnifier must be
calculated from equation 4-170 and the moments increased according
to equation 4-169. The column section must be increased if the
slenderness ratio is greater than 50.

Step 6. Divide the moment by the axial load to obtain the design eccentric-
ity in both directionr. Verify that the design eccentricities are
greater than the minimum eccentricity of 0.1h for a tied column and
0.0707, for a spiral column.

Step 7. Compute the balanced eccentricity eb of the column using equation

4-156 or 4-158 (for a rectangular and circular column, respec-
tively), the dynamic material properties from Step 3, and the sec-
tion properties from Step 4. Compare the balanced eccentricity
with the design eccentricity from Step 6. Determine if the column
failure is controlled by compressive strength of the con-
c rete (ob > e) or tensile strength of reinforcement (e < e).

Step 8. Calculate the ultimate axial load capacity, at the actual eccen-
tricity, in both directions-. If compression controls use equation
4-160 or 4-161. If tension controls us: equation 4-162 o- 4-166.
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Step 9. Using equation 4-154, compute the pure axial load capacity of thesection.

Step 10. Compute the ultimate capacity of the column section, using the load
capacities at che actual eccentricities from Step 8, the pure axial
load capacity from Step 9, and equation 4-176. Verify that the
ultimate load capacity is greater than the equivalent static load
from Step 2.

Step 11. Provide ties according to section 4-48.4 for a tied column, or sec-
tion 4-49.4 for a spiral reinforced column.

Example 4A-8, Column Design

Required: Design of a rectangular, tied interior column.

Sol].uti on:

Step 1. Given:

a. Both ends of column fixed

b. Clear height of column, 1 120 in

' c. Axial load 491 000 lbs

Moment about x-axis, 2,946,000 in-lbs
No calculated moment about y-axis

d. Reinforcing steel, fy 66,000 psi

Concrete, f' 1 4,000 psi

Step 2. Equivalent static loads.

a. Axial load

P - 491,000 x 1.2 = 589,200 ibs

b. Moment about x-aXis

M =2,946,000 x 1.2 3,535,200 in-lbs

c. Moment about y-axis

M = 0 in-lbs
y

Step 3. Dynamic material strengths:

a. Reinforcing Steel.

r d f x D)IV
(y y
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f = 66,000 x 1.10 = 72,600 psi-dy

t. Concrete.

f' = f' x DIF
do c

dc 4,000 x 1.12 = 4, 480 psi

Step 4. Use an 18" x 18" column section with 12 No. 7 reinforcing bars (seefig. 4A-17). ° A

x

8* I
A.

#40 TIESJ

Figure 4A-17

Step 5. Radius of gyration for rectangular section is equal to 0.3 of
depth.

r = r = 0.3 x 18 5.4 inx y

From section 4-46:

k 0.9
kj 0.9 x 1202- = 20 < 22 (eq. 4-168)
r 5.4
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Therefore slenderness effects may be neglected.

Step 6. Minimum eccentricity in both directions,

e.min 0.1 x 18 = 1.8 in

ex = M x/P = 3,535,200/589,200 = 6 in > 1.8 in O.K.

e = M /P = 0/589,200 = 0 < 1.8, use 1.8 iny y

Step 7. Balanced eccentricity:

a. From figure 4A-17,

d = d = 18 - 1.5 - 0.5 - 0.875/2 = 15.56 inx y •

A = 4 x 0.6 = 2.40 in 2

5X

A = 2 x 0.6 = 1.20 in 2

sy

b. Find value of al,

m = f dy/(0.85 f'c) = 72,600/(0.85 x 4,480)

= 19.06

c. Using equation 4-156,

eb = 0.20 h + 1.54 As m/b

ebx 0.20 x 18 + (1.521 x 2.40 x 19.06)/18

S7.51 in > 6 in, compression controls

e by = 0.20 x 18 + (1.54 x 1.2 x 19.06)/18

- 5.56 in > 1.8 in, compression controls

Step 8. Axial load from equation 41-160:

As f y I

P dy + dPu

e/(2d - h) + 0.5 3he/d2 + 1.18

a. When only eccentricity e is present:

p 124 x 72,600
X 61(2 x 15.56 - 18) 0.5

18 x 18 x 4,480
+ _18-x 1 = 758,417 lbs

3 x 18 x 6/(15.56)2 + 1.18
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b. When only eccentricity e is present:

1.2 x 72,600p =

Y 1.8/(2 x 15.56 - 18) + 0.5

+ 18 x 18 x 4,480 1,054,557 lbs

3 x 18 x 1.8/(15.56)2 + 1.18

Step 9. Compute pure axial load capacity from equation 4-154.

Po -- 0.85 fdc (Ag - Ast + Ast fdy

A = 18 x 18 324 in
2

g

Ast = 12 x 0.6 - 7.2 in

P = 0.85 x 4480 (324 - 7.2) + 7.2 x 72,600

= 1,729,094 lbs

Step 10. Ultimate capacity of the colunn from equation 4--176:
1 1I I 1

1 1 1 1
+_ _ __ __ - - -____- - - 1/lbs

u 758,417 1,054,557 1,729,094 592,254

P = 592,254 lbs > 589,200 O.K.u

Step 11. Provide ties, according to section 4-48.4.

For #7 longitudinal bars, use #3 ties.
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s < 16€ (longitudinal bars) 16 x 0.875 - 14 in

an d:

s < 484 (ties) -48 x 0.375 - 18 in

an d:

s < h/2 9 in

Use two (2) #3 ties at 9 inches arranged as shown in figure
4A-1 7.

Pr'oblem 4A-9, Brittle Mode, Post-Failure Fragments

Problem: Design an element, which responds to blast impulse, for controlled
post-failure fragments.

Procedure:

Step 1. Establish design parameters:

a. Impulse load and duration (Volume II).

b. Maximum average velocity of post-failure frarnents vf as %
required by receiver sensitivity.

C. Geometry of element.

d. Support conditions.

e. Materials to be used and corresponding static desi gn
strengths.

f. Dynamic increase factors (table 4-1).

Step 2. Determine dynamic yi eld strength and ultimate strength of rein-
forcement from equation 4-3.

Step 3. Determine the dynamic design stress for the flexural reinforcement
according to the deflection range (support rotation) from table 4-
2.

Step 4. Substitute known quantities of ib (step 1a), fds (step 3), H1 (step

le), and vf (step ib) into equation 4.-1 94.

Step 5. Obtain optimum ratio of vertical to horizontal reinf'orcement pv/PH

for a given wall thickness Tc:

a. Assume a value of d0 and substitute it into the equation
obtained in step 4.

b. Read optimum Pv/pH ratio from figure 4-38.
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Note:

For one-way elements, the ratio of the main to secondary reinforce-
ment is always 4 to I unless minimun conditions govern (table 4-
3). Obtain Cu frcm table 4-11 for the given support condition. Cf

is always equal to 22,500 (Sect. 4-58)

Step 6. For the optimum PViPH ratio, determine Cu (from figure 4-33, 4-34

or 4-35) and Cf (from figure 4-73, 4-74 or 4-75). Calculate pH and

PV" Select bar sizes and spacings necessary to furnish the re-

quired reinforcemenc ratios.

