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Docket No. 50-423
Bil346-

.

.

Director of Nuclear Reactor Regulation
Mr. B. 3. Youngblood, Chief
Licensing Branch No.1
Division of Licensing
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

References: (1) W. G. Counsil to B. 3. Youngblood, Millstone Nuclear Power
Station, Unit No. 3, Technical Review Meeting Summary,
Structural Confirmatory Items, dated June 26,1984.

(2) B. 3. Youngblood to W. G. Counsil, Millstone Nuclear Power
Station, Unit No. 3, Docket No. 50-423 (NUREG-1031), dated
August 2,1984.

Dear Mr. Youngblood:

Millstone Nuclear Power Station, Unit No. 3 *

Transmittal of Responses to Safety
Evaluation Report (SER) Confirmatory Items

Enclosed are Northeast Nuclear Energy Company's responses to SER
Confirmatory Items 6,9 and 22 (Reference 2). Confirmatory items 6,9 and 22
correspond respectively to items I, IV, and 111 discussed with your Mr. Nilesh
Chokshi and Mr. David Jeng, Structural and Geotechnical Engineering Branch and
Mr. Bob Palla, Containment Systems Branch, on June 14,1984 (Reference 1).
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If there are any questions or concerns related to the information contained
herein, please contact our licensing representative, Ms. C. J. Shaffer, at
(203) 665-3285.'

Very truly yours,

NORTHEAST NUCLEAR ENERGY COMPANY
et.al.

BY NORTHEAST NUCLEAR ENERGY COMPANY
Their Agent

.

W
W. G. Co6nsil
Senior Vice President

N'

By: W. F. Fee
Executive Vice President

cc: Mr. Nilesh Chockshi - NRC-SGEB
Mr. David Jeng - NRC-SGEB
Mr. Bob Palla - NRC-CS

STATE OF CONNECTICUT )
) ss. Berlin >

COUNTY OF HARTFORD )

Then personally appeared before me W. F. Fee who being duly sworn, did state
.

that he is Executive Vice President of Northeast Nuclear Energy Company, a
Applicant herein, that he is authorized to execute and file the foregoing
information in the name and on behalf of the Applicants Licensees herein and
that the statements contained in said information are true and correct to the
best of his knowledge and belief.

tary Public
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]Structural Audit Item 41 - (Item I from June 14 meeting with NRC) _

Discussion of Stone & Webster Engineering Corporation's Missile Barrier Y
Interaction Topical Report (SWEC-7703) =

.4
RESPONSE: 3

-

A. Additional data is required to s stify ductility ratio and impulse "]
"

'
-

values for the auto impact study. The applicant will provide this 3
information. [.,

B. Ductility Ratio - The applicant will (1) survey all Category I struc-,

tures exterior walls above ground level and prepare a table of panel 7
sizes, (2) identify any panels less than 24 in. thck and (3) identify the Q
limiting panel size. If the limiting panel size should be less than 10' $
x 10', we will then look at the ductility ratio. {

ITEM L 11
ti

As requested, the applicant has submitted the data required to justify the | |

automobile impact and impulsa parameters. They are derived in Appendix C of j
SWECO 7703 Time History Analysis for Overall Structural Response (enclosed). it
The following, which is extracted from Appendix C pagea C-3 and C-5, speci- y
fically explains the derivation of the magnitude and duration of the auto- M
mobile impact force used in the analysis. }

.
-

The square wave force F 3 representation of body-chassis crushing strength is y
based on the results of a test performed by Sandia Laboratories. The test 3
censisted of projecting an automobile head-on against a reinforced concrete 2
barrier. The following data describe the test: i

-

9
Weight of auto: Originally 2,715 lb, modified a

for test to 3,330 lb i
3

Impact velocity: 76.3 fps g,

fDamage to barrier: Nore
A

Damage to automobile 26 in, crushing 3
3

The average crushing resistance of the body and chassis can be determined by g

calculating their kinetic energy and dividing that energy by the crushing
distance. Assuming 16 percent of the original weight to be engine and trans-
mission this calculation gives: [

d

26 R/12 = (3.3 2.715 x.16) 76.3 /64.4 [
2

R = 119.6 kips }
.

Since the automobile used in the example is heavier than the one tested, the q

crushing resistance R is greater. Assuming resistance proportional to 1

weight, there results "
,

.

R = 119.6 x 4000/2714 = 176 kips s
1
.I

|
2

, BX2-12179-225 ;
,

-.
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For conservatism, this is increased to 300 kips.

In order to know the duration of the square wave force F 3, it is necessary to
= monitor the velocity of the missile mass M . This is 8one as follows:3

(1 - { F,3 dt)/M3'

V =

3 3

When the missile velocity V decreases to the velocity of the barrier, the
3

mass M no longer pushes on the barrier with force F,3. From this time on, the
3barrier and missile M are assumed to travel together until the barrier stops.

31 is the original momentum of missile mass M .3; 3

Utilizing the above method along with the missile spectra submitted in FSAR*

Table 3.5-13, the ductility ratios submitted in FSAR Table 3.5-14 were
calculated.

ITEM B

As requested, the applicant has peformed a survey of all exterior wall panels
- to a height of 30 f t above grade which provice tornado missile protection.

-

.

All walls providing protection from tornado missiles are a minimum 2 f t thick.
The results of the survey are as indicated on the attached sheets. Those

panels which provide missile protection, but are naturally shielded by other,

structures are so indicated. The results of the survey indicate that there is
only one panel with a dimension less than 10 ft which would be subjected to
impact by the automobile missile. However, this panel is shielded such that
the automobile Lapacts close to the 2 ft roof support and the impact load is
transferred directly into the roof. (G.6 Line Wall in Fuel Building. Page 7
of Attachment).

The results of the survey show the exterior walls are adequately protected'

against tornado missiles.

BX2-12179-225
- - - - - - .- . _ ._ .. . -, . ,
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AP9ENDIX 0

TIME IIIS*0RY ANALYSIS

rest CVERA11 STRUC* URAL ItESPONSE

C.1 pDR30sE osmpression, and sheat, is defined as the
ratio of me * == acceptable

me purpose of this Appendix is to develop displacement % to the displacement at ce
methods for dete -insnq overall barrier effeesive yield point xy in Bending.deflectior due to missile ispect, static
loads, and otner dynamic loads actine
toget*.or in a load combination equation. Where aarriers are required to carry

other loads or where taere is only one
C. StaeERY harrier provided to stop a missile and

The deflection of a barner due to missile protect against secondary missiles. tne
impact, static loads and oeer dynamic iiainsman allansable ductility is 10 or less
leads acting together la a load der idag on how smear and compression
commination equatico is determined by influence the flemural response of the

solving the eqtatad of motion for the berrier.

harner by two iadar==ht secods which
give the same results and employ the same where reinforced concrete barriers are not
assumptions. required to carry ocer loads and where a

second barrier suon as a wall or floor is
The equation of action for a narrier is located between the primary barrier and
solved: al my atenerical integration and, the missile protected area, the primary
3) in closed analytical form. In both barrier any be designed to act in tension,

( solutions tse barrier is represented by an similar to a === == scal pipe whip

equivalent mass and a naalinear spring restrains. In this case, the em -

wnicn can describe the barrier foste barrier deflection is based on half of the
deformation relationsaip. ultimate uniform strain in tne rebar.

This limit for reinforced concrete

The missile is enaracterized by its mass barners acung in tension is tae same as

and striking velocity. In addiuon , the the limit for pipe wnip restraints.

average impact force between mass 11e and
barner is required. C.3 SINGLE MASS *IME R15 TORY A % .YSIS

OF BARRIIR STRUCTURAL RZ3pONSE

*be missile-barrier contact force acts to
decelerate the sisa11e and to acceleante c.3.1 General Seacnotion
the barner, and consintnes to act tantal a
common velocity at ce impact point is structural response to nissile imoect is
attained. 3ereafter, missile and harrier calculated here using a single equivalent
move togecer until they come to rest at mass and a nonlinear (elasto-plastict
the Saw t == barrier defleeuca. spring to model the dynamic response

charactensucs of the barner . *he

f sne Auration of the impact interval fto single equivalent mass in the equation of
acnteve a common velocity) is very snort action ter the barrier as the sum of ce
compared to the time in writen the barrier narrier equivalent mass plus any assile
mees to sm == .11splacement, the tapact mass an contact witn the marrier,

can se treated on the tasis of an traveling at the same velocity as the
instantaneous imoulse between missile and barner. When the impulse is short

sarner , considera.cly simp 112ying the compared with the duration of the barrier
analysis. *he recrosentation of ce response. tne carrier mass, not tne

missile as an instantaneous .moulse is carrier structural resistance to deforma-
j realistic only wnen the duration of isoect taca, stops the mass 11e.

As snort compared to tas tirar at takes ce In tais case, structural response is based
tarner to come to sazimum displacement . uoon an inzual impulse of toro durauon
Otnereise, sne instantaneous !.soulse described melow. This produces the same
setnod as .co conservative and a square structural response as ontained ev

'

eave of force versus time as used to W' 1 1 ' = = and Alvytan, gq, g3ng .

transfer tne missile nomentum to the
On tne other hand, enen the imptalse of thetarrier.
sissile acunc on sne carrier as .ot snort
enouca to de treated as Instantaneous. thehe :ernssamle ductility estat. .,

limitano carner teflection for sendinc, Interacuan :etween nasale anc 3arner as

:.-

-- . _ .
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.n.seentec by means or a constaat force havtag kiastic emergy which is dissipated
ac.ang for a finite time. Se magnittade in predestag further deflection. A

of that force is dotasmiaed by the sensenat different physical process nan
crushing resistamos of the missile or the sometimes occur when the plastic
penetratica resistamme of the herrier, structural resistance is larger than the
whichecer geassas. The force remains oomstaat a1asile contact fosse. In that
coastant until either the missile and case, the barrier may come to rest before
Barrier have zeached the same velocity or the missile and the barrier reach a ensemon
the barrier has ones to rest. la the velocity.
former case, the esmhhaed system - missile
with barrier - samtamuse to defleet imutil C.3.2 111amata naariar nafimetion
brought to rest Dy the barrimr's
resistanee to defeemation. Depending on tenere only eme hasrie is pimeed houseen a
the parameters of the syetas, the final aise13e seerse and a massile protected ,

def3astion obtained for an interaction of some or share a harrier is required to

finite darsham any be considerably carry other leads, the amatsuu hasrier
enller than when the entire ammentius deflection is empressed La terms of a
treasier is asemed to take place destility rano. a = VKy. The nazisman
instantaneously, as is illustrated later. allesekle destility reties for diff arent

leading osaditions are specified my the
N*'*The analytioni and nimmerical methods

presented here 2 tame into acontait 2our
types of static and dynamaa loadiays, as me ansdanus alleeable destility retin of

required by the lead eenhimatima equation 10 or less, =paa h by the IRC, can he a

la the SAR.
amm11 faaetion of the M m= ties cepecity
of a hearier. The limit of 10 is beood on

1.and Type Is static leads totatic tests of simply supported haam such as
these % by Gestem, Sisee, andpressere differential or ._

weight of a horisontal Newmar2i'
hasrier) Simply supported taso-way alabe, and

restrained twy slahs, and end; mad Type 22 dynamic nedenly applied restrained heems all hace oomsiderablysometant load (fluid fet,
anta deflection capacity to failure thanor dynamic pressere
de simply supported heems. This isdifferenti.11
husasse the reinforcias hars act in

: mad Type 3 square weee immp= 1 == of catamany taasion after the fleunral hinge 5

21aats detratics (forse of sepecity is eehausted. Per a m slaba, j
penetrata t or crushing eeze is an additional resisting force due
. n ., to the focussian of compressica riaps in

the barrier ahost tae point of applied

Imad Type as initial impulse of lead. Anderosa, da====, Murphy, asumark
and shite t ** 3 deoerited the additionalessentially :ero duration
capacity of these hazziers in design of(i .e . , very such shorter
blast resistant c m es. Section N cfAnderson et al.( p8than the duration of the states.barrier streetiral

responsep
""he Catenarv !ffect. Se yield line

ne mass of the missile which applies its taeory gaves only a partial explanauon of
the habavior of a plate or slah supportedload to the harrier via a square wave,

Imed Type 3, is M,. Se mass of the om are than taso opposite sides and loaded

sissile asenciated with an instaan====. laterally. In addition to the handing
actica that has been discuased, there is atransfer of somentum, Load Type 4, is F..
comples membrane action as well.

Se physical == ^^rtian of the
alas 11e-earrier interneuon is as follows: In the case of a square plate with four-
De impact force decelerates the missile side support, the belgias at the center
and aseelerates tae merrier . me tends to pull opposite sides of the piate
oeflectica of tae barrier is aided by any toward enca otaer. This effect is

stauc and dyname forces normal to its strongest for a central strip and does not
surface and by any initial izqsulse; the esist for a strip ad$acent to a supported
carrier deflectica is opposed Dy the edge. As a coneoguence, the middle area
barrier's .- h al resistance, laisially of the plate is in tension and the enter
elastic and finally plastic, represented parts in compreamma . 21s has two
Dy a bd immar resistance- def1menon effects: anthe ===arane acuan supplies

;

i relasiaa. Se constaat plasue resistance same load carrying capacity, and Di the
is determined by yield-line theory, taking tension and compressica fields alter the
no credit for any catenary or curvature plastic hinge soments to de used in the
influence. Se missile and narrier Yield line theory. It should be noted
continue to moes under the accon of the that the mamarane action, Just sentioned,
various forces, usually atti both have is not confined to two-way slats. A

acnieved a connon velocity. After enat, siallar effect <111 he encountered in one-
tas missile and barrier are asstaned to way slahs and Deans the ends of wnicn are
form a sinale fegree of freedom systeve so ancaored as to prevent movement toward

:=:
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eaca aner aursag fleseare. In tais case, a = barrier acceleration
the lengthening of the member as it F,= sua of static and dynamic forces
deflects gives rise 'to tension which or equivalent forces caesing
carries a part of the applied leed, thus changes of motina

;
increasiaq the load capacity of the R,= equivalent barrier resistance to
moeter, e 7 -M y at large deflections.* deformation

usedts) esserikes samerame taasion in two- Prior to lissile mass M and harrier f
way slate. Figere C..k1 tahan from renehing a common velocity,8F, equals
temodt 3 shows that twemmy slate have
asesiderahly 1peressed force espacity and F* = F'8 + F** + F''
deflecties capacity above that deternimod

where F:, F and F, are equivalent iseing W iaq yield line analysis and a
dertility of 10 based as simply sepperted forces for load: types one, two, and three ]
heems. in Section C.3.1. After missile mass M,

and barrier reach a soumon velocity,

The tension nochemisa demerihed above for 7, egaals |

twoway slabs and heems anchored at their ;

a F +F jends is used in barrier design when: F, y

1. There is a seemed harrier Lead Type a from section C.3.1 is a very
between the primary barrier high force from a hard missile or

acting la tension and the component which is on the barrier for a
missile proemeted area. The very ahort interval of time. This force
second barrier is designed to asesse the barrier equivalent mass, Mg.
step =a=*=1 particles from the plus the missile mass M. to have an
primary barrier, initial velocity before loads F or F.3esame may motion. ThisvelocityIs

2. the primary harrier is taos
required to carry other loads, 7, 1, / (Mbe * " .Ia

3. the missile geometry is 'seen load' Type a is not applied to the barrier
that it cannot slip between the expliaitly. Rather, the barrier is given
retar pattern, and an laisial volesity wetish results from the

impulse I. of load F .. The impulse is
/ 4 the remar as continuous in the applied to the eseadaad mass of the

barrier and fully developed in barrier and the missile M, simos they are
the narrier support. assumed to trewel toga her after impeet.

Se anatoma deflection of reinforced Emed Type 1 is a static load which eneses
eenerese heariers aettag in tension is the barrier to have an ialtial

deternamed by the semiaan alloumule strain displacement before loads F,a and F

la the renar. For narriers acting La cause any action. This displacement is , s
tension, meeting the senditicos (1.1

1/ Reythrough (u.) above , the === === 21 "M e 3, * 7p
reher strain is half of the altimate L, and 2,y are the balm r_t anduniform strain of the remar. "his is where

amalagous to the assanian strala permitted resisting force of the barrier at its

by the !actss3 for escasaical pape enip offactive yield potat.

rests. iats . la order to Itaow when the missile force
C.3.3 fau1112 rim Iauatica and Fez tarintaates, it is noosesary to soottor

the velocity of the alsaile mass M iTtis.= ===% rasrears 8
is done as followe

a

Se basic equation of action of the
V = (1 F,, del /M,-

barrier is i 3

M,a a F,- A, (C .J-1) when the missile velocity V, decreases to
the velocity of the barrier, the mass M.
no longer pushes on the narrier with forcewaere Fe i . From tais time on, tne barrier and -

* M,3 Frior to the missile missile M, are assammed to travel toeetaer
M*= MaM barrier reaching a common until the barrier stops. Ii is the

velocity, M, equals marrier original somentam of missile mass M,.
equivaleat mass M e. plus theb
mass , M. , associated witn the Although the barrier deflecuan pattern
initial impact of zero duration, taaes on different configurations in the
:oad Type d. Thereafter, elastic and plastic stages, the values

= M e * M' * M, : ifter missile used for the mass and load transforinationM, b
and narrier reach a common veloc- factors, K. and K.. are determined for tse
try, M, equals the sua f tte plastic cortfiguration since tac barrier
barrier ecu1 valent 9 ass M , ;1us deflection as prod-netly in the plastic

3
t.e tisstle mass 'rtm ;cac 77 pes range. "he barrier eaulvalent .:asa M. as

-determined from; and 4

-3
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* - "~ (C.3-21 morment compared with missile
, ~ deformation La actual tests,

enero
2. M actual test data for (1 3

% * total mass la herrier yield above are not available, then
mechanima the Zoed Type 3 for constant

cross-section alssiles is the
X a mass transforestion factor so lesser of missile material yield
m

that the andel and prototyype stress or 50 *si confined
harriers have the same kinetic comerete bearias strees times
emergy and same displacement the aos crossweecticaal area of

the missile.