Step 7. Determine the required lacing and diagonal bars. (Procedure is
exactly the same as that for' elements designed for the ductile mode
for incipient failure or less. See problem 4A-3.)

Step 8. Determine the required Tc for the assumed dc, selected flexural and

lacing bar sizes and required concrete cover. Adjust Tc to the
nearest whole inch and calculate the actual dc.

Step 9. Check flexural capacity of the element based on either blast
impulse of post-failure fragment velocity. Generally, lacing bar

sizes do not have to be checked since they are not usually affected -"M
by a small change in dc-

a. Compute the actual impulse capacity of the element using equa-
tion 4-194 and compare with the anticipated blast load. Re--

peat design (from step 5 on) if the capacity is less than that
required.

b. Compute the actual post-failure fragment velocity using equa-
tion 4-1 94 and compare with the value permitted by the ac--
ceptor sensitivity. Repeat design (from step 5 on) if the
actual vclocity is -catcr. than that permitted,

Step 10. Determine whether the correct design procedure has been utilized by
first computing the response time of the element tu (time to reach

ultimate deflection) from equation 4-192 or 4-193. Then compare
the response time tu with the duration of the blast load to. For

elements that respond to impulse loading tu/t > 3.u 0

Note:

To obtain the most economical design, repeat steps 5 through 10 for
several wall thicknesses and compare their costs. Percentages of
reirtforueinerL can be used to reduce the amouit of calculations. In
determining the required quantities of reinforcement, the length of
the lap splice should be considered.
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Example 4A-9, Brittle Mode, Post-Failure Fragments

Required: Design the back wall of an interior cell (fig. 4A-18) of a multi-
cubicle structure for controlled post-failure fragments.

Solution:

Step 1. Given:

a. ib = 4800 psi-ms, and to = 1.0 Ms.

b. vf= 100 fps = 1.2 in/ms.

0. L = 360 in., H = 120 in.

d. Fix(d on three edges and one edge free.

e. Reinforcing bara; fy = 66,000 psi and fu = 90,000 psi

Concrete, fP = 4,000 psi

f. For reinforcement, DIF = 1.23 for yield stress

DIF 1.05 for ultimate stress

30 ~- 0

PLAN ELEVATION

Figure 4A-18

Step 2, Dynamic strength of materials.

fdy = DIr fy -= 1.23 X 66,000 = 81,180 psi

fdu ý DIF fu = 1.05 X 90,000 = 94,500 psii

Step 3. Dynamic design stress from table 4-2.

fds d+ fdu 81,180 4+ 94,500 87,840 psi
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Step 4. Substitute known quantities into equation 4-194.

Pd3 fds

12 = C d 2 v2
b u H f CfdAv2

CuPHd3 (87,840) 2 2
4800 = 120 + Cf d (1.2)

6 3 2
23.04 X 10 = 732 C p d + 1.44 Cfd

step ~~ U H c 1~ ~ C.d
Step 5. Optimum reinforcement ratio.

a. Assume d. = 21 in. and substitute into equation 4-194.

23.04 X 106 = 732 CuPH (21)3 + 1.44 Cf (21)2

Ther ef or e:

23.04 X 106 - 635 Cf-

PH 6.78 X 106 C

b. Read optimum pV/pH value from figure 4-38 for L/H = 3.

PV/ P If 1.58

Step 6. For optimum pV/PH = 1.58

From figure 4-34, Cu -477

From figure 14-71' Cf L683 X 10

6
p L23.0'4 X 10 -6:35 (1.583 X 0 0011402,

H

( 6.7 8 x 47'). -" -

PV .58 PH 1 .5 8 0.- 00 W') IOF3

A 0. 0 001402 (12) (21) 1.013 1 n /ft,,
3HA3
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2 9
use #8 S 9 in. (A = 1.05 in2)

AV 0.00635 (12) (21) = 1.60 in2/ft.,

use #10 @ 9 in. (As = 1.69 in 2

Pv Asv 1.69
"Actual .. 1.610 P,

PH AsH 1.05

Step 7. Using laciub method No. 3, No. 7 vertical lacing bars are required.
(Calculations are not shown since they are similar to those pre-
sented in example 4A-3 for incipient failure design. Also, the re-
mainder of the design for shear will not be shown.)

Step 8. The actual d0 depends upon the details of the base of the wall

(region of vertical lacing).

cover = 2 X 0.75 = 1.50

lacing = 2 X 0.875 1.75

3" 10 VERT. REINE o zna7CL hori zontal.
4CL. -8 HORIZ. REINE bars = 2 X 1.00 2.00

i7 LACING BAR;
vertical bars 1.27 =1.25

6.52 in.

Figure 4A-19

T = d + 6.25 - 27.52 in., use 28 in.
(.1 c

actual d = 28 - 6.52 = 21.48 in.
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Step 9. Actual capacity of element.

a. Actual impulse capacity.

For pV/p = 1.610, Cu 481

and Cf 1.588 X 104

1.05 - oo
dc= 21.48 in. PH 12 (21.48) 0,00407

.2 H cds 2 21
Ic u H Cfd

.2 481 [(0.00407) (21.48)3 (87,840)
'c 120

4 2 24
+ (1.588 X 104) (21.48) (1.2)

2 16
1 =24.75 X 10

-- 4,975 psi-ms > ib 14,800 psi-ms O.K.

b. Actual post-failure fragment velocity.

.2 PHd=fds+C 2 2
ib =Cu [ H + CdVf

4,8002 = 481 [0.00407 (21.48)3 (87,8-40)]
120

14 ?22+ (1.588 X 10 (21.48)2vf

Vf 1.10 in/ms = 92 fpd < 100 fps O.K.
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Step 10. Response time of element tu

M =M and M =M M =M
VN2 VP HN I HN 1 HN3 HP

(1.05) (87,840) (21.48)HP sHfdsdc 12

S165,095 in-lbs/in

M ~A f d/b= (1.69) (87,8 40) (21. 48)
Vp sV ds 0 12

265,725 in-lbs/in

x2/XI= 1.0 (symmetrical yield lines)

M _L -VP I/2 360 26,725 1/2
VP I/ I2 =6 - 1 = 2.69

H MHNI + MH 12- 2 X 165,095 =2

VP 265,725

MVN2 265,725

From figure 3-11,

x /L = 0.358

x x = 0.358 (360) = 128.88

1 ( tN 2 iP

± 11H M H )ru= i for x L/2 (table 3-2)

u2 x1

5 (2 X 165,095)
r = - x6,-) = 99.4 psi

1202
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2I
m - 225d -225 (21 48) = 4833 psi=ms /in

(K LM) = 0,557 (fig. 3-44)

m 1  0.557 (4833) 2692 psi-ms2/in

x= 128.88 > H 120

Verti cal supports fail fiirst and the post-ultimwate range
resistance is:

8 (MHNI + MHP 8 (2 X 165,095)
r = L 2 20.4 psiupL2 3602

m u 0.66 X 4833 = 3,190 psi-ms'/inup

XI = Htanemax 12 X tan 120 ' 25.51 in. (table 3-6)

Use equation 4-192 for t LI"

i b m up 1 )(2 )112 ru•
(i• 2m r X -( )Vf

u up up u up

tu= 4, 800 • _92 0) (48002 " 2 X 2692 X 99.4 X 25.51)1/2

26922

- 12-.4) 1.1 = 3. 78 ms

t u 3.78u O 3-3.7 = 3. 78 3 . correct procedwue has been used

A-97



Problem 4IA- Hamum Fragment Penetr-ation

Pr'oou.em: Determine trie maximum mnetration of a primary metal fragment into I
a con,;rate wall and d&ý .,mine if perforatli-n occurs.

Pr)ce dur e:

Soýep 1. Establis-h design parameters:

'a. Type of fragment

b. Weight Wand diameter d of fragment

l e. Fr-egmenit stri king velocityv

d. Thi-,kness T and' t he ul t IimateP compressi ve strenigth f' of

'euncrel~e wall

Step 2. Deteýrrmine the maximum penetrntion Xf from figure 4j-18 (or equation
f a

14-200 or 4-201) for thie values of W fandc v 3it, step 1 . X fis the

maximurr penetratxc.on of a:n armHor-piercing steel fraorent into 4,000
psi Ocnonrete.

Step 3. T-) deter-mine the uepth off penetratio)n into concrete with u] timnate
6ti ength other than 11,0(!.) psi, use Xf, from.xr step 2, The concreteý

streýngth from step ii and equation 4-202:

i -X (4QQQ/fv) 1/
2

Step 14. To obtain the, maximumn penetration into concrete by metal fragmnenuts
other tkhan Unose of' arinor-p5 "ercin~g fr agments us3e the pcnetr o3tiorl
fro, st-ep 3, the2 peniet-rabil Lity coeff icient k from table 4-16 and
equation 4-203.

'Step 5. C al cul at e the- .. i mi Li t thlickniess of concre-te at wni oh perfor<.tion
n.il occur froin equa-tion 14--2CN.

r f= 1. 13X fd 0 ~ + I1.31 1 rj 4-

Where appi icadeli-, reýplace X with X? Fromn step 3or, 'I. Ift
F ~~pf1:

less-, thai T am t;din enti w ill. occur; if T is greatere than 'r'~ the
a pf

"Vrapgmonti wi'Ll. ner-for-ate the wall.



Example 4A-.10, Maximum Fragment Penetration

Required: Maximum penetration of a primary fragment into a concrete wall;
determine if perforation occurs.

Solution:

Step I. Given:

a. Type of fragment: mild steel

b. Primary fragment weight W =30 ounces
yf

Primary fragnent diameter: d = 2.15 inches

c. Striking velocity: V = 3,500 fps

6. Thickness of wall: T = 18 inches

Ultimate concrete compressive strength: fc 4,000 psi

Step 2. Maximum penetration:

For:

Wf = 30 oz and v 3,500 fps

X, = 14.5 inches from figure 4-78

or from equation 4-199

-6 1 2 1.8X - 2.04 x 10 d v + 6 - 2 d

-6 15.12 3501.8
= 2.04 x 10- (2.15) (3500) "8+ 2.15

= 14.4 inches

Xf 2 d6 2 x 2.15 =1 4.30 O.K. .
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Step 3. Concrete strength adjustment (eq. 4-202)
x r o 1/2

I 14.5 x 1 - 14.5 in.

Step 4. Fragment material adjustment:

a. k = 0.70 (table 4-16)

b.. = kX (eq. 4-203)

- 0.7 x 14.5 = 10.15 in

Step 5. Calculate minimum thickness to prevent perforation,

Tpf = 1.13 X~d0.1 + 1.311 d (eq. 4-204)

= 1.13 (10.15) (2.15)0.1 t 1.311 (2.15)

<T = 15.20 inches - 18 in
p1'

Since T is less than Tc, the fragment does not perforate the PSpPf
slab.

Problem 41A-11, Determination of the Occurrence and Effects of Perforation

Problem: Determine the residual velocity of a primary fragment if it perfor-
ates a concrete wall.

Procedure: X

Step 1. Determine the type, weight Wf, and striking velocity v of the pri-

mary fragment. Also, the thickness of the concrete wall T and the

ultimate compressive stress f of the concrete must be known."1 ~C

Step 2. Proceed through steps 2, 3, 4, and 5 of Problem 4A-I 0. if T is
greater than T., perforation will occLu. p1

Step 3. It perforation is not indicated by the calculations in step 2 then
discontinue the analysis. If perforation does resu[t, then compute
the value of" T /pf

c pf"

A--I 00
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Step 4. Utilizing the value of T /T obtain v/v from figure 4-79 or 4-.
80. c pf' r s

Step 5. With the values of vs and vr/vs of Steps 1 and 4, calculate the re-

sidual velocity v

Example 4A-11, Determination or the Occurrence and Effects of Perforation Ak

Required: Residual velocity of a primary fragment if it perforates a concrete

wall.

Solution:

Step 1. Given:

a. Type of metal: mild steel

b. Primary fragment weight: Wf - 20 ounces

c. Primary f-agnent diameter: d = 1.89 inches

d. StriKing velocity: v. = 4,700 fps

e. Thickness of wall; T = 12 inches *v.'.

f. Ultimate concrete compressive stress: f' = 4,500 psi
c

Step 2. For given conditions:

Xf = 19.75 inches (fig. 4-78)

Actual maximum penetration:

X- 19.75 ( 4000/4500)1/2 (eq. 4-202)

S18.6 inches

k = 0.70 (table 4-16)

X" = 0.7 (08.6) = 13.0 inches (eq. 4-203)

Since T~' is greater than and X' (13.0 inches) already exceeds rSic pf ig•at hnXf, f•,-

the wall thickness (12 inches), perforation will occur. It is

necessary to determine T (eq. 4-204) in order to calculate the
pf

residual fragment velocity. Hence:;
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T = 1.13 (13.0) (1.89)0. + 1.311 (1.89)

=15.6 + 2.5 = 18.1 inches

Step 3. T /T 12. 0/18.1 = 0.663Step 3. Tc pf •

Step 4. Since the given conditions correspond to a case

where:

X > 2d, a
f

determine: ,st

r s

for: T /T = 0.663 from figur& 4-80.
c pf

Obtai n: .,

v/v = 0.55

Step 5. v = 0.55 v
r s

= 0.55 (4,700) Z,585 fps

Problem 4A--12, Determination of the Occurrence of Spalling

Problem: To determine if spalling of a concrete wall occurs if' there is no ,
perforation by the primary fragment.

Procedure:

Step 1. Determine the type, weight W and striking velocity v of the pri-

mary fagment. Also, the thickness of the concrete wall and the
ultimate compressive stress of the concrete f' must be known.

Step 2. Proceed through Steps 2, 3, 4, and 5 of Probiem I4A-10,.