-EmE se du c.3-3,s o3 3. If the missile does not maintain
a constaat -.--- _etion at thewhere point of impact, Lead Type 3 is
set atual to the pena of a

*b * mass per unit area of barrier
force-crush curve for thes a an matised displacement of missile, where the area under

barraar the curve equals the kinette
energy of the alssile. If thedA * incrosset of barrier area area under the force-crush curve
is less than the kinetic energy

The equivalent forces accias on the of the missile, the aumentuaharrier from the missile, other dynamic correspondiaq to the hat-e of
loads and static leeds are determined as the *==rgy is arplied as
follous instantaneous impnise, Land Type

4F. * L, F c.3-a)

C.3.5 tetmerical Solutica for Zauationwhere of e tica

.~. = load tranetoeussion factor N americal solution for the barrier*
determined so that the model and equatama of motion is perforand startingpaimetype forces do the same freet an lastaat of time when theWA on the marries- m aing
same displacements for andel and displacement and ve h ty of the barrier

and the missile and the forces actino onype barriers. them are kamen. Se numerical solutica of
*** **#'1** '9"**A** 'I ""*18" T1'"" b'''

-
" M c.J-51g . a

is g lished la a amaner similar to
Sigge( * b Chapter 1. The differences are:vem at the barrier has an laatial velocity
from as instanteous se of high force

f = force per mit area of barrier capacity missile aa=Taa==ts , Bp the
.,,, ,,

applied force Jf the asse11e remains on
the barrier until missile and barrier come7 , g,g,g g, ,, gg,, to a common velocity: then it is taken
off, and c) the mass of the high force

A different equivalent force is determined capacity **=a41= casuponents x, and thefor each lead acting on the bar'rier. assa M, of the lower force especity
sis ats watch penetrate orMe barrier equivalent resisting force R

e crush sigaaficantly are added to theg, g,,,,,gn ,g g ,
equivalent mass of the barrier after they

R, a R (c.3-4) attain a common velocity with the barrier.

Equation 0.3- 1 establishes the
'O'#' acceleration. t..e velocity and position

f e barrier at the end of a timeR e barrier resisting force for a
****# * ##'coneontrated load producing a

specified displacement
v = V -i + a dt (C.J ?13 3

C.J.4 wins 11e Mree for !and "vne ?.

In =Ig+vg iet . 3 a et (C.J-41
2e ussile force for Load Type 3 in
Section 0.J.1 is dete-* * oy cae of the where
fallowing methods:

1. Se force for *aad Type 3 is
" a velocity at end of tianV.

interval 4t.

equal to the 4.Anetic energy of
sne missile divided by the V.3. i = velocity at beginning of

*

time intarval atdistance tne missile permanently
deforms. This metnod s 2 sed.

<nen -nere as ne significant 4 = barrier fisplacement at
penetration or snear plug end of time interval at

04
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= barzier disp 1 - ==at at 30 ft. Two different load conditions are
... g

beginniaq of time interval dt considered for each span. ney ares

1. a,000 lb auto body and autoa . barriec acceleration assumed engine considered as applying a
constant during time interval zero duration impulse (Ioad

*:ype a) . ?nis gives identical
dt = time increment for numerioni results to W ' i ~~ and Mvv

integrauon of the equations of Equeuon is.
'

notion. It is set betwou 2 and
20 microesconds depanM nst on Impulse: 2s ki m .
the time dura con of missile
force. 2. auto body with 20 .15 kip-sec

momentum considered as applying

De example used for illustratica is an a square wave ispulse with crusa

automobile weigning a,000 lb (1,310 kg) force of 300 kips fload Type 31,

unich strikes a 2 ft reinforced concrete and acto engine with

barrier at 19a fps (59 meters per secor*d) , 3.85 kip-eec momentum considered
NBC W . Se engine and transmission are as a pure impulse (Imad Type al .
assumed to weign 650 lb and esemed to be
a rigid compoesnt which applies a The top half of each table gives the data
oemeestrated impulse to the barrier of on missile, barner, and other loads
3.85 kip-sec. The r- * M aa 3,350 lb of acting on tne barrier. The nottcun half
andy and ====4s omery a somentum of presents a summary of the numancal
20.15 kip-sec. De crusaing resistance of integration of the barrier equation of
this component is assumed to be 300 kipe motion.
and to be essentially constant as long as
crimoniaq continues. Taala C 3.7 gives the deflection and

dactility of tornado-borne missiles listed
in NEIREG-75/087, Secuan 3.5. t . 4 ' ' ) . mis

Se assumptic.* of bodw-enassis crushing table shoes that the dactility is less
stremoth is . sed on the results of a test tasa 10 for all sissiles innen the barrier
performed by Sandia 14aricatories4* 3 Se is loaded saapal-=-=1 y with tornado
test consisted in pro 3ecting an automobile wind.
head-ce aceinst a' reinforced concrete

e narrier. De ballostag data describe the C.3.6 Analvtical solution for Taustion
of Motionteet:

weigns of autos originally 2,715 lb, 31s analytical solution is presented to
radtfied "cr test to verify the numerical solu uon in
3,330 lb 3ection 0.2.5 a..d to offer an alternative

to a computer program for the single mass
tapact velocity: 76.3 fps time history analysis of barrier

deflection.
Damage to bc ; .er: ncne

ne analysis predicts the structural
Damage to autouchiles 26 in. crushing response of an elasto-olasuc massile

barrier to any consanation of the four
ne average crusaing resistance of the 2.Lnds of loads given in Section 0.3.1.

Dody and chassis can De determined by
calculating their kinetic energy and Load Types 2 - a are specifically treated

in the analytical development taatdividiaq that energy my the crusning
follows, and in wnich the stauc loadine

distance. Assualag 16 percent of the
original weigns to se engine and is assmed to be zero. Se result is a
treJnomissien t/11s calculacon gives systen of formulas whien permit the

determination of nota tne maximum

ratio . = x ve,"vnere* *~ *^^ *^* #8C~'''tY8 " U **f126 R/12 = (3.3 2.71Sm.16) 76.3e/sa.: e = the elastic
A* 118**. UP8 limit deflec Lon of ene Sarrier. "'h e

duration si the imoses pnase of the
31 ace the automoaile amed in the example process can also de fou 4 d repared.
is neavser than the one tested, the
crushing gar 1 stance R is greater.
Aasianing resistance proporconal to "he effect of a s1=ultaneous static
weigns, there results loading is determined Dv means of a

corTection of the results of the purely

A= 119.o x 4000/271s e 176 sips dynaste loading analysis, as is fisc 2ssed
.a t er .

For conservatism, this is increased to 300
alps for the example.

*wo different situations occur, acccrdino

Table 0.3 t tr.rougn 0.3-4 ;1ve tne results to whether the elastic lanat .s remened
of the tuaerscal solucon for :s in. Defore sr arter the enc s! :ne =caet
aarriers wits spans ef 10 tt. 15 ft, and ; nase .

;-5
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. w pnase ends when the missile and x = ne AsinAt g cosit.
. T 3e marrier (at tae poias of impact! hsee

cae same velocity. Ps. dowing that time

ene mass 11e and berrier are assumed to Find time t, when x = e by setting z = e.
(1-R/F *) ces y

remain in contact and to decelerate Then oos ni + y) =

together until action ceases. Under some 1

(C.3-9)conditions, the barrier comes to rest where
before the atssile does. This nappens for
high ar antua massiles where the force Y = can ' ShmV/F' M = can~' G*

stopping the missile (Imad Type 3) is less
than the barrier resistance, 2. If (1-R/F9 oos y 5 - 1, the barrier r==mina

* *

The final reemit of the analysis is
empressed in 'ama of =, the rat.1o of the The condition for Case .\ to ocent ist
final deflection to the eJastic limit

* G cusAt. * h. 5 (At ) < m$(C.J-10)deflection of the herrier. sa.n 4t - mm

The following symbols are needs
, jgg,J: This stage ends when y = x.

elastic limit deflecticae ( = zy ) =
of barrier (ft) aquations of motion taew time origtal are

coastant missile impactF =
force (1bst , lead Type 3

-

P' = F+7 I * Y * g IE * E3 **M.

SanV/F' 6 = can v 3 i aG =
Ialtial impulse (1b-eeel =I =

fcceAtg = equivaleurt ease of herrier * * g sinAt,atV = isr,Imed Type 4 .
-

A t

(slugs) (Eq. 0.3-11
st r e-4 ,

% *le mass associated -
M = *

alasi gs =
with force F(=M.

g cosit,missile mass associated. * go,31g sinAtse = =***with tait 1M isgruise 1(%) a 3* ,
= total iamesetlag amasa + mt

suddenly applied constant , re-a ,2P = ,
'force of indefinita diazstica 2M

Imed Type I (E4 0.J-31 /
equivalent. static force, Then, equating ic = y find t., from

Q =

Zeed Type 1 (Eq. C.3-3)
atarumi - mat,/m - sanat - CcosAt' (0.3 1UA = constant plastic equivalent At .

resistance of barrier i - MM ' - NT'
(Eq. 0.3-5)

t = time (sec) goesseer , if R > T' ta, barrier mass, M M

t ,t ... = durations of successive come to rest at time t Defore y = x. *o
' 8 stages of respo_nse determLne if this happens (only possible

impact velocity of atssile if R > T') calculate tj * remV = ,

sanat * G meat(fys
deflecuan of harrier fft) it =

- (C.3-11A1, '

x = g,,
8x , x ... = deflecuon at ends of

' 8 successive stages ,

5 'ts or if its from Eq. C.3-i. J

r.f (=el e elastic limit deflectican If t s

displacement of missile negstave, then sotaon ceases at tjy =

mass a af ter unpact ,,

- y ;At'l sinAt + G cosAt.=1. .
8 1dx/dt, dy/dt....=x, y...

. g _3g. , ;.']
i t' 'c.3 i:A38 = 2, A

xypie.a =
*

v = g33-8 G

final deflecuen/e a govever, if P' > R or af i t '. >nt,, thena =
ductility ratio stage 3 follows, in wnica sasses M and m

move together until they come to rest at a
final barrier deflection x, .

cus-.+, ,x ~ *3 RIL N OCPINGg* . During stage 3 the deceleration isd *1CN "8 C SM.l?tG 3"1 Carpr

$tage is 35 x Se, h * k O*

2quauons of motion are rg are McInntac of Stace I, 'relocity and
teflect;on are stace : haal ralues

p = -r/m x + R.x/Me = T'/tr

ftem4t ,y = v - Ptn x = f,,*g , .-:esa t! -hs2..se = sin.t t- -

:-4
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It, 74 or, alternatively
x = a - 7.,y- .t, sanAt,. 7 aosAt, * 7 :

u = . . (Y 1-cosit * sinAt . G . ,, G ,, 7,

4 t i 4

cs )s /25,'"ae f ina l deflection x =x +

* G 088At l }
3:and g, At (C . 3-16J,

i3

*h(At)'. * f a sanAt + G oneAtt
8 8 8 The limiting ocedition for Case 3 occiars

with only an initial impulse 1 * m.V and

. p, _ p 1, ] . - foree r. m a,s - ,e % ,
,

*3 P1

u * N (1 * '[3(3 / I1"N) (C.3-17)g ,

* p~PYh8'"At * G "'*** The results that have been presented fori
dynamic response with no accompanyutg
static M g oan M m ed as fo h s

R 13
(1 yr) Aty (C .3-12) ween a static load Q also acts.-

A innifously distributed constant static
1*k ye r loading can be represented for the dynamic

and it, = - 7 y (sinAt analysis by means of an equivalent
i

1*N oemeestrated osastaat force Q, according
to ht. C.3-3. 31ase this force is capable

(1-wy'1 at of deiag wort during a structural+ G cosAt .
i 8 displacement it onetributes to the Maat

defloation of the system. Its importance
Pgr."RAf'QII/14 GEE 2G SThGE 41CS depends on its segnicode compared to theGnas J: .

Ezru21 f.:ASTIC IMIT IS AAACEEO structural resistance (R) of tae barrier.

3raer_11 Ends weten y = x, z< e Allowance for the effect of Q on ==w4=um
deflectica is made as follows: The force

Eq= -- ia-- of motion are tae same as for Q aloes produces in the barrier an elastic
Stage 1 of Case A. defleetica Qe/R wn.Len uses up a fraction

, ,
Q/1 of its elastic liatt deflection e,e

Stage 1 and at time si when y 6 z. leevtag what enn he called a
This time is given by the equeuen po h lastic limit deflection e' (=e -

Qe/R) . Lineswise , the presence of Q

san it - G ces it . F :s (At 3 * I (C. 3-13 '- resistanoe from the vaine a to a - Q - n',
IE **** ** * N**

t i i se
where R' osa be termed the 7 " plastic

The conditico for Case 3 to occur as resistamos.

-hcosat - Gain' t 21 (C.3-14) The dynamic loads can nest be applied to.

i to. n suo. m ut. - .m ca., acte m .d ,,
1*elocity and deflecuon at the end of es and R' instead of the actual e and R.
Staos 1 are The calculations leed to a value of x'

(Eq . C.3-12 C.3-12A, C.3-15, o r .3-f6 ;

P'e4 I as the case any del walen is the final j-

sinAt, cosAt* * *
A deflection of the system M or in i3 ts

addition to the start.ing deflectaen e'
: caused by Q. rinally, the actual ==e mum I* 3 (1-cosat,)3 g tsinat defhion of the barrier relative to itsx, +

|i

unstrained configura uon is ,

Stage 2: Ends when barrier comes to rest.

of St. age 1, the strain and timetic ~
y-e'use worx ane energy pr:.nciple. At the end z., =

enerates are and the duc'4?'ty ratio As

x

Ax(/2e and D 4)8 , respectively. At * "sr'* *
-

*

the end of St&ge 2 the strain anurgy . Atz.
-e/2), and the 41meuc energy = 0. Then C.J .7 wiM i -- and Alvv solue'on

N /2' * N I# *A IX: "'AI *be W111ia= man and Alvyts3 sethod oft
calculating structural response is broken

and snen down into. (a) the ca.se with ussile
penetration and (n) tae esse vita nux, , , * ,,

a p(1-:osAt ,

( - O samt penetration. "his metaod is .ased as 4.=y* ,*) - y-
oasis of comoarison by tne xacess. he

,
tornado nissile whica produces the most

Q swg . =,,.* *).} (C. 3- 151 structural response is the 4,300 lb auto
.

wnica Joes not penetrate the barrier.-- ..

.

i

1

i
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..n u:.re. tr.e :ase of no penetration in wtmore the barrier stiffness k is defined by?-

1111asson and Alvy is discussed tsere in
ieta.11. Secause the penetration of X = R/t and I,= .X (C .3 -22)

Y Y
-

sans11es of consera to nuclear power plant
design varies so widely for the spectrum The period T of the systaa is
of assailes and bestues the penetretion of f .,

(C.3-23)'

any given design basis missile is not ? = 2s N + M.1/4
*

k
-

_

documented, structural response is not
- based on penetzation. Rather, it is based The resisting force of the barrier R

on the force of the M ==418 on the then becomes
&

harrier.
.

[ h-1 h
2' 8 Y_ *

Egastion 14 in Williamson and Alvy s,,
( / (C.3-2 4)establishes how much reinforcing steel is T

' needed in a barrier of given thicstness for;-
a alasile with asensatta egaal to M. times Equatica C.3-24 is the same as

m ' 1 4 ---a and Alvy(33-

v. This method of saleslatiaq stfeesural Egnauon is in
s

- response does not necessarily predict
streeturmi resposee for meetag ce3ects Equation 0.3-2s prodmoes the same

-
striking barriers as a naclear facility. deflection as Load Type a for the missile

winese the momentiae of the alas 11e is
Equation is is derived here in a more transferred to the barrier as an initial5

I direct way taan given in williamson and velocity Defore the barrier offers any
structural response.Alvy (81.=

The kinetic energy and moesatian of t1m C.3 J h M =a= of m===r w 1 and
- vuca.1 et.noas vita

missile are ' - a= aud Mvy Assultsr wd'
.

.5 M,v* The method proposed try williamson and Alvy22 =
-

3
for predicung the structural response ofMomentum = M,v, a stasi.le barrier to impact by a

The velocity of the narrier after impact nospemetrating alasile is based on the
is deterniwd by assuming that the missile aseueption thee the duration of the impace

-

and barrier r===in together af ter impact. is very short compared to the time

- By conservation of acusatima, the velocity required for the barrier to reach its
-

of the her: ter and missile moving together maximini deflection. The loadirst is %
t
I after impact is treated as a commentrated tapulse. This

ameuoption .s too cesservative, as is /

[ Y .me 7, M /(M.,+ Mbe ) (C.3-181 evident from asanideration of the data;
"

b a presented in the Table O. J-8.
r

|
The kinetic energy after impact is

A masalle having a certain finite crushine
|| * M ) (C .3-191 strimeth will exert a total force of. 5 M,a y a / (MKE =

f'
, 3 approxiantely that amount during taag

I where impact interval. "no duration of the
cruening process is then deter:alned free

D
i M3= mass of aissile considerauon of the initial momentina.

vm = velocity cf ussile when snas crushing or loading interval ts
h .% = equivalent mass of barrier not extremely snort compared to the total

v +m = velocity of missile and Barrier reaction interval, consideration of that.y

[ b traveling together after impact fact is necessary. The methods of
=

analysis presented here taxe account of
the fact that the crushing andAsr

k
I "he tinetic energy of the system after penetrating interval is of finite

duration. (Note cat all the results
} Lapact is ahoorned by structural response. presented in *aole C. J-4 ase *he sasie data.

i The structural propet.ies are given in Tanles C.3-1 taroegn 0.3-4.)*

h equivalent herrier plasticR =
"he reason for conserva usa in the

h
reassung force

Williamson and Alvy setnod is that it only
.. L, = barrier yield displacement allows tne equivalent of cad ?fpe a in
i

. X*n * :nezaassa barrier displacement section C.3.1. In this Load case, sne

= duculity defined Dy Im/Iy zonentim of the missile La transf erred to
{ the barrier Defore the marrier offers.

i
- Equating the energy of structural response structural resistance.