Step 3. If embedment of the fragment occurs, compute the limiting concrete
thickness at which spalling will occur according to:
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T sp = 1.215 X fd 0 1 + 2.12 d (eq. 4-207)

if T is greater than T spalling will occur.sp c

Example 4A-12, Determination of the Occurrence of Spalling

Required: Determine if apalling of a concrete wall occurs due to penetration
by a prim-ary fragment.

Solution: k4

Step 1. Given:

a. Type of metal: armor-piercing steel

b. Primary fragment weight: Wf = 40 ounces

c. Primary fragment diameter: 2.38 inches

d. Striking velocity: v. = 3,UUO rps k

e. Thickness of wall: T = 19 inchesc

f. Ultimate concrete compressive stress: - ' = 5,000 psi

Step 2. For given conditions:

X= 12.8 inches (fig. 4-78)

X= 12.8 (4000/5000)1/2 (eq. 4-202)

= 11.5 in.

k = 1.00 (table 4-16)

Then:
0.1 F

T = 1.13 (I .5) '2.38) 4-204)
+ 1.311 (2.38)

= 14.2 + 3.1 = 17.3 inches
A

Si.nce Te is greater than 17.3 irnches, embedment occurs.
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Step 3. Determine minimum concrete thickness to prevent spalling from
equation 4-207: IK

Tap = 1.215 (11.5) (2.38)0.1 + 2.12 (2.38)

= 20.3 inches

Since T is greater than 19 inches, spalling will occur.
sp

Problem 4A-13, Determination of the Effects
of a Primary Fragment on a Composite Wall

Problem: Determine the maximum penetration by a primary fragment into a com--
pos'.te wall and the resulting effects on the donor panel, sand
layer and acceptor panel.

Procedure:

Step 1. Determine the Lype, weight Wf, and striking velocity v of the pri-

mary fragment. Also, the thicknesses of the concrete donor pan-
el T (donor), the sand layer T, aid the concrete receiver pan-

el T (acceptor) and the ultimate compressive stress f' of the con-
c c

crete must be known.

Step 2. Proceed through Steps 2, 3, 4, and 5 of Problem 4A-10.

If embedment of the fragment in the donor panel occurs, perform
Step 3 uf Problem 4A-12 to determine if spailling takes place.

If perforation of the donor panel occurs, compute:

T (donor) /T
c pf

and perform Steps 4 and 5 of Problem 4A-11 to find the residual
velocity v

Step 3. Utilizing vr (donor) as the v of the sand layer anid Wf

obtain X from figure 4-81 .5

77
If X is less than T , the fragment is embedded in the sand layer

s s

and the oaalysis is discontinued.

If X is gr'eat.er than T , D-_Žrforation Of the sand ocours.

o 4. Compute T /X if perforation results. Use this value and figure
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4-80 to obtain v /v of the s nd layer.

Calculate v (sand).
r

Step 5. Utilizing v (sand) as the v of the acceptor wall and WfU

obtain Xf (acceptor) from figure 4-78.

Proceed through Steps 3 and 4 of Problem 4A-10, if necessary.

If embedment of the fragment in the acceptor panel occurs, perform
Step 3 of Problem 4A-12 to determine if spalling takes place.

If perforation of the acceptor wall occurs, compute T (acceptor)

and perform Steps 4 and 5 of Problem 4A-11 to find vr.

Example 4A-13, Determination of the Effects of a Primary Fragment
on a Composite Wall.

Requireo: Maximum penetration by a primary fragment into a composite wall and
tCe resuilt.ing effects on the donor p.qnel, saand layer and the ac-

Solution:

Step 1. Given:

a. TypE. of metal: armor-piercing steel

b. Primary fi'agnent weight: Wf = 20 ounces

c. Primary fragnent diameter: d 1.89 inches

d. Striking velocity: v = 4,200 fps A'

e. Thicknlesses:

T (donor) = 12 inches K-Q
T = 24 inches

T (acceptor') 12 inches

f. Ultimate concrete compressive streis:;

f' = 5,000 psi

Step 2, For given conditions:
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X . 16.5 inches (fig. 4-78) rl L

X; - 16.5 (4000/5000)1/2 (eq. 4-202)

= 1 4.7 inches

k = 1.00 (table 4-16) V"

X, = Xf

Since XI is greater than 12 inches, perforation of the donor panel

will certainly occur. T must be calculated in order to determine
pf

the residual velocity of the fragment.

Tp. 1.13 (14.7) (1.89)0.1 + 1.311 (1.89)

S17.7 + 2.5 = 20.2 inches

T /Tpf ý 12/20.2 = 0.594

c pf<

Sinr p X i.s greater t.han 2d, v /v = 0.61 from figure 4-80.
pt r 3

v (donor) - 0.61 (4,200) = 2,562 fpsr t£

Step 3. For;

v (sand) = 2,562 fps, (fig. 4-81)

X = 641.0 inches

Since T is less than 64.0 inches, perforation of the eand layer

will occur.

Step 4. T /X 24./64.0 0.75
5- 3

from figure 4-80

v /V= 0.77
r a

Step 5. Vr (sand) -0.77 v

v = 0.77 (2,51()2) = 1,970 fps
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Step 6. For:

v (acceptor) = 1,970 f psS

Xf (acceptor) - 5°6 inciies (fig. 4-78)

XI = 5.6 (4000/5000)1/2 (eq. 4-202)

5.0 inches

k 1.00 (table 4-16)

0,1

T -- 1.13 (5.0 (1.89) (eq. 4-2044)

+ 1.311 (1.1 9)

6.0 + 2.5 = 8.5 inches

Since Tpf is less than Tc (acceptor), the fragment is embedded in

the receiver panel. Calculate T to determine if spalling occurs:

0.1

T s = 1.215 (5.0) 0.89)
(eq. 4-207)

4 2.12 (1.89)

- 6.5 + 4.0 = 10.5 inches

Since T is less than T (acceptor), spalling will not occur.
sp c
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a (1) acceleration (in./ms 2)

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

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

ao velocity of sound in air (ft./sec.)

ax acceleration in x direction (in./ms 2)

a acceleration in y direction (in./rns 2 )

A (1) area (in. 2 )
(2) explosive composition factor (oz. Ii 2 -in. 3 /2 )

Aa area of diagonal bars at the support within a width b (in. 2 )

Ab area of reinforcing bar (in. 2 )

Ad (1) door area (in. 2 )

(2) area of diagonal bars at the support within a width b

(in. 2)

AD drag area (in. 2) (1

Af net area of wall excluding openings (ft. 2 )

Ag area of gross section (in.2)

AH maximum horizontal acceleration of the groLuid surface (g's)

Ak area of longitudinal torsion reinforcement (in.2)

AL lift area (in. 2 )

2An (1) net area of section (in. )

(2) area of individual wal sut-iivision (ft, 2 )

Ao area of openings (ft. 2)

Aps area of prestressed reinforcement (in.,)

As area of tension reinforcement within a width b (in.-)

As area of compression reinforcement within a width b (in.2

A- area of rebound reinforcement (in. 2)
S

AsH area of flexural reinforcement witnin a width b in the hori-

zontal direction on each face (in. 2 )*

Asp area of spiral reinforcement (in. 2 )
Ast total area of reinforcing steel (in.)