<
to tse Aineuc energy of the system after

in Tanle .;-4, * cad ?fpe A ts a zero.

Ammaet gives *444 ?/pe 4, enica 71vesy durauon amoulse, .

k- results idenucal to t.~ose of Williamsona
~

RX. .! ?x , = .I M ' // ' g - M. (C .3 * 201 and Alvy. ".44d 8 ts tne :omoination of an
initaal rigid mass Laculae of 3.35 tip-sec3 -

"
"

^ *^ ' ****#' #*'' #8418' 3f *4 **
(C 3-211* see anc force 200 caps, aac ?rpes 2 andp . ..!) < = .! M.- .. ?., - M.;*

:-t
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h La apparent in Tamla 0.5-8 that for herrier. Se two Type a . loads..

ce snort span the difference is representing the front and rear surfaces
considerable het that is remains vel / of the pipe impacting the barrier are
significant for tae longer spans as well. applied zor simplification and

conservatima at the begaaning of the

C.3.9 Aanlication to other Misailes impact process.

The method of determiniaq harrier C.s N"M* Cats
struct1aral deflection to =*==11e impact
loads, static loads, and other dynamic ne conclusions to be drawn from this
loads required by a lead contination Appendix aret
m- i , given in sections C.3.1 throega
C.3.4, has many possible applications for 1. A 2 ft thich relaforced concrete
predicting the effects of missiles barrier with Iso. 11 recar at
strikiaq reinforced cuanerete barriers at to in., ora oesters each way and
nuclear power plaats. each face, haviaq concrete

strength of 3 kai and robar
An esmaple is a waipping reptiered pipe yield strength to kai can
strika,aq a reinforced concrete barrier. withstand the impact of the =

tornado-generated alas 11es given
So waippia, pipe motion during impact is in temas-75/os7, section
consideranly more .' hted than the 3.3.1.a m combined with tornado
head-on impact of an esto or tornado wind. De ductility is less
driven pipe striking end-es. A whipping than 10.
pipe any strike a barnar near the pipe
elbow. It may also strike seginancially 2. Se mesmods of analysis
along a line ennen a long section of pipe formulated la this Appendix can
tapacts the barrier. In the first case, de need to - _ = ..tively design
structural def2ectAca is calculated using barriers for strtictural

e-= around the response. These methods applya ctreular yield
Wint where the elbow strikes. In the to tornado-generated missiles,
second anse, striacttaral deflection is vnippAng pipee, ainraft,

calculated usiaq a rectangular yield da pped equipment, and ruptured
eschantas surrounding the line of impact. compements from pressurized and

rotating systems and equipment.
- As a whipping pipe strikes a barrie , the

metal on tae impeet side of the pipe 3. structural response is limited
exerts a lasye foros to bring it to a to a doctility of 10 or less if
sudden stop. Then a louer force is the barrier is carryiny other
emersed on the barrier as the pipe loads or if it is the only
cruanos. If the pipe has sufficient barrier separating the missile
energy, it will not be stopped by the time from a mi nai la protected zone.
the sack surface of the pape arrives at
the barrier. In tais case a second force a. Pelaforced concrete barrie:s are
of large angattude is exerted on the designed to go tato sne tention
barner to stop the rear surface of the resistaag secnamism for anew red
pipe. beam barriers and samarane

tension of two-way slac barriers
The acaentum of the front surf ace of the when there is a second barrier
pipe in the impact area is assumed to act downstreas of tne primary
like Load Type a in Section C.3.1, an barrier waien can stop secondary
tastantaneous ampulse. The crnaninc of a concrete missiles and when the
pipe is ry. z med by Imed Type 3 where primary barrier is not requirms
the saquitude of tae square wave is the to carry other loads. Se
samlatus force free force deflection c:ssn nahm barrier tension strain
curves for pipee, from Poeca et al.(ss, in taas case is the sase aa u
seeded to ancorb the energy of the permitted for pape wnlo
whipping pipe. Se energy of a wnipping restraAnts, WRE.G-75 M e 7,
pipe used to determine tne mazzmum force section 3.6.2.(tas
from crusa curves is the total ainetic
energy of a wtupping pipe less tne Xinetic S. Estimatlag structural response
energy of the inAtial tapact surface of for narriers at nuclear power
the pipe, given amove as an instantaneous facilitiesw using tne metaod for

impulse. non-penetrattag 21ss11es in
wt i t < - --, and Alvyta as too
conservative. De 9etaodIf the total crust. energy of the elbow, presented La this Appemiir. sdefined bv Poech et .(83 La not
used Dv Jtone t Weoster.suf ficient to ammorb tae uneta: energy of

the wnipping pipe, reasining after the
front surf ace of the pipe nas L:rpacted the 6. De metnod or calculatt..;
barner as an instantaneous impulse, the struct11ral response ;; vert in
excess tinetic energy as ansorned as an tais Appendix .s tae sante
anstantaneous .apact. * cad *ype 4, af the wnetner ce issile tenetrates
rear side of the tape L.=9 acting ce or not. Ar.. soes not ascend on a

09

- _ _ . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _



, . . .,
__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _

.

.

SWECC 7703

determination of tae depth of International Conferease on

penetration. Sinoe pometration Strestural =='hanies La neactor

of missiles of eenomen to Teamnology, San Freasiseo,

anclear peeer plaats is met cell Califemmia, 15-19 Anquet 1977.
doomented, the mothed of
deseemining structural response taa tagge. J.W., *!atseduction to

given ta taia Appendix is emed structural Dynamiss , nearew-4tilla

wy stone a wometer imetoed of moom Company, 196a.
the mothed fiven in N (?* summ5-75/007, asetisa 3.5.1.4,

I** w ileo Generated my natural
N'T w" , U.s. =.M=.- Reymissary

****
C.5 RN tes yUnas-75 A47, section 3.5.3, *sarrier

tas insed, 1.E., ' Plastic and Elastic Desaga Procedures", U .S . md'1 aan'

Design of E1ahm and Plates *, the negolatory Commission.
menald Press Co., now York, N.Y., ,a Gastoa, J.A., Siess, C.P., and

1961. gemart, W.M., *ha InvestigetAma of
the m io m ation h risticsas3 AsTIt-M15-?S, " Standard specification of asiaferood Cm erete seems Up to

for Defessed and 71 Aim tillet stee the peins of Pailure*, Civil
sars for Comesets metafersonant.' meineeriaq Stadise, si -.. 1

(as *?1ta==am, R.A., and Alwy, R.R., amoearca series no. 40, Omiversity of
*1epest Effsets of Psegamets Strikiaq 1111 mets, Decenter 1952.
Stresteral 11eemmes,' solmes 8 **3 Andersen, P.E., Bassen, R.J., searphy,
server, Iac . , m. Califosnia, 3*L*,'seumarx, N.M., and White, M.P.,

aevised Mosenter M73. wp of Streeteres to assist

to t stepeasema. A.E., *'Teemado seclear Weapons Effects *,

Valmerability Saalear Pseenesion ASCB-eenmals of Begineerine

Pas 111 ties.* Sendia Tatoratories, Pressisewto. 42, American Society of
kviremmental test Deparument, April Civil agissers,1961.

" I* caaa 30R35-75/087, Section 3.6.2, " Deter-
ts3 Poesh, J.M., an===e, R.3., Pirotia, =4===4- of Brema ' - -. w and

S.D., East, G.I. and Goldstein, 3.A., Dynamic Effects Assestated with the
Postulated Repease of P U.S .
sneelear angulatory r - iping,*" Local crusa Rigidity of Pipes and %..m.,

Elmewe*, Tirenseesians of the sta
}

*=10
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TABI.E C.3-2
al,000 I.B Altro V=59 METERS /SEC* * INSTANTANEOUS HOMENTUM TRANSFER SPAN = 15.0 E"r

|
i

meenemonemansensessenessessessesoammessee sassessesseemmesoameesseenensessemaesenessmaammeemaammenemusenesmessee
l
!

OAI A (H HISSItt. BAN #8tm. Ate (OAS CortBIHalIDH EW8ARICH

mesmessesoammenemmenesessmenememenemmeneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeemenemmenemmesomessassomasseemessessesseman

BARNitR VittS titLHAH15tl 3 Pall e 85.0 fI se SA#alta IHICKHESS e 24.4 "
SEPIN TO CEHIRGIS OF ltHSl004 Sitti e to.44 aPe 8.ee7&la e AS/tSeSI e Sytti gATIO se

IC e 3.3 g58 es f V e &c. gSt en gggt3 (3Hf fonCE e S t .4 ettP

4.9 EIPS tQtlIVAttHf SIAIIC 50RCg me LOAS S
S.8 klPS E00lvattHf CONSI Atti SVHANIC FORCE se SOAS E

EIP-SEC nBSSitt IHPutSt SESISitt Bf f eeCE Al SA958tR SUPPfWil PittS SARette INESTIA StalHE HotttHitat 194HSite se (OAS 38..
24.00e plP-StC etlSSIt! INPutSt SESI5ito 0084 V SV SAARIER IHE All A SUAlHS ttotttHit#$ 1AA14Sifft me (OAS 4

Se.2 frS SARRlte IttillAt VE40CIIV SUE 30 10A0 %

eamalt a nissett nessief SAmente Samaten SAnasta
EqugVAttHf HE IG448 54E IGHI PtASIIC tif f C. 15(19 MRIOS

HE IGael (OAS 3 4048 4 FORCE StilECTIObt

MIPS EIPS EIPS kips ft SEC

e.e:S 6.ees 4.see ther.: e. etat e. ease

meeeemessene.easessee.eee.e...menneenamessessee.e.se ease mese=emesse se=eesemaneamenen=amme===ne=eseeme==emeses

assut S Or inte H:S Car AnateS S f 0R nessite inPACT Wi1H o Han 80AoS

seenemoneesemassmemeseseassenesasemeneensee e ..eememanoessnesseeeeeeeeeeeeeeeeeeeeeemmemmemammmeneemmemmassene

i e = s 6 7 e 9

f itti Dest AIIUB4 tilSSltt ICRCE Al IIIe Of MAN MANIttat itAMItest MAMltt49 FIHAt SARWIER

HISIORf Of 80 ACE SAAttis BARette S A.~ltita SARRIER SARAltR RESISIIIaB tttCHANISet

,
taeste LOAD 5 10A0 5 SUPPORI OtFLECTIGH OttttCIIGH SUCll481T VfLOClif

SEC utPS EIPS SEC ff it/SEC

_

i ... e.e inst.2 e.a w e e.sent ii.)* se.2: nannaAHE stHs 0H
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TABIE C. 3-3
85,000 I.B AllTO V=59 METEltS/SEC* * INSTANTANEOUS MOMENTtlM TRANSFER SPAN 30.0 FT

................................................................................................................
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TADIE C.3-7
t

BARRIER l)EFIECTION AND DUCTII.lTY FOR
'10HNAIM)-BORNE MISSII.ES PIRS 360 MPH TORNADO WIND *'

Velocity Barrier Barrier
(unetera per Moamentusa Spast DefIection Barrier

Missile __second) kip-sec till ditt Ductility

314.6 115 m>od plank S3 0.97 to 0.0030 0.33'

514.6 Ils w>od plank S3 0.97 30 0.0121 0.12

286.6 Ils 6 in. Scli 40 pipe 52 1.52 to 0.0034 0.30'

286.6 Ils 6 in. Scti to pipe 52 1.52 30 0.0162 0.16
;

8.8 lb 1 in. steel rod 58 0.05 to 0.0004 0.04'

8.8 ll> l in. steel rod 58 0.05 30 0.0040 0.05

1324.4 1t> utility guele 55 6.30 10 0.0114 0.98'

3124.4 Ils utility gele 55 6.30 30 0.0523 0.50

149.6 th 32 lei. Sch 40 pipe 47 3.59 to 0.0125 1.08
;

78s9.6 lh 12 in. Scli 40 pipe 47 3.59 30 0.0327 0.38 i

; 4000.0 lb auto 59 24.00 10 0.0520 4.47
~

i

4000.0 lb auto 59 '24.00 30 0.0629 0.60

,

! * liatrier data: 2 f t concrete i ' = 3 kai 84). 11 rehar Grade 40 to in. on centerc
|

each w.ny aml cacia f ace
;

,

,

i
',

i

!

I of 1

:

I

.



, - _ _ - _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ - _ _ _ - _ - _ _ _ _ ._- . - _ ._
.

*
.

. ,s

TABIE. C.3-8-

CtetPAltISOta OF BAHitIER DUCTILITY RATIOS PREDICTED BY ANALYTICAL
AND MUtetRICAI. HETHODS WI'115 WII.LTAMSON AND AINY HETHOD

i

a

8810 kg, velocity = 59 sepsMissile: Auto: weight. =

patrier: 24 in. concret.e No. Il rebar at to in. on center eadi way and each f ace

>

.
Missile

I.ine Span Inad Analytical 14usnerical Williasmson & Alvy'

No. MQ Tynee Methal_ Method Method

! I 10 A* 68.42 68.42 68.42

2 10 11 * 4.56 4.45 N.A.

'
.I IS A 19 . 14 19.14 19 .14

.

84 15 u 1.47 1.45 M.A.
!

S 30 A 2.02 2.02 2.02

|
6 39 a 0.56 0.56 N.A.

1

l
!

*a 24 kip-nec init.ial 1:: pulse for auto lxwly and engine
i

* * ti 1.85 kip-see initial impulse for engine and 20.15 kip-sec square wave for'

! auto lxidy with 400 kip cr usta st.rength
i

i
,

4
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Structural Audit Item 15 - Containment Failure Mode (Item IV from June 14 i

meeting with NRC)

Item A The applicant will provide reference for the use of 160 psi shear
value for containment concrete.

i

Responses Copies of reference papers listed below are enclosed.

References i

9) The Shear Strength of Reinforced Concrete Members. (By the joint ASCE-
ACI Task Committee 426 on Shear and Diagonal Tension), Journal of
Structural Division, ASCE, June 1973. pp. 1091-1185.

10) White, R.N. and Holley, M.J., Jr. Experimental Studies of Membrane Shear
Transfer Journal of the Structural Division, ASCE, August 1972,
pp. 1835-1852.

11) Ho fbeck', J.A., Ibrahim, I.O., and Mattock, A.H. Shear Transfer in
Reinforced Concrete. ACI Journal, February 1969, pp. 114-128.

Item B: The applicant will make the headings to Tables 2-4, 2-6, and 2-7
consistent (mean or median of normal distribution).

Response: The headings in Tables 2-4, 2-5, 2-6, and 2-7 have been changed to
make them consistent with each other and assumed to be normally
distributed. The ravised tables are attached with this response.

Item C: The applicant has presently defined the median containment over-*

pressure at which the leak criteria is exceeded. The applicant
will also provide the lower bound pressure at which the leak
criteria is exceeded.

I

Response: The lower bound pressure exceeding the leak criteria is 114 psig
in Zone II where most of the piping penetrations and access
hatches are located. (Refer to Table 15-2 attached with previous
response to Item 15)

Item D: The critical pressure for the buckling analysis for the equipment
hatch door appears high. The applicant will review the analysis
and provide comment.

Response: The Failure Mode Analysis made by W. J. Woolley and Co. for Equip-
ment hatch and personnel airlock has been reviewed and sunmaarized
below. The revised Table 5-2 is attached with this response.

Summaary of the review of the analysis by W. J. Woolley & Co.:

Buckling pressures for the equipment hatch and personnel air lock in the
analysis by Woolley & Co. is based on classical shell theory and experi-
mental results by Hunag referred to in the September 1964 issue of
' Journal of Applied Mechanics. This analysis gives an upper bound for the
buckling pressure.

BX2-12179-225
- _ . _ _ ~ _ _ _ _ ._ _ _ _ _ _ _ _ . . . , _ . . _ _ _ . _ _ . _ _ _ _ _ _ -._. _ _ ___ _ __
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This analysis has been reviewed using the NASA SP-8032 document
'' Buckling of Thin-Walled Doubly Curved Shells," which accounts for-

uncertainties between theory and experiments and for differences between
assumed and actual boundary conditions. This gives a lower bound for

.

buckling pressure. In the Containment Failure Mode Analysis Report, the
lower bound of the buckling pressure is shown in Table 5-2.

Item Et A table similar to Table 8-2 till be provided varying only the
corresponding material properties for indication of the first
yield of the liner.

Response: A new Table 8-3 of Mean Failure pressures varying only material
properties for indication of the first yield of liner is attached
with this response.

.

I

l

|
:
L
l

l

l
i

BX2-12179-225
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TABLE 2-4

REINFORCPHENT STEEL HATERIAL STRENGTH

Yield Strength (psi) Tensile _ Strength (psi)

Min. Spec. Mean Test Standard Hin. Spec. Mean Test Standard j$$
Rebar Type Strength * Strength ** Deviation Strength Strength Deviation

#18, GR-50 50,000 56,504 2,159 70,000 89,396 3,576

#14, GR-50 50,000 58,948 2,943 70,000 93,897 4,882

#4-8, GR-40 40,000 50,900 5,635 70,000 81,692 10,048

# 9-11, GR-40 40,000 49,619 5,390 70,000 83,250 7,130

*Used in original design
**Used in this study

4

r

I
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TABLE 2-5

CADWELD SPLICE STRENGTH RESULTS

Min. Spec Haan Test Standard
Type of Strength Strength & Deviation
Break (psi) (psi) (psi)

Bar 62,500 89,179 2,990

Sleeve 62,500 85,619 3,988

Pull out 62,500 85,573 5,436

?
\.

<
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TABLE'2-6

CONCRETE COMPRESSIVE STRENGTH EVALUATION

Specified Mean d ' Actual Standard
Structure Strength (pai)* Test Strength (psi) Aging Factor Strength (psi)** Deviation

con tainnent-Ma t 3,000 4,437 1.15 5,102 249

Containment-Wall 3,000 4.381 1.14 4.994 354

Containme nt-Dome 3,000 4,674 1.16 5,442 415
.

*Used in original design
**Used in this study

,

64-12179-9351C 1 of I
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TABLE 2-7
.

STEEL LINER MATERIAL STRENGTH

Specified Haan Standard'

Value Value d Deviation

Property (psi) * (psi) ** (psi)

Cylinder Plates
(SA 537 Class 2)

Yield Strength 60,000 78,582 5,559

Tensile Strength 80,000 90.812 4,893

Dome Plates
(SA 537 Class 1)

Yield Strength 50,000 57,093 5,363

Tensile Strength 70,000 78,453 3,845

NOTE:

1/4 in, liner material (containment mat) is made of same material as
cylinder plates.

*Used in original design
**Used in this study

I

!
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TABLE 5-2

FAILURE MODES AND PRESSURES OF EQUIPMENT HATCH ASSEMBLY
AND PERSONNEL AIR LOCK

Failure Mode Failure Pressure (psis)

Equipment Hatch Assembly

Bending stress intensity in 170

spherical cap reaches ultimate
stress

Buckling of hatch 163

Weld failure at junction of hatch >194
barrel and cylinder 31ner jjg

230Manway failure

Personnel Air Lock

i
Bending stress in spherical >194

cap reaches ultimate stress.

Buckling of hatch 302

153Unseating of 0-ring

NOTE:
1

> Means actuel value exceeds value given.

|

!!
1 of 1
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TABLE 8-3 d -

MEAN FAILURE PRESSURES AND TOTAL VARIATIONS
2

Mean Failure Material Standard ~ Mean Failure Pressure (psia)

Pressure Coefficient Deviation +0ne Standard -One Standard
Zone (psia) of Variation (S) (psia) Deviation Deviation

I @ Cg 140 0.0525 17.35 147.0 133.0

!
128 0.0465 15.95 134.0 122.0'

II @ C2
I

132 0.0622 18.21 140.0 124.0III @ C4

s 3145 0.0622 19.01 154.0 136.0

Containment Mat

155 0.0491 17.61 163.0 147.0Section Bi*

140 0.0493 16.90 147.0 133.0Section B3

;

Piping Penetrations

i Main Steam 128 0.0707 19.04 137.0 119.0

Feedwater 131 0.0707 19.26 140.0 122.0

i

i

i

i

i
.i

1
.,

i
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Y = configuration variable; *

. z = objective function; 4

a, y = constant parameters; Q,

*

& = co6ffieice ' equalling + 1 or -1; and g'
aa stress

!

b
TIIE SilEAR STRENGTII OF REINFORCED ,'

CONCRETE MEhlllERS C'
-

c.

f By the Joint ASCE-ACI Task Commaillee 424 on Shear and Diagonal [
Tension of the Committee on blasonry and Reinfarced Concrete*

of the Structural Dhiaion h
f7

' E
6 as

Ceunsa 1
l

1.8 Introduction
in the design of concrete structures an adequate margin of safety must

be provided against any mode of failure that might occur under the forces
that act upon the structure during its lifetime. One general type of failure
that must be prevented is the so-called " shear failure," which in reality
is a failure under combined shearing force and bending moment, plus,
occasionally, axial load, or torsion, or tmth. Such failures reduce the
strength of structural elements below the flexural capacity and consider-
ably reduce the ductility of the elements. Especially for the latter season,
shear failures are generally considered undesirable.

The understanding and knowledge of the shear transfer mechanisms
'

in various types of concrete structural elements has progressed signifi-' '
cantly since the previous report issued by this Committec 0). This ad.
vance has occurred in three ways: though greater understanding of the
fundamental mechanisms of shear transfer, better quantitative evaluation
of the shear sisength of structurcs, and the study of new types of struc-

~

| tures or loading conditions.
This report reviews recent research results and design proposals in

|
an attempt to establish the current state-of-the-art in our knowledge of
shear transfer in reinforced concrete structures. Although specific design

, _

recommendations are not presented, it is hoped that this report will help
'

Noic.-Dncunion open untd November 1,1971. To extend the closing date one month,
a writtcn sequest suust tw ided with the Editor of Technical l%lications, ASCE. Thas

,
' paper is past of the copyrighted Jousnal of the Structural Division, procccJings of the

American Society of Csvil Engincess, Vol. 99, No. ST6, Jone,1971. Manuscript was
submined for revicw for possible pubhcation on Fcbruary 12, 1971.
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+

designers, researchers, and specification writers to arrive at simple, uni- of the Shear Committec 0) and in other papers (24,88) is not repeated ~

versally applicable design soncepts. Despite the tremendous number of herein. In addition, the interaction of shear and torsional effects is not
references on this subject, the question of shear strength is far from considered. Design recommendations for this type of loading are given

being settled. In some instances the explanations of behavior and the in Ref. 6,41, and 114, and also in the reports of ACI Committee 438,
design concepts that are presented are somewhat speculative and may " Torsion."
change as more information becomes available. 1.2 Shear Failures and Shear Distress in Structural Members

Throughout the report an attempt is made to compare the shear transfer Shear distress and failures have been reported in beams, columns,
mechanisms in various types of members. The different modes of shear walls, slabs, brackets, and other members. In general, each type of

$
,

f ailure are listed in this chapter but will be discussed more fully in subsc-
quent chapters. The strength of concrete under combined loadings is 1 '"-1 'YL
discussed briefly in Chapact 2, followed by a review of the fundamental
methods of shear transfer commonly found in various structural members. .

.
Use wdl be made of this information in subsequent chapters. " '

Considering the importance of the shear problem in beams, Chapter ,
1 *

3 analyses the nature of the shear strenyth of beams, the factors affecting . $,. *.T b$3

strength, and the design of beams to pcvent shear failures. p 44 gp
Chapter 4 deals with special types of members such as deep beams, ! . . . 71 s i. V 5 *.'' ' '

,

brackets, walls, etc. A future continuation of this report will consider ;
'

- ""N'

'

- " " "'

the shear strength of slabs. , m
"''

Although this report covers the subject extensively, some peripheral
material such as the historical background presented in the previous report |

' tal

II E E H N II'

.

<

+
_- .mr

.

, , , % V h -- ) f- _ |-PC V.RW f |
-

.
' (

1 | QgyeNN

W* , . .i

,

, , .i. .

) ./

N Ibb

FIG.1.2.-Inclined Cracks in T-Baam Highway Bridge

b member exhibits different modes of cracking and failure, although the7
( mechanisms by which shear is transferred within the member may be

,
"3'A ' similar. For a beam subjected to a concentrated load, the major variabic

|
affecting the mode of failure is probably the ratio of the distar.ce, a,I - '

from the load to the support to the depth of the member, d. As shown
i

|
in Section 3.1, this ratio can also be expressed in terms of M/Vd. The|

latter form can be used to describe a wider variety of loading conditions,
*

, and therefore is frequently used in design recommendations. The relative

| FIG.1.1.-Shear Failure and instined Cracks in Continuous Rool Beams magnitude of the flexural stresses, shear stresses, and veitical compres-

i

|

_- . _ _ _ _ _ _
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*' the compression flange over the inclined crack which is often ac.

f companied or initiated by splitting along the tension rei *orcement. f ! f
.-

,

Fig. I.l(a) shows a shear failure in a continuous roof beam (
'

b{
j| - .f
II y "supporting precast roof panels. Ihis failure,in an Air Materiel Ware- \- a

house, lead to a revision in the shear provisions in the 1956 ACI
'

I / /'
.

| IAiluilding Code and subsequently to considerable reseasch into shear f gg<

strength. An inclined crack in a beam and slab roof is shown in I |
- .8.

Fig.1.l(b). ,,
,M ', } I -

,

I Fig.1.2 shows inclined cracks in a three. span continuous highway * - d e'. i ,;

.

bridge. This bridge has not collapsed although the cracks are wide <
'

[| and deficctions and corrosion of the reinforcement have become .

tt a problem.
| - ,.

' ,a ;

(b) Deep ileams (1. , m . f ' %g.if,! * i
.

I Shearing failures of deep beams, brackets, and similar members .
: -

"i differ considerably from those in normal beams, as shown in Figs. m. h'.,. ._, *; ., ' i n La , ...t.g ; ,

j l.3 and 1.4. This is largely due to the much steeper inclined cracks
isa (6)

g in deep members. 'Ihis, in turn, changes the relative importance'

of the various shear transfer mechanisms as compared to normal FIG.1.5.-Sheer Failures in Columns in San Fernando Earthquake (Photos Courtesy<

beams. The shear strength of deep members is discussed in Chapter of National Bureau of Standards)
4.j

Figure 1.3(a) shows inclined cracks in corbels supporting precast |
beams in an indust ial building. Similar failures in laboratory speci- I

'
mens are shown in Fig.1.3(b) and (c). Fig. I.4 shows inclined *

cracks in laboratory tests of deep beams.
(c) Shear Walls

Dependmg on their height to width ratio, shear walls represent ..

a special case of beams or deep members. Such members may have /* *'

'

significant axial compressions and occasionally axial tensions duc ' r'
to gravity loads and overturning moments. The transverse loads are - ,' -

generally applic I to such walls by floor slabs attached to the full 1 -

width of the wall, and frequently are cyche in nature. .
-

; tr. -
I(d) Columns -

T Columns may fail in shear in earthquakes. These failures appear -

to be of two types: either similar to that in an axially loaded beam j jI

| involving inclined cracking, as shown in Fig.1.5(a); or complete f, j'destruction of the column core apparently prior to inclined cracking, I

'

as shown in Fig. I.5(b). Shear faihires in columns are discussed b - ' ' ' ,
,

in Section 4.9. c ,

(c) llea n-Column Joints
'

h ,' ), ; ? 1 ,.

%, ,8 ,Inchned cracks m r develop within the joints in reinforced con- t ,, , ,
6

kg $ g'/crete structures subjected to unbalanced gravity loads or sessmic "

,;
Iloads. Fig. l.6 shows such a crack in a parking garage subjected

only to gravity loads /This problem is discussed in Section 4.8. {g ' - y, .. ,
*

ijg i(/) Construction Joints and Joints in Precast Construction j g 3
i

Fsequently shearing forces must be transferred across an interface 3j j F
such as a construction joint in a shear wall, the interface between

j a beam and a composite stab, or at the supports of precast elements. FIG.1.8.--inclined Crack in Beam-Column Joint
This action will be referied to as interface shear transfer and will
be discussed more fully in Sections 2.2.2 and Chapter 4..

b !

<
_ _ _-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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*(g) Slabs and Footings,

] So-called punching shear failures occur in slaba nd footings in*

|
the manner shown in Fig.1.7. The shear capacity decreases as theE

g i moment transferred from the column to the stab, or vice versa,s
,

/ ; increases. Therefore, failures are more likely for exterior column'
,,

.j. ', .pN ', -
connections, or connections where moment transfer occurs becausei

,

g of either the loading conditions or the location of perforations adja-.

8 /. 2 e cent to the column. This type of member will be discussed in au .-
'

I. ' O I future 60mmittee report.
'

,,

' , .I g I 1.3 Design for Shear~:; * <,

" , , n' 3
"

'

e- The last report of the Shear Committee, published in 1%2, presented
,.

J: ! J' g a basic design procedure for reinforced concrete members subjected toei *i

/ f g shear forces. The recommendations from this report still are the basis'
3

, \ .' b ,4, j ! for such design in North America and are contained in the 1971 ACI
,

'.j ,j ' . . .t .4 j
| lluilding Code (6). Two significant changes have occurred during the

, 9 5 past decade:
,

1. The 1%2 report dealt primarily with beams and punching shear,

I '
. 3 failures in slabs. Since then, considerable work has been done on shear(' .

f in deep beams, brackets, walls, etc., and this has led to design equat;ons

'

-

'q -! for such enembers. The development of these equations will be discussed
~

- ./ i
,j j in later chapters, particularly in Chapter 4.*

,

-
- 2. The basic philosophy of the ACI Huilding Code with respect to
?-g, shear failures has changed. Stirrup , reinforcement sestrains growth ofy

'

kg . _ . 3 y inclined cracking, providing increased ductility and a warning in situations: ,

\' 3 'it in which the sudden formation of inclined cracking in an unreinforced'-- i

ya L jj web may lead directly Ic distress. Such reinforcement may be of great;

N { , 3J value where members are subjected to unexpected tensile forces, settle-
c ments, or catastrophic loadings. For these reasons the 1971 ACI Building*

"
.. A, g4 Code requires a minimum amount of shear reinforcing in most members.

.

.h.V.[I / g'. 3 ! During the next decade it is hoped that the design regulations for
I J shear strength can be integrated, simplified, and given a physical signifi-,

.j , cance so that designers can approach unusual design problems in a rational
'

;
,

p gj manner.,
' e

,

- -o
a a- Camrn 2a,

..o
E-

mi 2. liasic Mechanisms of Shear Transfer- 9
I ;-@ "5 2.1 Failure Criteria for Concrete.,

J.5 3 ($ The various modes of shear failure all involve cracking or crushing
" '

', gj of concrete under complex states of stress as, e.g., when diagonal crack-,

5y ing, shear. compression failure, splitting, or web crushing occurs. Severaly,j | " , 2, | ' fb studies in recent years have attempted to use refined concrete failurep 3

i ? jFi 5j theories to investigate shear failure mechanisms.'{ l -) '

)-
. ' [' 'f g The strength of concrete under combined shear and direct stressest

A-) ,o seems to be predicted well by the octahedral stress theory (25). In this
WP regard several investigators have emphasized that the inten mediate

Sg principal stress is important in failure theories of concrete subjected"O to complex three-dimensional states of stress (142). In many applications,

_ - _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ -



v

+ 4&

k. / .j'

11'00 JUNE 1973 ST6 ST6 REINFOHCED CONCRETE MEMBEHS 1101
'

however, such as the study of relatively slender beams, it is sufficiently shown in Fig. 2.l(a) and 2.l(6). Kupfer, liilsdorf, and RGsch (110) and -
accurate to use simpler theories of failure, and these are generally used more recently Liu, et al. (121) have shown that as f, and f, are varied,
in discussions of the i; hear strength of structures.

;
'

The simplest cracking crite. ion is based on the principal tensile stress
or principal tensile strain theories of failure. These approaches have been ''"0 '3Y att e

i ' #shown to be useful in predicting tensile failure when applied to certain .j'

simple states of stress (46) and,have been shown to give reasonable -

* /
/

e, ' e,

A // IENs3ON ' CO A

'M 4_
|}-t ' %

N<-

-v

| Rtr
|4 MINCIPAt sIEtsses (b) 5Ht AR AND NORM At 3

51stssEs g

FIG. 2.1.-Blamiel States of Stress
v

IENsiON

-03

h ~7 .

e
COMMtssaON - . i os as es a.

-* IENssON 0 2 IO O250*c .

Ii is

M = y '88' /'

!
: , ,

, , , , _
IENssON p g. COMPR

| [ 8 '
4es,.

FIG. 2.4.-Combinations of f and y Corresponding to Failure of Element Shown in'

/ Fig. 2.1(b)-See Refs. 70,148,192''
,

,h. - -- - .-,.' *

; n +-C/ o

% " r VeiI

kcoMMtsssON V,

" -~~-/ sFIG. 2.2.-Bismial Strength of Conerete j

schults when applied to the tensile cracking of a beam under combined Va
shear and bending moment (105). VT

,! In pure flexure or combined flexure and axialload the limiting compres-
sive strain concept gives seasonable predictions of failure loads. For FIG. 2.5.-Forces Acting at inclined Crack' '

the computation of plastic hinge relations the value of the limiting strain .,
. .

I is sometimes taken to le a function of the M/ VJ ratio (44). |
the element shown in Fig. 2.l(a) will have the strengths shown by thei

.

Frequently the stresses in a structure can be idealized to a biaxial solid lines in Fig. 2.2. This diagram is symmetrical about a 45* axis'

| 1 State of stress with the $1sess in the third direction equal to zero as and can be divided into quadrants A, B, and C as shown. Biaxial tension

| .. k
.
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(Quadrant A) has telatively little effect on the tensile strengths anal biaxial . j. transfer (also called aggregate interlock). The V, and V, forces are the . ' '

forces in the stirrups and the " dowel shear" carried by the longitudinalcompressi<m (Quadrants C) tends to increase the compressive strength ,
' over that for unianial compression. Combined tension and compression ; steel, respectively and V, = the shear carried by the compression zone.