Z See note au end of symbols.
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AsV area of flexural reinforcement within a width b in the verticaldirection on each face (in.2)*

At area of one leg of a closed tie resisting torsion within a di3-

tance s (in. 2 )

AV total area of stirrups or lacing reinforcement in tension with-

in a distance, ss. or s3 and a width b. or bt (in. 2 )

AV maximum vertical acceleration of the ground surface (g's)

Aw area of wall (ft. 2 )

2Ai, A11  area of sector I and II, respectively (in.

b (1) width of conpression face of flexural member (in.)

(2) width of concrete strip in which the direct shear stresses

at the supports are resisted by diagonal bars (in.)

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

bf width of fragment (in.)

b6 width of concrete strip in which the diagonal tension stresses

are resisted by stirrups of area A (in.)

bz width of concrete strip in which the diagonal tension stresses

are resisted by lacing of area AV (in.)

bo failure perimeter for punching shear (in.)

bt center-to-center dimension of a closed rectangular tie along b

(in.)

B explosive constant defined in table 2-7 (oz.I/2 in.-7/6)

o (1) distance from the resultant applied load to the axis of ro-

tation (in.)

(2) damping coefficient

(3) width of column capital (in.)

oi, cII distance from the resultant applied load to the axis of rota-

tion for, sectors I arnd Ii, respectively (in.)

dilacational velocity of concrete (ft./sec.)

C (1) shearv coefficient

(2) deflection coefficient for flat slabs

CC deflection coefficient for the center of interior panel of flat

slab

Ccr critical damping

See note at end of' syinboiq.
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Cd shear coefficient for ultimate shear stress of one-way elements

4 D drag coefficient

• C ~q drag pressure (psi)

iCl CDq peak drag pressutre (psi)

SCE equivalent load factor

C f post-failure £'ragnent coefficient (lb. 2-ms /in. )

C H shear coefficient for ultimate shear stress in horizontal

direction for two-way elements*

CL (1) leakage pressure coefficient from figure 2-235

(2) deflection coefficient for midpoint of long side of inter-

ior flat slab panel

(3) lift coefficient 9-.

C maximum shear coefficient

m equivalent moment correction factor

Cp compression wave seismic velocity in the soil from Table 2-10

(in./sec )

Cr sound velocity in reflected region from figure 2-192 (ft./ms)ri
CR force coefficient for shear at the corners of a window frame

peak reflected pressure coefficient at angle of incidence a

Cs shear coefficient for ultimate support shear for one-way ele-

men ts

C",. shear coefficient for ultimate support shear in horizontal

direction for two-way elements*

CsV shear coefficient for ultimate suvpport shear in vertical direc-

tion for two-way elements*

CS deflection coefficient for midpoint of short side of interior, I.:
flat slab panel

Cuimpulse coefficient at deflection X (psi-ms2 /in. 2 )

Cu impulse coefficient at deflection Xm (psi-ms 2 /in. 2)

Cv shear coefficient for ultimate sheam stress in verti cal I

direction for, two-way elements*

shear coefficient for the ultimate shear along the long side of

window frame

* See note at. end of symbols.
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Cy shear coefficient for the ultimate shear along the short side

of window frame

CL confidence level

C (I) impulse coefficient at deflection XI (psi-ms 2 /in. 2) M

(2) ratio of gas load to shock load

Ci impulse coefficient at deflection Xf (psi-ms /in.2

C2  ratio of gas load duration to shock load duration

d (1) distance from extreme compression fiber to centroid of ten-

sion reinforcement (in.)

(2) diameter (in.)

(3) fragment diameter (in.)

d11 distance from extreme compression fiber to centroid of compres-

sion reinforcement (in,)

db diameter of reinforcing bar (in.)

dc distance between the centroids of the compression and tension

reinforcement (in.)

dcH distance between the centroids of the horizontal compression r
and tension reinforcement (in.)

dco diameter of steel core (in.)

dcv distance between the centroids of the vertical compression ana

tension reinforcement (in.)

de distance from support and equal to distance d or dc (in.) K
di average inside diameter of explosive casing (in.) r,

di adjusted inside diameter of casing (in.)

d• 0distance between center lineb of adjacent lacing bends measured

normal to flexural reinforcement (in.)

d p distance from extreme compression fiber to centroid of pre-

stressed reinforcement (in.)

dsp depth of spalled concrete (in.) I
d• diameter of cylindrical portion of primary fragment (in.)

D (1) unit flexural rigidity (lb-in.) r
(2) location of shock front for maximum stress (ft .)

(3) mLnimum ý•ag~izire sep:a.ation distance (ft.)

(4) calibar density (lb/in. 3 )

(,) overall diaieter of circuzlar section (in.)

(6) damping foirce (lb.)
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(7) displacement of mass from shook load (in.)

DE equivalent loaded width of structure for non-planar wave front

(ft.)

DH maximum horizontal displacement of the ground surface (in.)

DIF dynamic increase factor

Ds diameter of the circle through centers of reinforcement

arranged in a circular pattern (in.)

Dsp diameter of the spiral measured through the centerline of the

spiral bar (in.)

DLF dynamic load factor

DV maximum vertical displacement of the ground surface (in.)

e (1) base of natural logarithms and equal to 2.71828...

(2) dibance from Qentroid of section to centroid of pre-

stressed reinforcement (in.)

(3) actual eccentricity of load (in.)

eb balanced eccentricity (in.)

(2EI/ 2  Gurney Energy Constant (ft./see.)

E (1) modulus of elasticity

(2) internal work (in.-lbs.)

E modulus of elasticity of concrete (psi)

Em modulus of elasticity of masonry units (psi)

Es modulus of elasticity of reinforcement (psi)

f (1) unit external force (psi) [

(2) frequency of vibration (cps)

f? static ultimate compressive strength of concrete at 28 days

(psi)

fde dynamic ultimate compressive strength of concrete (psi)

fdm dynamic ultimate compressive strength of masonry units (psi)

f dynamic design stress for reinforcement (a function of fy fu

and o) (psi)

fdu dynamic ultinmatýe tres. of reinforcement (psi)

f dynamic yield stress of reinforcement (psi)fdy

f• Mstatic ultimate compressive strength of masonry units (psi)

fn natural frequency of vibration (cps)

fp average stress in the prestressed reinforcement at ultimate
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load (psi)

f pu specified tensile strength of prestressing tendon (psi)

fpy yield stress of prestressing tendon corresponding to a 1 per-

cent elongation (psi)

fr reflection factor

fs static dosign stress for reinforcement (psi)

fse effective stress in prestressed reinforcement after allowances

for all prestress losses (psi)

f u 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) ftmct-,on of C 2 and CI for biiinear triangular load

Fo 0force in the reinforcing bars (lbs.)

FE equivalent external force (lbs.)