; } loadings significantly redxe both the tensile and compressive stresses .Thus,.

| at failure, however, as shown by the quadrants labelled H. Tlie latter *

y , y. 4 y , , y , y., . . . . . . . . . . . . . . . . . . . . . . . . (2.1)i case is particulaily important when shears are present since they give r 4
,

i rise to principal tensile and principal compressive stresses on elements Most modern design procedures assign portions of the total shear to
Ij in the web of a beam. the compression zone and to the stirrups. However,it has become evident

in recent years that the shear carried by the longitudinal steel (dowli Alternatively, Mohr's Theory of Failure yichts acceptable strength pic i
,

i | dictions for either of the cases shown in Fig. 2.1 except that conservative - effect) and the interface shear transfer along the crack significantly affect
{ | results are obtained in quadrants C of Fig. 2.2. Parabolic (19;) and straight the capacity and mode of failure (60.179). These basic concepts will
| ! line (70,198) envelopes similar to those shown in Fig. 2.3 have been be described briefly in this chapter with specific cases locked at in more
| proposed for the f amily of Mol r's circles representing failure conditions detaigsubsequent chapters.

'

! Any stress condition that corresponds to a Mohr's circle that is tangent 2.2.1 -- TransferW Csiffiti$ hest Stry
,

,
to or intersects this envelope is assumed to represent a failure condition. | The simplest method of shear e ansfer is by shearing stresses., 3

I I For the loading shown in Fig. 2.l(a) this failure theory leads to a strength This occurs in uncracked members or in the uncracked portions
: diagram similar to that shown in dashed lines in Fig. 2.2. The dashed of structural members. The interaction of shear stresses with tensile
| and solid lines differ because the effects of the intermediate principal and compressive stresses produces principal stresses which may

i stress are igmned in the Mohr Theory, cause inclined cracking or a crushing failure of the concrete. The
'

Itased on either the,Mohr Theory of Failure or the Kupfer, liilsdorf, strength of concrete subjected to principal stresses or combined'

'

and Rusch diagrams, relationships have been derived for the strength
2.2 ghearyruf normal stresses is shown in Figs. 2.3 and 2.4, respectively.of elements stressed as shown in Fig. 2.l(b) (70,168,192). One such

''

"Tiinsfiik,

relationship is plotted in Fig. 2.4. This envelope presents all the combina. There are several instances in which shear must be transferred
i

! ! tions of shearing and axial stresses on the vertical plane of the element across a definite plane or surface where slip may occur. Researchers
,

shown in Fig. 2.l(b) which result in failure of the element. have called this mechanism aggregate interlock, surface roughness
! The implication of such diagram is that the presence of shearing shear transfer, shear friction, tangential shear transfer. Since none
I stresses will reduce the compression strength of concrete. Combined of these names sie sufficiently general, " interface shear transfer"

shear and compression may occur in columns or in the compression is used in this report to denote the tangential shear force transmitted
zones of beams. across a crack or plane (such as a construction joint). Several types

in recent years a number of more complex failure theories have been of interface shear transfer are described in this section.
'

proposetl 09,150,169). These are particularly important when large triaxial if the plane under consideration is an existing ' rack or interface,c
stresses exist as in reactor vessels. A state of triaxial stress also exists failure usually involves slippage or relative movement aloag the
ist the compression zone under the column in a slab anil as a result crack or plane. If the plane is located in monolithic concrete, a |

this region has a high capacity for shear and asial forces, number of diagonal cracks occur across the interface and failure ' i
__ _ __ _c_ m-Qywh involves a tri.ss action along the plane.gn . _ ,

Shear is transmitted from one plane to another in various ways in (a) Shear Transfer llehavior of Uncracked Concrete with Rein-
reinforced concrete members. The behavior, including the failure modes, forcement Normal to Shear Plane
depends on the method of shear transmission. Our appreciation of some Several researchers have studied shear transfer across mono-
of the principal shear mechanisms is relatively recent and therefore the lithic shear planes. A typical specimen is shown in Fig. 2.6.

..I ying co
definite evaluation of the contribution of these shear car;v dynents liefore cracking shear is transmitted by stress across the sheardis yet only tentative. og# plane. At higher loads short diagonal cracks form across the

; The main types of shear transfer are .ilie'followmg: (a) Shear stress shear plane (Fig. 2.7). Failure is prevented by transverse rein.
in the uncracketi concrete; (b) interface lhear transfer; (c) dowel action; forcement. Steel bars and the compression between the diagon-

'

(d) arch action; and (c) shear reinforcement. al cracks form a truss which resists further loads. Failure
These mechanisms occur to widely varying extents in various types occurs when the compression diagonals crush under the com-

of structurat elements. For example, the forces in a reinforced concrete bined action of axial and shear forces. For ductile behavior
beam with a diagonal crack are shown in Fig. 2.5. The longitudinal forces, it is necessary to proportion the bars so that they yield before
Tand C, are related to the flexural resistance of the member. The forces the diagonals crush. Although shear is transferred across a
at the diagonal tension crack, V., and V,,, are due to interface shear definite plane, this mechanism is not strictly interfact car

,

--

_ _ _ _ _ _ _ _ _ _ _ _
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transfer since appreciable shear is not transferred across a to the amount of average restraining stress pf, equal to the
*

crack, in addition to the truss mechanism, shear is also carried transverse steel percentage multiplied by the yicid stress (87).
by dowel action. Ilowever, the shear transferred by that action This proportionality is similar to the situation in the case of
is smallif the bars yield before failure. Simple friction, and therefore this approach has been called

,

i
n

'

d : i.- 6 -.I
| gv [r, b i s__ dy
I L -

F L /
-

pA I tr,mec p-A,l!

V.eC.uor-L"'}I
n

Id O *
L_ gi--~r

y
,

- V j i
l ! --* <

+ r, p i, '.w yiu'gAnon
-

Iv y a

f*g |r.

=j ' ' ' ' ''

EL EVATION , T

# statsMs foncts g-

b * ~+
_

PL AN
OI

(a) (b) .

1

I'''-8"**''E'I*'I'* A**I*8 V
FIG. 2.s.-sheer Trenefer Test Spocamen (s7)

' ' ' '

DIAGONAL st NslON 1983

.
'"M/ bHtAtt PLANE poo

Nteauf */CRACKS T UNCt4CEto.

I exit RNAL [_ _ _. 3 FORCE ON CONCRf rE /
I"*'.___ O /NORMAL ~~ 7

---~ DUt IO s0RRUP ItNseON '$ -

/*N'O'C' N---+ / / ft-+-- n
, ,

Pd 8 /* ""$'an"fl/f -,* ApPuto -*c :== (==,*-- I

D g/. M ) ,00
-

f oN
3

M AR A' 'r

2 a' .

'

| / |soo
1383 / s; . 4. coo,.4/ |

fiY 8, e so.coce.6
-

,

^
a

~

FIG. 2.7. "Truse" Formed After Diagonal Tension Cracking (134)
o o 4o0 ooo soo sooo noo

at tas tari (sos pop asa
i

'

! (b) Shear Transfer lichavior of initially Cracked Concrete with
,

p g, ,,i ggfed)
-

Reinforcement Normal to Shear Planc
if an initially cracked specimen is tested. shear can be trans. fig. 2.9.-Variation of Sheet Utrength with Reinforcement Parameter pf,(s7)

* ',

mitted only if lateral confinement or transverse steel exists.'
.

The irregularities of the surfaces of the two sides of the crack " shear-inction hypothesis,"although strictly speaking, friction|,
; ; ride up on each other and this tends to open the crack and does not play an appreciable role. The shear at failure can

! create forces in the transverse secci(Fig. 2.8), be written as (87.134)
j At failure the shear capacity was found to be proportional V.=.A.f, tan & . . . .(2.2). .............. ......,

,

1 .>

| 1

-_ - _ __ ____________- |
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f in which A = the total area of transverse steel and tan 4 transfer in precracked unreinforced push-off specimens. In one
group of leses the crack width was held constant and variations

| ! = the equivalent coefficient of friction. g.

in addition, some shear is transferred by dowel action of ; m the size of the aggregate from 3/8 in. to 3/4 in. (I cm'

the reinforcement crossing the crack. to 2 cm) had no effect on the shear stress-slip curve or theI '

Hecause the " coefficient of friction" along the crack ,s utsimate strengsh. For nhear stresses between 200 psi and l,0noi

independent of the concrete strength, so also is the shearing psi (14 kg/cm' and 70 kg/cm') the shear stress-slip curve-
4

strength, V,, provided the shcasing stiesses do not exceed was practically linear, and the stiffness incre sed as the widthi '

some limiting value. Similarly direct stresses Parallel to the of the crack decreased. In a second group of tests the crack
width was mcreased at 0.002 in. (0.05 mm) per 100 psi (7shear plane will not affect either the friction or dowel action I

! and, as a result, the shearing strength is the same whether kg/cm') of shear stress. These was a continuous degradation,

the shearing forces, V,in Fig. 2.6(a) are due to compression of the aggregase interlock mechanism on the shear plane with
i

forces as shown or tension forces. ancreasmg load and for a 4,000 psi (280 kg/cm') concrete,
in a heavily rcinforced shear plane or one subjected to a failure occurred at a shear stress of about 900 psi (63 kg/cm').

^

2

i 1 noimal compressive stress, the shear resistance due to friction To simulaie the deformations at an inclined crack in a beam,

| and dowel action may reach the shear corresponding to failure Taylor (179) tested blocks of concrete in a device that main-

! of an initi.dly uncracked specimen having the same charac- tained a constant ratio between the opening normal to the crack,

! scristics. In such a case the crack locks und the behavior and AN, and the shearing movement along the crack AS. The
,

strength are similar to those for an initially uncracked section. ultimate shearing stresses and the deformalisms developed bothI '

(c) Test Results decreased linearly as AN/AS increased. The shear transfer
Test results obtained by Matiock and his co-workers (87,134) strength was a function of the roughness of the fracture sur-

for specim' ens similar to Fig. 2.6(a) are shown in Fig. 2.9. face. In some very high strength concretes, fractures crossed:
i ! I'he ultimate shear stress increases almost linearly with the the aggregates, leaving a relatively smooth fracture smiace,

inden, pf', from a finiac value for pf, equal to zero to a limit and consequently a relatively low shear transfer at failure.
!

*

dependent on the concrete strength for high pf, values. With Tests at the Portland Cement Association have shown thatI I
a monolithie shear plane, strengths are consistenity greater interface shear transfer is a viable mechanism even imder fa-
than with a piecracked shear plane. For a precracked shear tigue loading for the transfer of shear between concreie paving

! plane the strength decreases rapidly with decreasing pf, for slabs (40,144). The shear transferred for a given slip decreases

pf, values less than 200 psi (14 b g/cm'). For pf,1ying between with cycling and with increasing load and increasing crackl ,

*

i A and N and 11 in Fig. 2.9, failure is relatively gentic and widsh. Ilowever,90% of the decrease occurs during the firsti

1 is due to a bicakdown of the concrete after the reinforcement 5 x 10' loading cycles and the decrease diminished wish increas-i
,'

crossing the si car plane yields. For pf, values lying between ing aggregate size and hardness.

i
H and C failu e ocems abruptly before the reinforcement For a shear stress ranging from o psi to 820 psi (57 kg/cm ) -

'
3

,

! ! 'I yields. In this acgion the f ailure loads are similar for unctackcJ repeated 33 times for a 4,000 psi (280 kg/cm') concrete. Loeber,

and precracked specimens, as explained previously. (122) found there was no sudden breakdown of the thear|
' i

i llanson (79) used push-off specimens similar to those in transfer mechanism. Although the permanent slip increased
'

Fig. 2.6(a) so examine the effects of the rougimess of a bonded with cycling, the stiffness increased also.4

l smface and the length of the surface. For low pf, values and White and flolley (193) applied cyclic shear forces to 1.5.ft'

a rough txmded susf ace, the ultimaic shear stresses were similar by 2.0 ft by 3.0-ft (45-cm by 60-cm by 90-cm) specimens pre-'

to those measured by Matlock (134) for a monolithic shear cracked by wedging them in two. These tests were designed
plane. For a smooth lumded surface and a low pf, value, the to simulate scismic conditions in a nuclear containment vessel.2 i

stresses wese similar to those for precracked specimens. For Even after 50 cycles, more than 120 psi (8.5 kg/cm') shear *

, ,
twth types of specimen the ultimate shear strength decreased stress could be carried for the crack width and the size of

<

I about 100 psi (7 kg/cm') for an increase in the tx nded length restraining rod used. The shear stiffness decreased during cy-
'

i

I from 6 in. to 24 in. (15 cm to 60 cm). This represented a cling even though the external clamping rods did not reach

f 2tV?c to 50% reducimn for the rough bonded and smooth lxmded yield.

smfaces, respectively. The addition of shear keys stiffened in tests in which the parameter, p, was varied by varying'

i the connection at low slips but had no significant effect on . both the bar spacing and she bar size, Mattock, et al. (87,134)

{ its stiength, found no marked variation in the effect of pf,. Similarly, the
J Fenwick and Paulay (60) and Loeber (122) studied shear effect of the yield strength of the siirrups was found to be

4
'

,_
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by the lie action of the longitudinal 1,ars. Frequently deep beams
'

propenly reflected by the parameter, pf,. will fait due to a failure of the anchorage of these bars. In beams
As shown in Fig. 2.9, a limiting shear strength of about arch action occurs not only outside the outermost cracks but also

0.3 f| was observed for both precracked and monolithic speci- between diagonal tension cracks. Part of the arch compression is
mens with concrete strengths of 4,000 psi (280 kg/cm ). A resisted by dowel forces and therefore splitting cracks may develop

- similar limit was observed for strengths varying from 2,500 along the bars. It was found that stirrups close to the base of
3 8

psi to 4,000 psi (175 kg/cm to 280 kg/cm ). In tests with diag ( al cracks can provide support tp the arches (69,99).
an apphed compiessive stress normal to the shear planc, the la slabs, arching action may occur around interior columns. IIere
shear strength was found to increase in proportion to the sum the horizontal reaction is provided by the in-planc stiffness of the

,

of the nosmal stress and pf, and to reach a limiting shear slab adjacent to the punching region (131).i

Strength of about 0.45 f|. 2.2.5 .leN ptl QNo tests have been carried out on specimens having a tenule dnfary to view the action of web reinforcement
stress normal to the shearing surface. in beams as part of a truss. Although this analogy helps to simplify

2~2' W . design concepts and methods,it does not consider the various types
il reinforcing bars cross a crack, shearing displacements along of shear transfer methods propenly.

the crack wdl be resisted, in part, by a dowelling force ,n the 11 is also helpful to examine the action of shear reinforcement
i

'
bar. ' lac dowel force gives rise to tensions in the surrounding con- from the viewpoint of how it aids the several kinds of shear transfer .i

crete and these in combination with the wedging action of the bar action. In addition to any shear carried by the stirrup itself, when .
'

deformations produce splitting cracks along the remforcement (14 an inclined crack crosses shear reinforcement, the steel may contrib-!'
69). This in turn decreases the stiffness of the concrete arou use significantly to the capacity of the member by increasing or,
the har'and therefore the dowel force. l'ollowing splitting, a g g ;
doweling force is a function of the stillness of the conciete direcd>I ; g .

g9 ;
under the bars and the distance from the point where the dowchng gg g g
shear is apphed to the first stirrups supporting the dowel (14). of interface shear transfer quite effectively. Its action is similar
Compression failure under the bar sometimes affects this behavior. g ,; .

nb hw&Wdwh
especially in slabs or in mass concrete. . The effects of web reinforcement in beams and deep members

Although dowel action has been studied by a number of investiga- gg 3g
tors (14.69,107.149,178), dowel tests are characterized by the larF

number of variables that have to be considered to cover a Carrui3
bar layouts. So far, reliable results are avadable only for a

,

itelative to other shear transfer mechanisms, the dowel shear
. L Mnb d hWe d hm bbg b hwpractical cases.

3.1 Modes of inclined Cracking and Shear Failure, , ,
.

force is generally not dominant in beams. On t e Shear failures of beams are characterized by the occurrence of inclinede erneM,
role in the failure mechanisms of some types o'

ensim cracks. In some cases inclined cracking is immediately followed by
is important. In beams, splitting c acks develop along member failure ami in other cases, the inclined cracks stabilize and sub-
reinforcement at inclined cracks as a result of the dowe e stantially more shear force may be applied before the member fails.

,

, ,,

This allows the inclined cracks to open, whic in
inclined cracks in the web of a beam may develop cither before aan ,

the interface shear transfer along the diagonal crac ikurd c kenbM shwnnesda@ @
in slabs, some investigators (10,102) credit doweI action unh

developed flexural crack. The first type of inclined crack is often teferredto failure.
to as a " web-shear crack" [liig. 3.l(a)]; the second type is often identi-

about 30% of the total shear. ficd as a " flexure-shear crack;" and the ficxural crack causing the inclinedr

'

s and slabs part of the load is tran initted to the
crack is referred to as the " initiating flexural crack" (128,174, and l'ig.2*2.
3,,g.

supports by arch action. This is not a shear me' I in addition to the primary cracks (flexural and the two types of inclined
'

<
p,'

'

sense that it does not transmit a tangential force to a cracks), secondary cracks often result from splitting forces developed
'

,

plane. Ilowever, arch action does permit the tran by the defosmed bars when slip between concrete and steel reinforcement
concentrated force to a reaction in a deep mes g occurs, or from dowel action forces in the longitudinal bars transferringi

'
reduces the contribution of the other types of

. , , , shear across the crack.i

1:or arch action to develop, a horizontal action p,,,,aca TN manner in which inclined cracLs develop and grow and the type
| required at the base of the arch. In beams t

d; ,

|
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of failure that subseque:gdy develops a- rongly aflected by the relative widih of the web; and d a the effective depth of the beam. The ratio
afnitudes of the shearms stress, F, rs crefore

'

approximation. these stresses may be def, ed as: f, a, Af b. Af b ,
m

;

y Af
-

= a , VJ b ...(3.2).......

.......(3.1) '*s Vd b ......... .....
y-a andf,=a, ... -- -* ,,,,,.

..
in which a, = a,/a,. The shear, V, is a measure of moment gradient;"

in wbich u, and a,are coefficients de nding on several variables,includ- V = JM/dx; and for beams subjected to concentrated loads may be
ing geometry of the beam, the type o ng, the amount and arrange- expressed by V = Af/a,in which a is called the ** shear span." Then
ment of reinforcement, the type og sted and the interaction between
steel and concrete. The values, V and M, are the shear and moment I. a fb.

of the flange; b, = the -=a3 -{ -

................... . . . . . . (3.3)
.

at a given section, respective Y y J (6.

'i

and the variation in the inclined cracking load and shear capacity of'

rectangular beams may be conveniently considered as a function of vary-

f 4 caos 0, 1
ing a/d, i.e., the ratio of sheu-span to depth (24).

In short deep members the vertical normal stresses, f,, become signifi-t

gr - f~ ,,IJJ__.- I
| /i

cant as the value of a/d decreases below 2 to 2.3 aud this leads toi an additional increase in the shear strength.
wuo o__ - ---- - ~ H

{ When all other things are kept constant, the influence of the a/d
ratio on the cracking of a rectangular simply supported reinforced con-la Rg.I wtB 5 HEAR CRACE cle be n be i lustrated by considering beams of varying slenderness;

h with two symmetrically placed concentrated loads placed a distance, a.
4 4 from the supports.

.aw wa -
/jj p /f7JIIlg^ggg u | (a) Normal and Long Deams cf Rectangular Cross Section (a/d > 2.5)ca.a

f Very shallow ocams will usually failin flexure (Fig. 3.2(a)]. The
'

--.

. n.n c. ca.c.

first crack wel fctm due to flexural tension at the cross section
of maximum moment. As the beam load increases prior to failure,.ig ritautt 5 HEAR CRACK

Lbl DiAGOHAt rtNs40N FAltugg

the sensile cracking may spread to regions of lesser moment, but
FIG. 3.1.-Types ollnclined cracks FIG. 3 2.-Feilures of Slender Beams failure occurs in flexure near the section of maximum moment.

For a beam with somewhat smauer value of a/J. the fatal cracks '

4
may well be a flexure-shear crack, as shown in Fig. 3.l(b). Such

. a crack may cause the beam to fai; before its full flexural capacity
is developed.J

. /,/I 4 { In moderately slender beams one of the cracks may continue to*
g .- ~i gs g propagate through the beams with further load until at some stage

. / -~ it becomes unstable and extends through the beam as shown in Fig.
ga $HtAR -itNssON FAltu8t f 3.2(b). 'Ihis type of failure is called a " diagonal tension failure,"

(b) Short Ocams: I < a/af < 2.3
A curved tensile crack in a region of combined moment and shear

*

1 may also trigger one of two additional modes of failure. A secondary
3 -

g ',' [ ~ ". crack may propagate backward along the longitudinal reinforcement*

from the inclined crack, perhaps because of dowel action in the
'

. _ . _d hlt bs '

g O'j g longitudinal reinforcement [ Fig. 3.3(a)]. This crack will cause af 3 f |3 . s e ne * **
- loss of bond. As the main reinforcement begins to slip, the wcJging,

i sntAR - comPRe$s4ON FAltu#t { action of the bar deformations contributes to a splitting of the con-
, gg

*"**' 'g ., ,o n

fadure of the longitudinal reinforcement, called a " shear-tension"
rio. 3.3.-Typical Sheer Failures in FKl. 3 4.-Modes og y,g ,. og Deep failure (Ill). Prior to such a failure, the beam acts as a tied arch.i

i
Short Beams Alternatively, the .oncrete above the upper end of the inclinedi

(I:.

|
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JUNE 1973 the " arch-rib" by cracking over the suppora; followed by (5) crushing .

crack may fail by crushing [ Fig. 3.3(b)] resulting in a " shear-com- along the crack. The tension at Point 4 is produced by the eccentricity
*

,j of the thrust which acts essentially along the inclined crack.i

pression" failure, f The strength of deep beams will be discussed more fully in Chapter
(c) Deep lleamsy 0 < a/ shearing stresses and vertical normal 4,

'

in the design of deep be on than flexural stresses. Significant (d) I.!! cams
t,

strenes require more cons! tensions, respectively, exist along and In a beam with a narrow web, such as an I-beam, the shearing,

principal comprenion oad and the reaction, and inclined cracks stresses in the web are much larger in relation to the flexural stresses
'

. i the reaction plates (Fig. 3.4). In some cases than they are in a rectangular beam, as is shown by Eq. 3.3. Conse-"'
"''"' "" ** ; t

_

the cracks appcar to be initiated by flexural cracks originatmg in quently a tensile crack may begin in the web due to principal tensile
i stresses associated with the shearing arresses. Such a crack has been

callcJ a " web-shear" crack [ Fig. 3.l(a)) and is inclined nearer to'

than Nxuredcar crads kcausM ec donunancg d.e shcanEccENr i O g SON 7 ,

b '
i Ing strenes over the flexural stresses in the web. Additional cracks

may also begin in flexural tension."g-<
-

The I-beams may fail in flexure, diagonal tension, shear-tension,
,_fi__q. hf-- -- ~~l, shear-compression, or in the various modes of failure aircady de-!

d ~-4 l-copppt$510N THRusi ilNE scribed for deep beams. Fig. 3.5(a) shows an " arch-rib" failure
I similar to that of a deep rectangular beam. Fig. 3.5(b) shows a

(a) ARCH - RIB FAILURE
" web-crushing" failu:e which can occur in a thin-webbed beam with
web reinforcement when a thin web element, isolated by diagonal-

' cracks, crushes under the diagonal compression forces (116,153).
. It should be noted that the mechanics of failure will differ somewhat
I in the two beams shown in Fig. 3.5(b) depending on whether the

,

i lower flange is cracked or not (II). The European Concrete Commit-
F . itKuNE D tee (41) distinguishes between these two cases for design purposes.

j / C **C'' 5
pf 3.2 Development of Inclined Cracks in Reinforced and Prestressed Concrete

[causuiNG ' " * "'

_d' llecause all types of " shear-failure" are af fected by or result from,

h inclined cracks due to diagonal tensile stresses, it is essential to under-,

,

} ,
I stand, at least empirically, the factors affecting the formation of such

)-caV5HING cracks.
A I (a) Web-Shear Cracks

5 - *' -l Web-shear cracks of the type shown in I'ig. 3.l(a) form in a
'! ' '' #

part of the beam that is as yet uncracked in flexure. Generally this
type of cracking only occurs in highly prestested beams with thin

yI v 3 -r905Hir4G FAILURE webs.a

A web shear crack occurs w5 en the stresses at some point ins a

FIG. 3'5'-Tys leal Sheas f aituses in t-Beams the uncracked beam reach a limiting value. Ita:.ed on a limiting'

principal tensde stress theory of failure, it has been shown that
J in other cases by the principal tensions across the for those portions of beams actually susceptible to this type of crack.

ime jouung ife toad and reaction, as in an indirect tension test. ing, the web-shear cracking load may be predicted with reasonable* *

ned cracLing occurs. a deep beam without web rei accuracy by calculating the shearing force required to cause principal
i After inch. ately into a tied-arch which can tensile stresses equal to the tensile strength of the concrete at or.

forcement transforms aim 'he numbers in Fig. 3.4 c fresP0"d near the neutral axis of the beam (128). More recently it has been
nie

failin a number of ways
( ) Anchorage failure of the tenuon shown that a slightly better prediction of the cracking load results

to the followms modes og a a dowel splitting cIIcct; from the use of Mohr's Failure Theory for concrete subjected toireinforcement, usua y
- (3) flexuial failure-etther of I combined shear and normal stress (100)., ,

g crushing failuie at the reactun mg or fra ture, or of the "cro*" F om a Mohr's Circle it can be shown that the shear stress, y",;

steel reinforcement due to yac f

of the arch" when the concrete crushes; or (4) tension failure o |
4

| *

b |

|
'

_ - ____-_-_.
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i * 88 nal principal tensile stresses at the head of the

corresponding to reaching the sensile strength of the concrete, f g,",",} "
*

.

t the neutral axis of a beam with an average axial stress of f.

p ess o s have been developed to
Predicti e fle ure-n ar r king e concule beams.

. g3.41 The best known is the ACI Code # "*'''I + k + V, . . ........
. .. ..

developed by ACI-ASCE Committec 32 (7)'V ,, = f,
,

' "

i y 3 P yg
in Eq. (11.12) of the ACI Code this is approximated by the straight = 13 Vfp 33,3gj{, , , _,,,

,

line function (51

... . ... . . (3.5) in which V, = the shear carried b th kie. ta en equal to
y,, = 3.5 V[[ + 0.3 (,, f I . the inchred cracking shear; p . u the tensile strength.

of the concrete; Af and V = he mo #'* * P*I"'*

in which V,, = the vertical component of the prestressing force. under consideration; and p~ = th "

The latest revisions to the Soviet design regulations and prestiencJ forcement at that point relatcd to the hic * "
concocte follow a similar approach except that the tensile strength was dersved considering the principal tensil '#F *I
of the concrete, f,,is defined considering the effect of the principal a ficxural crack in the shear span.
compression force using a diagram similar to the upper left quadrant For flexure-shear crackin i ~*

of 1 ig. 2.2 (197). clined crackingload can be exp e sed n term of th sf "******'Y
to cause a IIcaural crack at a oint i * *(b) Flexure-Sheat Cracks

|lexure-shear cracks of the type shown in Fig. 3.Hb) form as reaction from the section under consi e " ** "I

a part of a beam already cracked due to flexure. Ahhough these of shear assumed to be necessary for this il
'

u I k to develop
cracks are the most common type of crack observed in reinforced anto an inclined crack (128,174}. lhe 1%) * } '9"*II""

,

, and prestressed concrete beams, the mechanism by which thcy form
.

for flexure-shear crackin in Rssed kams was expressed in
'

this form:is not entirely understood.
In a beam containing flexural cracks, the variation in sacel stren Af"

from carck to crack sets up forces on the cantilever riements or E" + 0.6 V[ b,d .........(3.7)
" teeth" between the flexural cracks (see Fig. 3.2(b)) which tenJ

. , _

,
, * *** *

to cause bending and shearing deflections of the teeth (U).96,1Ns V 2!

As the teeth deflect prior to inclined cracLing the dowelling forces
and aggregate interlock stresses developed between the teeth tenJ !".Which the first term predicts the shear cause the

.

to prevent relative Jeflections of the teeth, thus delaying the forma- !mtiating flexural crack and the second ter * " *I

tion of further cracks. The rate of propagation of the flexural crads ancrement of shear. The external moment t *"'"'
and the stage at which .he inclined cracks develop in a given beam crack at the point under consideration is Af"'

,

" " ***
i

is a function of the magnitudes of the flexural and shearing strene, slightly simplified in the 1971 ACI Code 12 #'
These,in turn, are a funtnoa inclined prestressing tendons is included in the ilat the head of the crack (7,105,129). "

of the Af/ Vd and b./b ratios, as shown in Eq. J.), the height "8 Af.,, it is not necessary to add the additmnal term, V,, to
of the flexmal cinck and the amount of shear transferred by inteilue I 8s equation.

Recently Mattock (133) extended E ' 3'7shear transfer and dowc!!ing. " " " * ' *
in tests of sectangular beams Taylor (180) has shown that approu- beams with or without axialloads. To do th' HI ge,

mately one sturd of the total applied shear was transfericJ by thep and the modular ratio, n, were include in the expression as
compression zone above flexural cracks in the shear spans pnor s >wn in Eq. 3.3

al,

to the formation of inchned cracks. The balance was presum
y * {Af..

/ 0'036
transferred by interf ace shear transfer and dowel action. These mco + 1.75 -

- + 4.0 np) b d \/I,7
-

. . . ,(3,g)
surements suggest that a significant shear stress can exist at the._

ap
=

=

h

upper ends of flexural cracks in the shear spans. Broms C81
'$

**second F 2
shown that the nonuniform stresses between cracks lead tof

ary shear sticsses" which are particularly severe near the top o Statistical studs.es of tests of reinforce I concrete beams s

flexural cracks in the shear spans. These secondary shear strenes,
gg 5 nif nt variables affecting the; hear at flexure s ca

combined with the stresses necessary to balance the applied loaJs. e strength of the concrete, f, or * N; the

L

___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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. longitudinal re. Joscement ratio, p; the ratio of flexural tenwa 1o bearns.Thus, before cracking, a parabolic distribution of shear stress - *

a

sheaaiwg stresses measured by the (M/ Vd) or (M/ Vdp) ratio; the acmss a beam can be expected and after cracking, as the shear
j effect;ve depth of the bcam, d; and perhaps the ratio of compression displacemenes across the cracks increase, dowel and interface shear'

" to tention reinforcement (101,199). Pc haps the best known statisti- transfer action become increasingly significant.
cally derived equation was presented by Zsutty (199). (b) Beams with Web Reinforcement+

i emen has three primary effects on the strength of

... .. . . . . . . . . . . . . . . . . . . (3.9) am:(1) la carries part of the shear, V,;(2) it restricts the growtha
r =$9 y |p- (psi)f f the diagonal sension crack width and thereby helps maintain the

,

8 ,

Placas and Regan derived a similar equation starting from a failute *** * **' I'*"'I*'' V ,; and (3) it holds the longitudinal barsa

theory for concrete (153). anq sncreases their dowel capacity. Y,. In addition to these three
8 t*ns st8FruPs may transfer a small force across the crack by3.3 Forces in Ucams with DiagonalTension Cracks e

Traditionally, the transfer of shear across a section in a cracked beam el acti n and they tend to enhance the strength of the compres-
has been explained using a " truss analogy" in which the beam is repre. a ne c nfining the concrete.' '

sented by a truss with parallel chords and a web composed of diagonal
concrete compression struts and vertical or inclined stirrups acting in
eension (7,88). In the 70 yr since this analogy was first proposed, it

~

j
has formed the principal basis for the interpretation of forces in beams

g
y

and for the design of reinforced concrete beams for shear. On the other * oown wunna
; hand, recent studies have shown that several significant components of y

'

shear force shown i . Fig. 2.5 are not included in the basic truss analogy, nce suasv 4| g o "
These will be examined m the following paragraphs. 5 /,

-

(a) Beams without Web Reinforcement "

] A number of experimental investigations have been carried out | r
on beams without stirrups to assess the relative magnitude of the
forces shown in Fig. 2.5. Acharya and Kemp (1) showed that on!y

y.

2 / v,
40'7.of the total shear on a section can be carried by the compression

zone if the stress conditions at the head of the crack are to bc
compatible with an accepted failure criterion for concrete subjected g y ,

i

| to combined shear and normal force (Section 2.2.1). Experimental
work has subsequently been carried out by Fenwick and Paulay a[cy[ .f f

# /
(60), Taylor (179), and Gergely (69)in which a variation of compres- fp /

d
sion zone shear between 20% and 40% of the total shear on beams

'

!
was found. This range depended mainly on the shape and nature p y

;,

of the cracks in the beams. APPilED SHEAR
| A number of investigations by Krefeld and Thurston (107), Parme-
j lee (149), Fenwick and Paulay (60), Gergely (69), Taylor (178), Hau- FIG. 3.8.-Distait ution of Internet Shears in Beam with Web Reinforcement,

?

mann (14), and many others have been carried out on dowel action'

j indicating that the dowel shear force is between 15%-25% of the II 8 8tirruP happens to be near the bottom of a major diagonal

} total shear force (see Section 2.2.3). crack,it as very effective in maintaining the dowel force and restrain-'

As discussed in Section 2.2.2, iniciface shear transfer tests have Ing the splitting failure, provideal that the stirrups are of sufficient
| | been canied out by Fenwick and Paul.iy (60), and Taylor (179), size. are well anchored, and are spaced close enough together that'

I amt hiattock, et al. (134), among others. Gergely (69) conducted ca h potential diagonal crack reaches the tension steci near a stirrup

f
tests in which inteiface shear transfer was climinated by pieforming -

Smooth sided cracks in beams. These tests and those by Taylor The mechanism of a shear failure is not yet completely understood*
:

| |
indicate that between 33550% of the total force on a beam may although some careful tests have demonstrated it quantitatively in

| j be carried by interface shear transfer. specific cases (1,60,69,179). The internal shearing force components
"

The figures given in she preceding were measured on rectangular at a crack such as the one shown in Fig. 2.5 are related to thei'

teinforcement at loads near their failure load. apphed shear e,n Fig. 3.6. Prior to flexural cracking all the shearbeams without wet
Different distsibutions of shear force apply for lesser loads on the is carried by the uncracked concrete. Between flexural and inclined'

|

i
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cracking, the external shear is resisted by the concrete. V ; the f
than in a reinforced concrete beam because of the smaller sacel . *

'

the formation of inclined cracks, a portion of the shear is carried | ,

percentage, and tends to widen fairly quickly, leading to a rapid
y

interface shear transfer, V,,; and by dowe1 action, V,. Following , !.decrease m V,,. Once splitting initians, the strand can bend at the,'

by the web rei.Jorcement V,. When the shear carried by the w'eb crack and does not inhibit the rotation that accompanies the opening!

of the crack. As a resuti. V, is small. The shear capacity of ac
reinforcement can no longer increase duc to its yiciding. any addition.