FD drag force (lbs.)

FF frictional force (lbs.)

FL lift force (lbs.)

FN vertical load supported by foundation (Ibs.)

g acceleration due to gravity (32.2 ft./sec.2)

G shear modulus (psi)

h (1) charge location parameter (ft.)

(2) height of masonry wall

hn average clearing distance for individual areas of openings from

Section 2--15.4.2

ht center-to-center dimension of a closed rectangular tie along h

(in.)

h? clear height between floor slab and roof slab

H (1) span height (in.)*

(2) distance between reflecting surface(s) and/or free edge(s)

N in vertical direction (ft.)

(3) minimum transverse dimension of mean presented area of
object (ft.)

IH height of charge above ground (ft.)

Hs height. of structure (ft.)
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HT height of triple point (ft.)

S Hw height of wall (ft.)

H c heat of combustion (ft.-lb./lb.)

H d heat of detonation (ft.-lb./lb.)

i unit positive impulse (psi-ms)

ia ssum of blast impulse capacity of the receiver panel and the

least impulse absorbed by the sand (psi-ms)

iba blast impulse capacity of receiver panel (psi-ms)

i unit negative inpulse (psi-ms)

-%I sum of scaled unit blast impulse capacity of receiver panel anida

scaled unit blast impulse attenuated through concrete and sand

in a composite element (psi-ms/lb. 1 / 3 )

ib unit blast impulse (psi-ms)

'b scaled unit blast impulse (psi-ms/lb. 1 / 3 )

"1Iba scaled unit blast impulse capacity of receiver panel of com-

posite element (psi-ms/lb. 1 / 3 )

I scaled unit blast impulse capacity of donor panel of composite

element (psi-ms/lb. 1 1 3 )

Ibt total scaled unit blast impulse capacity of composite element

(psi-ms/lb. 1/3)

ic impulse capacity of an element (psi-ms)

id total drag and diffraction impulse (psi-ms)

ie unit excess blast impulse (psi-ms)

i required impulse capacity of fragment shield (psi-ms)
±g ga i.,mpulc (psi-ms)

¼ unit positive normal reflected impulse (psi-ms)r

r- unit negative normal reflected impulse (psi-ms)

~r peak reflected impulse at angle of incidence a (psi-ms)

i1 unit positive incident impulse (psi-ms)

unit negative incident impulse (psi-ms)

it impulse consuned by fragment support connection (psi-ms)

I (1) moment or iiertia (in. /in. for slabs) (in. for beams)

(2) total impulse applied to fragment

See note at end of symbols.
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14
Ia aver-age of gross and cracked moments of inertia (in. /in. for

14slabs) (in. for beams) .

moment of inertia of cracked concrete section (in. iin. forIc4

slabs) (in.4 for beams)

IcH moment of inertia of cracked concrete section in horizontal

direction (in. 4 /in .)*

10V moment of inertia of cracked concrete section in vertiral

direction (in.4 /in.)*

1 moment of inertia of gross concrete section (in. 14/in. for
g 14

slabs) (in. for beams)

'in mass moment of inertia (lb.-ms2-in.)

moment of inertia of net section of masonry unit (in. 4)

14Agross moment of inertia of slab (in. /in.)

Ist 4mnii1 ;e consuned by the fragment support connection (psi-ms)

Iw gross moment of inertia of wall. (in.4/in.)

j ratio of distance between centroids of canpression and tension

forces to the depth d

(1) constant dcpcnding on the ca3sing metal

(2) effective length factor

kv velocity decay coefficient

K (1) unit stiffness (psi/in. for slabs) (lb./in./in. for beams)

(lb./in. for springs)

(2) constant defined in paragraph 2-18.2

Ke elastic unit stiffness (psi/in. for slabs) (lb./in./in. for

beams)

Kep elasto-pastic unit stiffness (psi/in. for slabs) (lb./in./in.

for beams)

KE (1) equivalent elastic unit stiffness (psi/in, for slabs)

(lb./in./ in. for beams)

(2) equivalent spring constant (Ib./in.)

KL loa d factor

KIM load-mass factor

(KcM ¼ load-mass factor in the ultimate range

* c; • ,t crid of symnbuls.
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(KLM)up load-mass factor in the post--ultimate range.

KM mass factor

K H r esi stance factor,

KE kinetic energy

1 charge location parameter (ft.)

S(1) 

length of' the yield line (in .)

(2) width of 1/2 of the column strip (in,)

Zd basic developnent length of reinforcing bar (in.)
gdh developnent length of hooked bar (in.)

Zc length of cylindrical explovive (in.)

Z p spacing of same type of lacing bnr .in.)

span of flat slab panel (in.)

L (1) span length (in.)*

(2) distance between reflecting surface(s) and/or free edge(s)

in horizontal direction (ft.)

Lcyi length of cylinder (in.)
Lf length of f radg meI nt (in .)

clear span in short direction (in.)

L9 length of lacing bar requried in distance sj (in.)

LL clear span in long direction (in.)

* Lo embedment length of reinforcing bars (in.) &
Ls length of shaft (in.) K
L unsupported length of column (in.)

Lw wave length of positive pressure pnase (ft.)

Lw- wave length of negative pressure phase (ft.)

Lx clear span in long direction (in.)

by clear span in short direction (in.)

LbwbP Lwd wave length of positive pressure phase at points b and d,

respectively (ft.)

total length of sector of element normal to axis of rotation

(in.)

m (1) unit mass (psi-ms2/in, for slabs) [beams, (lb./in-m32 )/in.]

See notb at end of symbols.
IN
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(2) ultimate unit moment (in.-lbs./in.)

(3) mass of f'r'gment (1 bs .- ms 2 /in.)

ma average of tne effective elastic and plastic unit masses (psi-

ms 2 //in. for slabs) [beams, (ib./in-ms 2 )/in]

me effective unit mass (psi-ms 2 /in. for slabs) [beams, (lb/in- r.

22
map mass of spilled fragments (psi-ms2 /in.) 2

mu effective unit mass in the ultimate range (psi-ms /in. for

slabs) [beams, (ib/in-ms2]/in.]

m up effective unit mass in the post-ultimate range (psi-ms 2/in.)

M (1) unit bending moment (in.-lbs./in. for slab.) (in.-lbs. for

beams)

(2) total mass (lb.-ms 2 /in.)

(3) design moment (in.-lbs.)

M e effective total mass (lb.-ms 2 /in.)

Sultimate unit resisting mcment (in.-lbs./in. for slabs) (in.--

lbs. for beams)

M- ultimate unit rebound moment (in.-lbs./in. for slabs) (in.-lbs3

for beams)

Me moment of concentrated loads about line of rotation of soctor

(in .- ibs .)

MA fragment distribution factor

M E equivalent total mass (lb.-ms 2/in.)

"MHN ultimate unit negative moment capacity in horizontal direction

(in.-lbs./in.)*

MHP ultimate unit positive moment capacity in horizontal direction

(in.-ibs.,/in .)*

MO. MOL total panel moment for direction H and L respectively (in.-

lbs.)

MN ultimate unit negative moment capacity at suppxorts (in.-

lbs./in. for slabs) (in.-lbs. for beams)

MP ultimate unit positive moment capacity at midspan (in.-Ibs./in.

* See note at end of sy~nbols.
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for slabs) (in.-lbs. for beams)

MN ultimate unit negative moment capacity in vertical direction

(in.-lbs ./in,) *

M ultimate unit positive moment capacity in vertical direction

(in .- lbs./in )*

M value of smaller end moment on column

M value of larger end moment on column

n (N) modular ratio

(2) number of time intervals

(3) number, of glass pane tests

(4) calioer radius of the tangent ogive of fragment nose

N (1) number of adjacent reflecting surfaces

(2) nose shape factor-

Nf number of primary fragments larger than Wf

Nu axial load normal to the cross section

NT total numiber of fragments A A
S 8

p reinforcement ratio equal to or o---

C

*A A'
p' reinforcement ratio equal to -• or b-

reinforcement ratio producing balanced conditions at ultimate

strength

PO ambient atmospheric pressure (psi)

)pp prestressed reinforcement ratio equal to APS/bdp

5 Pm mean pressure in a partially vented chamber (psi)

Pro peak mean pressure in a partially vented chamber (psi)

Pr average peak reflected pressure (psi)

PH reinforcement ratio in horizontal direction on each face*

total reinforcement ratio equal co PH +

PV reinforcement ratio in vertical direction on each face*

p(x) distributed load per unit length

P (1) pressur' (psi)

See note at end of symbols.
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(2) concentrated load (Ibs.)

P- negative pressure (psi)

Pc critical axial load causing buckling (lbc.)

Pg maximum gas pressure (psi)

Pi Interior pressure within structure (psi) I
APi interior prcssure incremzent (psi)

Pf fictitious peak pressure (psi)

Pmax maximum average pressure acting on interior face of wall (psi)

Po (1) peak pressure (psi)

(2) maximum axial load (lbs.)

(3) atmospieric pressure (psi)

PrI peak positive normal reflected pressure (psi)

Pr- peak negative normal reflected pressure (psi)

Pr ccpeak reflected pressure at angle of incidence a (psi)

PRIB maximum average pressure on backwall (psi)

Ps positive incident pressure (psi) -

P-1-. P-- psoitlve incident pressure at points b and e, respectively

(psi)

Pao peak positive incident pressure (psi)

PSo0- peak negative incident pressure (psi)

Psob' P sod' peak positive incident pressure at points b, d, and e, t
Psoe r'espectively (psi)

Pu ultimate axial load at actual eccentricity c (lbs.)

P ultimate load when eccentricity ex

Py ultimate load when eccentricity ey is present (lbs.)

q dynamic pressure (psi)

qb' qe dynamic pressure at points b and e, respectively (psi)

peak dynamic pressure (psi)

%lb' qoe peak dynamic pressure at points b and e, respecitvely (psi)

r (1) unit resistaný . (psi)

(2) radius of spherical TNT [density equals 95 lb./ft-.3] charge

(ft.)

(3) radius of gyration of cross section of column (in.)

unit rebound resistance (psi, for, slabs) (lb./in. for beams)

ravail dynamic resistance available (psi)
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Ar change in unit resistance (psi, for slabs) (lb./in. for be*a-s)
rd radius from center, of impulse load to center of door rotation

(in.)

rDL uniform dead load (psi

re elastic n i t resistance (psi, for slabs) (Ib./in. for beams)

rep elasto-plastic unit resistance (psi, for slabs) (lb./in. for,

beams) rM
rfs ult imate unit resistance of fragm ent shield (psi)

rs radius of shaft (in.)

rT tension membrane resistance (psi)

ru ultimate unit resistance (psi, for slabs) (1b./in, for beams)

ru post-ultimate unit resistance (psi)

r radius of hemispherical portion of primary fragment (in.)

R (1) total internal resistance (Ibs.)

(2) slant distance (ft.) A

(3) ratio of S/G

(4) standoff distance (ft.) -

-Reff effective radius (ft.)
Rf (1) distance traveled by primary fragment (ft.)

(2) distance from center of detonation (ft.)

Rg uplift force at corners of window frame (lbs.)

R radius of lacing bend (in.,) '

Rt target radius (ft.) .

R A normal distance (ft.)

RE equivalent total internal r esi st.ance (Ibs.

RG ground distance (ft.)

R total ultimate resistance (lb.)

RI, Rii total internal resistance of sectors I and 11, respectively

(l bs .)`

s (1) sample standard deviation

(2) spacing of torsion reinforcement in a direction parallel to

the longitudinal reinforcement (in.)

(3) pitch of spiral (in.)

s 3  spacing of stirrups in the direction parallel to the iongitu- 4
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dinal reinfoatcement (inl.)

"" spacing of lacing inl the direction parallel to the longitudinal

reo mf or ccm ent (i n.)

S height of front wall or one-half its width, whichever is

smaller (ft.)

S' weighted average clearing distance with openings (ft.)

SE strain energy Ft

t time (ms)

At time increment (ins)

ta any time (ins)

tb, tie t f time of arrival of blast wave at points b, e, and 1', respec--

tively (nis)

to (1) clearing time for reflected pressures (ins)

(2) averagŽ casi ig thickness of' explosive charges (in.)

t' (1) adjusted easing thickniess (in.)

(2) Clearing time for reflected presst "a adjusted for wal

opcni ngs (ins)

td rise timo (us)

tE time to reach maximnum elastic deflection (mas)

t 8  fictiUtiocus gas duration (ins)

ttime at which maximuml deflection occLurs (ins)

to duration of positive phase of blast pressue (is) A

to- dulation of negative phase of blast presssure (pis)

tef fictitious positive phase pressure duration (ins)

t0.• fictitioLus neýgative phase pressure duration (ins)

tr fictitious reflected ,ressuro duration (mc)

t time at which ultimate deflection occurs (ms)

t tita to reach yield (ins)

t time of arrival of blast wave (mis)tA

tAG time <' arrival of g'ouid shock (ins) -
t tme at which parti Iai failure occurs (Ins)

T' ( I) duration of" equivalent triangular loading fin.ction (ins)

(2) thicknessý of maon:h- y wall (in.)

(3) toughness of" material (psi-in.,in.)

T'¢ thickness of cxerete section (in.)
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T scaled thickness of concrete section (ft..1)

T thickne .s of gias13 (in.)

Tbforce in the concinuous rainforeemernt in.1 then hoc I.,>t "' Scc-TH

Lion (lbs.)

Ti angular imp;]so loa-d, (lb,-ms- in.)

"- •' T ., f orc e i n t he coa tin uo us r e i nf o r cm ne n t i n t h e l o n g s pa n d i, "e c- .'

"ti e: jibs.)

T eff'ectivy natural I•p '.iod of' vi 'at ion (is)
T pf minimum thickness of conceete to prevent pc-rforation by a given

fragoent (in.)

T rise time (ins)

"(1) thicknss of sand fill (i n.) i(2) thickness of slab (in.)