[4 . al shear must be carried by V,,, V,, and V,,. As the inclined crack prestressed beam is approximately equal to the sum of V and V

widens, the interf ace transfer shear, V,,, decreases, forcing V,and ,
he term. V , appears to d6 pend on the depth of the coInpressi0n,

y

| zone, which in turn is a function of the load at which inclined cracking
V,, to increase at an accelerated rate until either splitting (dowel) occurs.
failure occurs or the compression zone fails due to combined shear

3.4 Factors Affecting the Shear Strength and Serviceability of Beams
- and compression.

In the case of beams without stirrups, beam failure may be caused Mo>t current building codes express the shear strength of beams in

[ by the bicakdown of any of the components of force transfer across
terms of an equation of the form:,

[i the section with ddferent mechanisms dominating in beams of dif- y* , y , y*t
(3.10)*

ferent types. For example, in some tests it is possible to see dowel f
* * * * * -- . .-... -.

h splitting at the tension steci level before the beam collapses and
m which V, = the shear ** carried by the concrete" at ultimate includingt-
V . V,, and V., m Eq. 2.l; and V, = the shear carried by transversein other tests, dowel failure and beam collapse occur simultaneously. u

"

U in some ca>cs it is also possible to see spalling from the sides of . remfore. ment. For simplicity, the factors affecting the shear strength
I

' inclined cracks before beam failure, indicating that failure of the will be discussed in terms of their effect on V, or on V,, assuming
these can be separated.;

inte: lock mechanism is imminent. 3.4.1 Effect of Cross Sectioni

Each of the ways in which force is carried across beams, apart (a) Effect of Size
t from the force carried by stirrups, has a load deformation cune

I.conhardt and Walther (116) studied the effect of beam sizewhich initially rises rapidly, followed by a falling pori m. In the
case of the foice carried in the compression zone, the falling portion by testmg two series of similar specimens without web rein-

forcement. He first series consisted of four completely similar
of the curve follows that of concrete under a combined shear and.d

, ,

specimens in which the cross section varied from 2 in. x 3.1i

compicssive sisess system. Dowel failure has a very steep falling ~

6 ' portion, except where the dowel is re3 trained f rom splitting by stir. in. (5 cm x 8 cm) to 8 in. x 12.6 ia. (20 cm x 32 cm).F
i

rups enclosing the longitudinal bars. He failure of the interface
in this series, the bar diameter was proportional to the external

shear transfer can be very abrupt, particularly if a crack is inclined dimensions and the number of bars was constant. In the secondo

9) over most of its length and the predominant movement across the series, the cross section varied from 4 in. x 'i in. (10 cm
'

-
crack tends to open the crack rather than to shear it (179).11ccause

x 18 cm) to 9 in. x 21.3 in. (22.5 cm x 67 cm), the ratios

b. of this it is very difficult to >ay which mechanism of force stansfer of depth were different from the ratios. of widths, the bar

|} breaks down to cause beam failure from the more ductile -havior
diameter was constant, and the number of bars was varied
to maintain the sann steel percentage. He shear stress at

of beams with siirtups.;; ; failure decreased 37% between the smallest and largest speci-
(c) T.llcams and Prestressed ConcreteEcams

In T. beams the interface stor transfer is probably less important men in the first series and decreased 21% in the second series.!i

15 ^
than in rectangular beams due to the proportionately smaller wahh The greater strength decrease in the first series was explained

7
of cracked concrete. In addition, V,, is concentrated over the web on the basis of poorer bond quality with increasing bar diam-

while the flexural compressive stresses are disisibuted over a greater
eter, he high shear strength of small scale beams has also

width. This leads to a higher ratio of shear to compression than been reported by Swamy(176) who attributed it to the influence*

in .a sectangular beam. Fig. 2.3 and 2.4 suggest that the magnitude of the high value of the modulus of rupture of the material

of V,, and the way in which the compression zone fails may change
and the increase in strength produced by extreme strain gra-
dients m small specimens.i

f as a result (153).
- P ne role of interface shear transfer and dowel effects has not

Kani(98) tested beams of various depths and the same con-t

crete strength, steel percentage, and a/d ratio.%c shear stress
yet been studied in the case of prestressed concrete beams having

f[ ,

flexure. shear cracks. Prestressing strands casty less dowel force and at failure decreased with increasing beam depth. In these tests

psoduce smaller wedging action, therefore splitting should occur later the beam width was held constant at 6 in. (15 cm) as the,

than in a reinforced concrete beam. Furthermore, inclined cracks depth was varied. As the depth increased the splitting forces'

,

!
also occur later because of the prestressing effect. On the other

due to the wedging bonJ action of the reinfoicement increased

hand, once started, the inclined crack tends to develop more rapally and as a result, the failures of the two deeper series of beams

I
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involved splitting along the reinforcement while those m. the i ,
'

shallower beams did not. this range, some strength enhancement may occur.

In all three test series mentioned in the foregoing, one mix (ii) Circular Sections;

'

design was used for all beam sizes. It is possible that part Farodii and Diaz de Cossio (58) tested circular beams'

of the loss of strength can be accounted for by the fact that with and without transverse reinforcement. In general,'

although the cracks were wider in the deep beams than in the cross sections resembled those of spiral columns. The,

the shallow beams, the smface of the cracks had the same maximum value of the ratio between concrete cover and
,

roughness in both cases so that the contribution of aggregate external diameter was about 1/10 in the specimens.

in' hick to their shear capacity was different. Similar size it was founit that the usual equations for rectangular
! chects have been observed in punching shear tests of model sections are applicable to circular sections if the external
|

slabs when the same mix was used for various size models diameter is used for the effective depth, and the gross'

area of the circular section for the product, bJ. These
(141).

Tests by Taylor (181) have shown much less size effect if findings are reflected in Ref. 6.
,

'

I
the size of the coarse aggregate is changed in the same propor. (iii) T-Beams and I-Heams

| j tion as the beam siec. Taylor also :howed that if large beams Tests of 24 simply-supported T-beams were reported
with normal b/J ratios (J/6 < 4) are tests, the loss of strength by Placas and Regan(153). In one series the web thickness

is not as crious as that reported by Kani. I or beams with was kept constant at 6 in. (15 cm) and the flange widths

J/b > 4 Taylor has proposed that the design value of v,. varied from 6 in. to 42 in. (15 cm to 109 cm). All the
;

i ;
the shear stros carried by the covete, should be reduced beams had the same longitudinal and web reinforcement

j cxcept that the rectangular beam had comprcssion rein-
! by 40%

The beams tested by I.conhardt and Walther, Kani and Tay. forcement to replace the flange. As shown in Fig. 3.7
lor to study the effect of size on shear strength did not have the beams with 12-in. (30<m) or wider flanges had about'

web reinforcement. It appears reasonable to expect that while M sseater ultiinate shear strength than the rectangular

V, has a scale effect, V, has not, so that the effect of size beam. Placas (153) and Leonhardt (114) have suggested
on beams with web reinforcement is small. Statistical analysis that only the portion of the flange immediately adjacent

.

(101)of test results confirms that the beam depth has no signifi. to the web can transmit a component of the shear in
cant effect on the ultimate strength of beams with web tein. the compression zone. As a result, the compression is,

*

forcement. This is confirmed in part by tests of two 4 ft (122 distributed over the width of the flange while the shear

em) deep " wall beams" with web reinforcement (37), in these is concentrated above the web, leading to a critical state

i tests the shear at inclined cracking was about 50% of that of stress in this area. Placas and others (72) have observed
predicted by the ACI Huilding Code, but the early inclined that the compression zone of a T-beam will frequently

a

cracking did not lead to a reduction in the shear capacity of fail due to shcaring in the region o'ver the web rather,

than crushing.
the beams.;

i 'I (b) liffect of Shape Zsutty (201) has proposed that Eq. (3.11) be used to'

(i) b/d Ratio of I cciangular Beams calculate the shear, V,, carried by the concrete:
'the effect of the b/d ratio in rectangular beams has V* = y* ( 6,4 + 2 q ) (3.11)****** *** ******* ** * - -;

been studied by Diaz de Cossio (55), Leonhardt and'

Walther (lit >), Kani (98), and lycngar, et al. (91). Diaz in which h, = the thickness of the flange.
] .

! de Conio found that shear strength of beams without For design purposes, however, it seems reasonable to

web reinforcement increases with b/d ratio. Leonhardt ignore the strengthening effect of the flange and to contin.
j
i and Walther tested slab strips and also found slightly uc to compute V, = y,b,d.

l higher nominal ultimate shear stiesses than in normal In pan-joist floors the webs generally taper from top
,

i beams. peshaps dne to anti-clastic hending effects. llow. to bottom. Although this is not serious in the positive
ever, Kani did not find any significant changa in strength moment region, the section of least width occurs in the

,

! ! when the beam width was increased from 6 in. Io 24 compression zone in the negative moment region. In tests

in. (15 cm to 60 cm) and statistical studies by lycngar, of beams simulating the negative moment region of a con-
,

tmuous van-joist. Hanson (75) found that Vet al. of a large amount of data showed no significant
based on the width at the bottom of the web.'should bc,

{
cffect of b/d in the range from 1/4 s b/J s I. In
slabs, the esitical. range of 6/d is about 4 to 10 and in Leonhardt and Walther (116) tested a series of beams

with constant flange width bot varying web thicknesses,
,

_

I
i
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I authors (114,116,153) who have used the truss analogy *

1122 ,

with the sections shown near the top of h..8 3 8 All
. I to suggest that the inclined compression stress in the web

the beams for each loading had the same stirrup capacity, ; varies from f, = V/6,d for 45* stirrups to twice this
V . As shown in this figure the failure loads decrea . i value for vertical stirrups.
as the web width was reduced. The rectangular an ! Recent tests by Demorieux (5L) on pancis k>aded inng
web T. beams iailed by shear compression an compression in a ne direction and loaded in the transverse
of the compressmn flange while the thinness webT.bcams,

failed by crushing of the web due to oblique compression
that the crushing strength of the concrete in the web will

,, be about 2/3 of that in a cylinder test. This agrees with
j strengths obtained from bianially loaded concrete (Fig.
c. 2.2). Placas (153) has suggested the web crushing is also

N T,*,. affected by the stiffness of the web reinforcement.
,

j

- /g For design purposes the CEH.FIP (41) limits the shear
.

'
g its

, ,oo _ y in thin webs as a function of the principal tension and
compression stresses in the web. For the normal case*

, o 7$ ~ of reinforced or prestressed concrete beams without trans-
.2

o 3o _ verse prestressing their limit can be reduced to 0.2 times
j the design compressive strength with vertical stirrups or

s, inn _
0.25 times the design comprc'ssive strength with 45* stir-/

'' rups to prevent crushing of the webs. Accounting fort--
o asui 12tu 2 * **

g differences in load factors and design strengths, these
g atmGE wiotet.b - mches

g, ,
correspond to y, = V,/46,4 = 0.18 f| and 0.22 f|,

j respectively, in ACI practice. For the practical range of
; FIG. 31-Effect of Ftenge Width (1531 M sf mi k n d
i

~ Placas and Regan corresponds to y, = (15 to 20) (h
.

__ f|
I - for vertical stiriups and y, = (25 to 50) % for 45*
f.,

-

g g
- stirrups.

, 60 ~~~"m.g ..y .

|
A 3.4.2 Effect of Reinforcement Details=

,

d rr=~~ - - (o) Percentage of Longitudinal Reinforcement.

Ir*
___

[___ "[_ Tests (97,153,158) and analyses (133,153) have shown that5
i

, o ao -- -
- ~ '

] the shear streng h of reinforced concrete beams drops signifi-

[
, $ ~~4 _ ' . - .{C_0'NLM''M ' "-.

cantly if the longitudinal reinforcement ratio is decreased below
' 30 1.2% to 1.5% based on the web thickness as shown in Fig.,

g 3, M -
- - 3.9. For the analysis of the strength of beams a number of,

j =e
. _

equations are proposed for y,.
d io

- ~ ~

Mattock (133) and Z$utty (199) have proposed Eqs. 3.8 and
3.9, respectively, while Rajagopalan and Ferguson (158) have

o 2 4 6 * ' '
f'

fitted the following equation to test data:
WEB WlDTH b, inches , = (0.8 + 100p) 4 s 2.0 % , . . (3.12)y

U FIG. 3.e.-Effect of Web Thickness on Sheer Strength (116) The 1971 British Standard Code of Practice (27) presents
a table of values of y, that are a function of p = A,/b.d

stresses in the manner discussed in Section 3.1 d
.51

and the 1971 CEB Recommendations (41) reduce the allowable,, ,

repoit. The inclined cracking load, V,,, an shear stress if p, is less than 1.5% at 2d from the support.
in the stirrups also depended on the web wi . The various design equations are compared to tests in Fig.
shear V, the stresses in the stirrups were approxin

,y
3,9,

The effect of steci percentage may be explained in two ways:a function of V ~ V<'' due to
""

e Si * ""''#dia > -

.

_ _ _ _ _
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H24
E beam and are wider, reducing tmth the shear capacity of the

compression zone and the interface shear transfer.
' ' , , , , c ,

', _ gG S I (b) Yield Strength of Longitudinal Heinforcement'

- y g { j Mathey and Watstein (132) have reported tests on beams*-

with high yield strength longitudinal reinforcement. l'or a/d.
#* o

_ "). M ok - E $ ratios from 1.5 to 3.8 they found that the shear strength was
,

,

3 U $ I independent of the yicIJ point. If, however, the increase in
- 85 3 $ yield strength was offset by a reduction in p to give a, constant" *

moment capacity, they found a reduction in shear strength.'~
- } 3 -*

This finding was corroborated by Taylor (183) who suggested*I~ ;-i c

-%{ 3 #- k( i that the shear strength decreased as the steci stress at inclined.
* ' i cracking increased. The reasons presented in section 3.4.2(a)y. j c ,

_gi j*, P.2_ 5 to explain the ef fect of p also can be used to explain the
effect of the yic!d strength on V, when p is constant or varied..o<

'"

I
#.' j (c) Cut-Off and Bent-Up Heinforcement

(
- 3 Major inclined cracks frequently develop near the ends of

reinforcing bars cut.off in a zone of tension. Adjacent to a
f

;;

;_ h
'

gg y cutoff point the stresses and deformations are decreasing in'

'' o

|, ;_i the cutoff bars and increasing in the remaining bars. This,g Ss. *C "- 3:

y T, combined with the eccentric pull in the cutoff bars, leads to

,ae $!R a state of high shearing and diagonal tensile stresses in thep
g *"I # vicinity of the cutoff, llaron (13) has shown that the changes
b
j j =, en moment arm in this region lead to increased shears in the

cutoff zone,
1

Tests by Ferguson and Matioob(65), llaron (13), and firesicrj -

(i
.

h.;.
and Scordelis (26) show that:

, 1. Cutting off bars in a tension zone will lower the shear
;! --1 e'

; strength of a beam,
7 =

. - - ~
o a"

2. Closely spaced stirrups in the cutoff rone will prevent0 jgt _ _ _- - (- r-
1" premature failure. The ACE-381-71 rules seem adequate in thisi \' gj

- U
.

,_._ __ . _ _ _ _ _ _ _h y;- j regard.* -

3. llending bars up instead of cutting them off will largely,

\ W$ =
> >

!g nuthfy these illef fects.probably because the bend discontinuity
y _ _ . _

b- N M #-
| ___ _e

- -

is less severe. On the other hand, a major inclined crack fre./ 8 e
*

_,__ _ 'q. . . '(-.1 \q- - $ ~~ ] quently occurs at the bend point.

A m. .

3 (d) Web Reinforcement
i __ _' ._ f e_ _ _ _

**
.e. _- -

The ACI procedure for designing stirrups assumes that thej shear not carried by the concrete af ter inclined cracking is,

~ ~ ~ ~. . _ . . __ _ E ,,

j resisted, by stirrups or bent bars acting essentially according
to the truss analogy. Recent stuJies (26,72,85) have shown,o -

.;; . ;; a; g g 33 $ $ M **5 however, that small amounts of web reinforcement have a

"% "2 "; a 3'' 3~ E. E significantly larger effect on the shear strength than predicted
E E 2 '' ~

e
T

by the modified truss analogy. This is shown in Fig. 3.10 (72).j
S si While no adequate explanation of this effect has been present- 1

, (gw2 fog)tso y / cd, it has been noted that the horizontal projection of the"

N inclincd cracks tends to decrease as the web reinforcement'

t M . _ . . _ ...
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ratio, 6, increases, so that the increase in the number of that the modified truss analogy used in the ACI lluikling Code
'

r
4' stirrups crossed by a crack is less than the mcrease in p,. is the best design method available at the present time for

Web reinforcement near the bottom of diagonal cracks is wer) members subjected to statically applied loads, and this report
' o

'. ) effective in preventing dowel splitting cracks and in increasins advocates its continued usage for beams with M/ V, > 2.5.
E the bond si ength by providing confinement. Kam US and hfore study should be given, however, to the Soviet design

Gergely (69) claim that isolated stirrups at the bottom of diagon- procedure that involves both shear and moment equilibrium
,P al cracks would prevent shear failure in most cases, but of on inclined planes as outlined later in this chapter (20,21,138).
h course, the position of cracks is not known in design. Ilowever, This procedure gives the designer a better understandmg ofIl their tests indicate that the primary role of web remforcemen' the behavior of the finished member than does the ACI proce-' is the restriction of the width of diagonal tension cracks. Thesc dure.
*! authors believed that the interface shear transfer does not de- In Leonhardt and Walther's tests (ll6) beams with bent-up
1i crease appreciably until some splitting occurs at the bar and bars as shear reinforcement tended to have a lower shear'

therefore additional stirrups crossing diagonal cracks are not strength and much wider cracks than similar beams with stir-
':; necessary. rups for several reasons:(1) Bent-up bars have more tributary

'

The maximum yield strength of web reinforcement wa* area loading each bar;(2) they tend to cause longitudinal crack-
empirically set at 60,000 psi (4200 kg/cm') in the 1971 ACI ing or crushing at the bend points; (3) they do not confine.