T minimum concrete thickness to prevent spalling (in.)

T -scaled thickness of 3and fill (ft./lb. 1 /3)

T total torsional moment at critical section (in.-ilbs.)

TW thikness of wall (in.)

T force of the continuous reinforcement in the short direction

j( bs.) k

U particie velocity (ft./ms)
44 ultimate flexurai or anchorage •ond stress (psi)

U shook front velocity (ft./ms)

U strain energy .,

v velocity (in./ms)va insltanta eouus velocity at any time (in/nms) 
I.

vb bund;ary velocity for primary fragments (tt./sec.)

v ultimate shear stress permitted on an ear einforcod web (psi)
vf maximun post-failure fragment velocity (in./ms)

vf, (avg.) average post-failire fragment velocity (in./mns)

vi velocity at incipient failure deflection (in./ms)

ini tial velocity of primar'y fragment (ft. ./seQ.) L

rvr, esidual velocity of primary fragmeent after perforation (ft..!

sec.)

vs striking velocity of primary fragment (ft./sec.)

v c maximum torsion capacity of an unreinforced web (psi)

< . 5" " B -15
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V nominal torsion stress in the direction of v, (psi)

v ultimate shear st,'esss (psi) V '
VUli ultimate shear' stress at distance de from the horizontal sup-

port (psiL)*

v ultimate shear stress at distance de from the vertical support

(psi)*

velocity in x direction (in./ms.)

vy velocity in y direction (in./ms.)

V (1) volume of partially vented chamber (ft. 3 )

(2) velocity of compression wave through concrete (in./sec.) r
(3) velocity of mass under shock load (in./sec.) L

Vd ultimate direct shear capacity of the concrete of width b

(lbs.)

VdH shear at distance de from the vertical support on a unit width

(lbs./in .)*

VdV shear at distance de from the horizontal support on a unit

width (lbs./in F7
Vf free volume (ft. 3 )

VII maximun hor izontal veiouity of the gEroud surface (in./zcc.)

V0  volLzne of structure (ft. 3 ) '
Vs shear at the support (lb./in., for panels) (lbs. for beam)

Vs shear at the vertical support on a unit width (lbs./in.)*

VsV shea' at the horizontal support on a unit width (lbs./in.)*

Vu total shear on a width b (lbs.)

VV maximum vertical velocity of the ground surface (in./sec.)

Vx unit shear along the long side of window frame (lb./in.)

V y unit shear along the short side of window frame, (lbs./in.)
2

w applied uniform load (lbs.-ir.2)

"wc (1) unit weight (psi, for panels) (lb./in. for beam)

(2) weight density of concrete (lbs./fto3 )

"ws weight density of sand (lbs./ft. 3 )

W (i) design charge weight (lbs.)

(2) external work (in.-ibs.)

See note at cid of symbols.
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(3) width of wall (ft.)

WA weight of fluid (lbs.)

WAT actual quantity of explosives (lbs.)

Wc total weight of explosive containers (lbs.)

WE effective charge weight (lbs.)

WEg effective charge weight for gas pressure (lb.)

WEXP weight of explosive in question (lbs.)

Wf weight of primary fragment (oz.)

Wf average fragment weight (oz.)

WF weight of frangible element (lb./ft. 2 )

WCI weight. of inner casing (lbs.)

W0o total wweigt of steel core (lbs.)

WCO weight et o suter casing (lbs.)

Wc0, Wc2  total weight of plates 1 and 2, respectively (lbs.)

Ws width of structu'e (ft.)

WD work done

x yield line location in horizontal direction (in.)*

X (1) deflection (in.)

(2) distance from front of object to location of largest cross

section to plane of shock front (ft.)

Xa any deflection (in.)

X lateral deflection to which a masonry wall develops no resis-

tance (in.)

XDL deflection due to dead load (in.)

Xe elastic deflection (in.)

X, equivalent elastic deflection (in.)

Xep elasto-plastic deflection (in.)

Xf maximun penetration into concrete of armor-piercing fragments

(in.)

f maximum penetration into concrete of fragments other than

armor-piercing (in.)

Xm maximum transient deflection (in.)

Xp pla; tic deflection (in.)

PK

See note at end of symbols.
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X (1) maximum penetration into sand of armor-piercing fragments

(in.)

(2) static deflection (in.)

X u ultimate deflection (in.)

XI (1) partial failure deflection (in.)

(2) deflection at maximum ultimate resistance of masonry wall

(in .)

y yield line location in vertical direction (in.)*

Yt distance from the top of section to centroid (in.)

Z scaled slant distance (ft./lb.I/ 3 )

ZA scaled normal distance (ft./lb. 1 / 3 )

ZG scaled ground distance (ft./lb. 1 / 3 )

a (1) angle formed by the plane of stirrups, lacing, or diagonal

reinforcement and the plane of the longitudinal reinforce-

ment (deg)

(2) angle of incidence of the pressure front (deg)

(3) acceptance coefficient

(4) trajectory angle (deg.)

'ec ratio of flexural stiffness of exterior wall to flat slab

aecH' CeoL ratio of flexural stiffness of exterior wall to slab in direc-

tion H and L respectively

(M) coefficient for determining elastic and elasto-plastic

resistances

(2) particular support rotation angle (deg)

(3) rejection coefficient

(4) target shape factor from figure 2-212

factor equal to 0.85 for concrete strengths up to 4,000 psi and

is reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

Y coefficient for determining elastic and elasto-plastic deflec-

tions

factor for type of prestressing tendon

6 manent magnifier

* See note at end of symbols,
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6n clearing factor

A deflection at sector's displacement (in.)

CS average strain rate for concrete (in./in./ms)

Cm unit strain in mortar (in./in.)

Est average strain rate for reinforcement (in./in./ms)

Cu rupture strain (in./in./ms)

o (1) suport rotation angle (deg)

(2) angular acceleration (rad/ms 2 )

Cmax maximum support rotation angle (deg)

OH horizontal rotation angle (deg)*

(V vertical rotation angle (deg)*

X increase in support rotation angle after partial failure (deg)

(1) ductility factor

(2) coefficient of friction

v Poisson's ratio

p (1) mass density (lbs.-ms.2/in.4)

(2) density of air behind shock front (lbs/ft.3)

Pa density of air (oz./in. 3 )

S PC density of casing (oz./in. 3 )
pf mass density of fragment (oz./in. 3 )

P0  mass density of mediun (lb.-ms. /in.

Ou fracture strength of concrete (psi)

zo effective perimeter of reinforcing bars (in.)

EM wsmmation of moments (in.- lbs.)

YTMN sun of the ultimate unit resisting moments acting along the

negative yield lines (in.-lbs.)

EMp sum of the ultimate unit resisting moments acting along the

positive yield lines (in.-lbs.)

T maximum shear stress in the shaft (psi)

(1) capacity reduction factor

(2) bar diameter (in.)

(3) TNT conversion factor

assumed shape function for concentrated loads

See note at end of symbols.
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C(x) assumed shape function for distributed loads free edge

W 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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