Building Code because difficulties are encountered in bendmg the concrete in the shear region; and (4) they are less efficient,

'i higher strength stirrups and also to prevent excessively wide in tying the compression flange and web together. As a result,
'I inclined cracks. the 1970 CEB Recommendations (41) require the use of vertical

5 The 1971 ACI Building Code requires a minimum area of stirrups in addition to bent-up bars. This problem is also dis-
i web reinforcement in most members when V, exceeds 1/2 cussed by Robinson (163). The ACI Building Code (6) also

of the allowable V,. This is intended to prevent or restrma limits the shear that can be resisted by bent bars.F

*[ shear failures in members where the sudden formauon of m. The principal conclusions of tests carried out in Stuttgart'

clined cracking may lead to distress. Such reinforcement m4 on welded wire mesh stirrups were (117)
add valuable ductility where members are subjected to un-

.\ expected tensile forces, settlements or catastrophic loadmgt I. Mats with 2-in. to 4-in. (5-cm to 10-cm) spacing of the
d The amount required corresponds to a nominal shearm, g stress stirrup bar were best with respect to crack widths and compres-

d resisted by stirrups of 50 psi (p,/, = 50 psi or 3.5 kg/cm'l sive stresses in the web.
and a minimum ratio of web reinforcement, p., between 2. An equivalent yield strength of 60,000 psi (4200 kg/cm')i

! ! 0Axm81 and 0 00125. .. can be used in load factor design.
5 The European Concrete Committee (41) relates the mimmum'

to the compressive strength of the concrete and the yiclJ The Commentary to the 1971 ACI Iluilding Code provides
,

.' . strength of the stirrups with a minimum of 0.0014 for deformcJ similar anchorage details for welded wire mesh stirrups.
stirrups and 0.0025 for smooth mild steel stirrups. The Swi in some cases it is convenient to use pairs of U-shaped

'

Code (II) requires a minimum web reinforcement, p.f,. equ g; , g
to half the nominal shear stress carried by the concrete. This stirrup. In such a stirrup the lap occurs in a region of diagonal
corresponds to atmut 0.0010 for 2,200 psi (154 kg/cm') c N% W Wi h 4MpdWged

10 0.00175 for 5,800 psi (410 kg/cm') concrete out to h sw h k wh M & sg m acrete up

increase in the minimum web remforcement m this c function of the lap length, stirrup diameter, and cover (77).
,

intended to reflect the fact that better concrete cracks at a g
higher stress and therefore at a higher load. the same capacity as a rectangular stirrup if the lap is long

Ilacas (153) foynd that the horizontal projection enough to develop the yield strength of the stirrup bars. Section
cracks averaged 1.5J for beams with vertical stirrups an leg 12.13.4 of ACI 318-71 has similar requirements.ced to be even greater in the case of inclined stirrups (el Reinforcement of Ilanges
beneficial effect of the latter observation was offset Studies made by J. R. Robinson (163) suggest that the befiav-g,

inclination of the force in the stirrups. As a resu ior of the tension chord is affected by the mechanics of the
vertical and inclined stirrups had equal efficiency. Leon

,

, ;
. (116) and llruce (29) also noted similar cifects. .

| |
In view of its relative simplicity and applicabih.ty it apre,

and the concrete web. In that respect the importance of the '
reinforcement details cannot be overemphasiicd. The studies

nu . . . . . . .
> .-
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I in Ref. 7. This chapter will deal psimarily with beams having *

of these details cannot be separated from the study of the a/d or Af/ VJ ratios greater than aout two. Deeper beams
.

bimd and anchorage of the longitudinal and web bar mcluding g gg
effects of transverse " binding ** teinforcement us .d to prevent It is generally assumed that the Af/ VJ concept can be used
longitudinal splitting of the concrete along the mam tem- WI b si M d wie ho 'N
forcement. Robinson uses a truss analogy to design transverse g g ; gg'

reinfoicement in both flanges. Leonhardt also presents these d Md h h w h e m@m WVJ=2m
rules (Il4). 3). The initial development of flexure. shear cracking is similar

in tests of simply supported T-beams, Placas (153) observed ; ; g, ; gg,

that cracks may develop in the flange along the edge of the si h id b b hlM.

web. These cracks were parallel to the web rather than at the load carrying mechanism of a beam loaded on its top face
a 45' angle, as frequently assumed. The model shown in hg. and supported on the bottom changes from pure beam action
3.11 was used to explain this cracking. nis figure shows the to a type of tied arch action with a diagonal compression strut,

top of a portion of flange bounded by the web and midspan. g g g ; gp 3

a result, the regions of tensile force in the longitudinal bars
A

surecas frequently extend past the point of inflection, as shown in
Fig. 3.14(c), leading to possible anchorage failures in these

,"*",g",$ regions (30,112.119,151,164). The meaning of the terms, a/d
Sm W 5 and M/ Vd, becomes difficult to define in such a case. Ferguson

(64) have proposed that the ratio, a,/d, shown in Fig. 3.13(a)
be used in place of Af/ VJ in jE . 3.6 whcn computing v, or

PL AN Or that v, he taken equal to 2 V /| in all cases for continuous" " " " "' U,W'"' reinforced concrete beams.
; [, \ W,*d#"""* " For continuous prestressed concrete beams the inclined

,,,, c..c.,uo

j thrust shown in Fig. 3.13(b) appears to delay the developmentwm"u .u s.. . s.

s',',"'s'se's y of inclined cracking in the region of contraficxure (84). Once
9 ,,,, $,h.'h~ . inclined cracks occur in ihat region, however, the ultimate-g,o.c i -

AHD5 PAN

o 3 w,"
^

|{ug,ag pf*jy . shear strength of prestressed concrete beams with web rein-gmgg
,YT.s','.'sT - - forcement is best calculated using the ACI Code formulas (84,n nos g m..s g

' '
(b) Directly and Indirectly Loaded lleams. i , , . . . e

secDON ed in most beams tests thC loads and reactions are appIied on-

the top and bottom of the beam, respectively. Such beams
I FIG. '3.11.-Flenge Cracking in T. Beam FIG. 3.12.-Variation in Shear Capacity are said to be "directly loaded." For directly loaded beams

w th e4 for Rectangular Beams with a/d ratios less than 2.5 this leads to a significant vertical
compressive stress component between the load and reaction

Placas found that shear friction reinforcement across the sur- and as a result the shear strength is increased. Thus, a portion
face, All, would prevent failure. Johnson (93) has reported of the increase shown in Fig. 3.12 between the inclined cracking
similar ciacus and based on a shear-friction analysis recom* and shear compiession capacities of beams with a/diess than
mends that the total amount of transverse remforcement m 2.5 is due to vertical stresses or arch action. For directly loaded
the stah over the beam web should be; beams having a/d ratios less than 2.5 the 1971 ACI Iluilding

* * (3,33) Code Equation (11-12) allows an increase in v,. Zsutty (200)
p,f, a 1.26 v,- 3.8 % a 80(psi) . - * **

has proposed Eq. 3.14 to account for the direct loading effects
llati of this reinforcement should be at the bottom face. in short beams:

3.4.3 Effect of Af/ VJ Ratios and Types of Supports j
(a) Span to Depth Ratios Af/ VJ f 2.5

A number of authors (24) have presented figures s.imilar to y
.

, - (E,q. 3.9) -
, . . . (3.14)

Fig. 3.12 showing that a/d or Af/ VJ is an important variable _

a
'

in defining the shear strength of a beam.This efIcct is cxplamed d
in a conceptual fashion by Eqs. 3.2 and 3.3 and is discuued

. . _ -
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Leonhardt (ll2) has proposed a similar equation. *

F:equently in practice, beams are loaded or supported by
intersecting beams so that the Ivad transfer is by shear rather<*''"""

,* than by bearing on the top and bottom surface. These are
.

*
referred to as " indirectly" loaded beams. A number of investi-
gators have reported tests of such beams (15,61,119,177,182).j' W-n ,
For beams having a/d ratios greater than 2.5 to 3, there was'

no reduction in shear strength in such beams due to indirect'

. , . . , , , g .f,iv _ , loading provided that there was sufficient reinforcement in
| the intersection region to transfer the load from the supported.,

member to the supporting member. Leonhardt, et al. (119)
(a) BENDING MOMENr DIAGRAM NEAR SUPPOtt recommended the use of " hanger" reinforcenant of stirrups

or bent bars sufficient to transfer 80% of the shear force at-t,1 1 .

the joint when beams of equal depth are connected and itMP7.
'

'|

7-;[.e---~
_ _ _ _ -

of the shear force in the case in which the supported beamA[ -i \l is connected only to the tension side of the supporting beam.. . _ _ _ _ . . -

Ilaumann and Itnsch (15) recommend hanger reinforcementT
'

t '
for 100% of the load transferred. These stinups should beI

'

(y ceAcg PafftRN AND COMPRLsslON STRUr provided within 4/2 of the center of the joint in the members
joined (ll5). In addition, it is good practice for the longitudinal, , ,

M reinforcement in the supported beam to pass over that in the
A

supporting beam where possible.j | **" gg,,, For 1/d less than 2.5, however, indirectly loaded beamsI

: ! l I ' are weaker than directly loaded beams because arch action'

cannot develop. Such beams tend to fail in diagonal tension5 ic) DisresmON Of YEN 5nt sittss IN LOhGITUDINAL at the inclined cracking load. Zsutty (200) shows that Eq. 3.9,
,

)- atlNFORCEMfNr
dCVeloped to predict thC shear strength of slender beams with-

b FIG. 3.13.-Behavior of Continuous Beams
out web reinforcement, also applies for indirectly loaded short
teams.

3.4.4 Effect of Type of Loading
q , ,,oo,,, y (a) Repeated Loadings

t uo6,4- p
.

c
2

No seisaurs po i n h I From tests of 39 small beams without web reinforcement,
g g gg g gg g g ggg g g-

400

[ " " * '' ' ' '
and ultimate shears having a 50% probability at 2.0fM).0tN) cycles

s

were 50% and 63% of the corresponding static strength. Thesen 3oo beams failed either by crushing of the compression zone over( te a is..id a t 5 ''"

t the inclined crack or by a diagonal tension failure.
Price and Edwards (15t>) found the tensile fatigue strength

. .,,,
,.*

,

----- %'j"
of concrete at 3.tMU.(MM) cycles was abou' 60%-75% of thej

i[u .,4.s 257 '. g "-acn i A static tensile strength. This strength reduction may explain the
]$ M" " 4/,, ps .,4. n redtced inclined cracking load in Chang and Kesler's beams.'

acootte"4
h Kokubu and fligai (103) report that beams with a/d ratios,

o aso

,"" ,,,nuoq of 2 to 4 and no stirrups may fail due to fatigue fracture ofpus
MNssON -+

the longitudinal reinforcement at the point where the inclined
| N/A ( psil

crack intersects the bar. In their tests, localiicd flexural
FIG. 3.14.-Variation of v, with Axial Stress for Different Values of s/d (133) stresses due to the dowel action in the reinforcement in this

region led to fatigue failures at 51% to 70% of the static failure
load. Similar beams developed shear compression failures in
statie tests. For beams with a/d of 5 the inclined cracking

.. >
.
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JUNE 1973 a tremi to a lower stiffness with increasing loads. The ACI .

I tension failure loads were each reduced by about design equations were found ta be conservative for these
,

e basis of their tests, Kokubu and liigan have sus-"" *"

| d h t the shear strength corresponding to l(f cycles of On the other hand, Japanese investigators (146) have
in each shear failure made is about 6tyE of the static proposed the use of a reduced capacity of siirtups in beamsE

.

and girders subjected to seismic loadings as given by:
failure load.in tests of the crac ins behavior of T ,1, and rectangular (3.15)= y, + 0.5f, ( p, - 0.002)
reinforced concrete beams Kaar and Mattock (95) found that

.. ....... .. .,
*

tresses increased approximate 1y 50% during the in which v,is about equal to the ACI value. Thus the shear
. MICYCI#5"g serv ce t ad(D + L)and did not inct

sr assumed to be carried by the web reinforcement is less than
rst 3#

a preciably during another 700,000 cycles at the san e haif that computed using the ACI recommendations.m
Presuessed concrete beams tested by llanwn Paulay (151) applied reversed cycles of high shearing force

had an excellent shear f atigue resistance.
8 to deep members restrained at each end. In the first few cycles

, I urJ

f- of the web reinforcement were due prim the beams behaved as predicted by the ACI Code Sectionse in h
I stresses in the stirrups due to dowelling. 11.4.2 and II.6.I but as load cycling continued the shear carried >

| crack widths during repeated loading was an i by the concrete decreased. Following yiciding of the web rein.
oc un

in determining whether a shear fatigue forcement, a high load was carried by arch action. Failureur
P
5 iluiton and flognestad (32) have shown g fcandysc.

generally occurred by crushing and shearing of the ends of

N of stirrups to longitudinal semforcement ca the arch. Significant decreases in stiffness were observed ascir um
i duce the fatigue strength of the longi 5 000 000 cW

the test progressed.

the stress range corresponding to fa use The apparent discrepancies may be due to the severity of"
: s nm

j was 35% lower in beams with tac
the loading cycles considered by the various investigators. In

i beams with tied stirru s.
a beam loaded statically to failure without load cycle reversals,
Eq. 2.1 suggests that portions of the shear are carried by the

(h) Dynamic Loadingslixtensive tests of simply supported reinforced concicicI uncracked concrete above the inclined cracks, the dowel action
@ r, momen

k beams under dynamic loads m, dicate ,, , ,, , J3 of the reinforcemcot, and interface shear transfer across the

shear strength, and flexural strengt 3 ;cgh crack. For statically loaded beams and beams subjected to
,

pamic load with respect to the same and the nonreversing cyclic loads ACI 31g-71 Chapter il gives conser-
! (

Y (ifA). Ilowever, the usable ultimate s ons an A' vative strength values. In a member containing x-shaped cracks

% flexmal ycild strength increase in dit cren p w due to load reversals, however, the compression zone is

M the contributions of the corcrete an 3 on zones 4
cracked and due :o residual tension strains in the precompres-

N! the shear strength. In some cases the c ng a paJ sion reinforcement following a load reversal, the cracks may

.
beams failed prior to yield of the stirrup 3 amic loads. la

not close completely. Thus the shear transferred by the com-

for an upper limit on shear stscrigt the use of the modificJ
pression zone may be smaller than in a normal beam. Intesfacej ' '

k[
design. Seabold (166) has recomme usms an amptr shear transfer is unreliable since it may be reduced by a " work-

truss analogy using Eq. 3.12 to compu e increase in t cu
ing back and forth" action along the. cracks as the load isi

h ficd stirrup yicid strength to account for cycled. Finally, dowel action will only be dependable under
'

ff strength under rapidly applied loads. cyclic loads ik spHting along the longitudinal bars is restrained'

by closely spaced stirrups. Ilased on this reasoning, firesler~d (c) Reversed Loadings jected to reversaIs of loading, inchncJp When a beam is sub. cJir4 (23) has proposed that stirrups be provided for the full shear'

4[h i
cracks develop across the crackins ng have been applicJ in beams where full reversal takes place.

g

lT .
loadmg. Tests in which reversals ng befo,e pcu 14.5 Effect of Axial Loading

-

have shown that cross-incimed-cracking oce nicsnt) J (a) llehavior of Axially leaded lleams in Tests

ing of shear reinforcement does n ng the ellot in a group of three otherwise identical beams subjected to
! ar

' the member (2,23), but uncertainty ,
axial tension, no axial force, and axial compression, the initial

E | of reversals of loading on ultimate s s with og ce flexural cracks would occur earliest in the beam with axial

Alatoire and Casillas (2) teste moment.They rcPe tension forces and would extend faither and be more nearly6

b to 4.4 under reversed cycles of shear a e .pphestd veitical in this beam. In all three beams, however, approxi-

igh loads, except that there op
mately the same additional increment of shear is required be-

" el ivelyo gw - o

h~ - L
- ==# ~

-~ - ~ - ~ . -. , __ . _ _. A
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' g
tween ficmural crack * g in the shear span and inclined cracking. Alternately, investigators (133) have attempted to predict in.m' **

I - The inclined cracks wouki have essentiany the same slope in clined cracking in axially loaded members using the shear-incre.
; ! all three beams, cueting across or growing lo W i a diW

flexural cracks (72,133). As shown m lag. 3. 4, the effect of tension crack as a development of a flexure crack is equal
d N W mW hm ab d k Waxial forces on the shear at mc "

sigmficant (72) especia mo r tensile load. increment required to transform the flexure crack to a diagonal,

,

4 ings. Axial tensile crac s w formed prior to the applica. tension crack. Eqs 3.7 and 3.8 are examples of this approach.
j tion of the shear ing elfcct on the behavior The inclusion of the modular ratio, n, and the stecI percentage,

d p, in Eq. 3.8 possibly accounts for the greater dowel action!' and strength of beams les
the strength of beams tested by limi . m- et al (72) who due to increased steel area and the fact that flexural cracks

ten o e wrom ud do not exW n hid if g is W; i recommend that i s
j' equal to zero if the averas tensik stress exceeds 4 4 Because Eq. 3.17 is frequently difficult to apply in design,

(6) Calculation of Inch _ned Cr ns ACI-318 71 allows the designer to use the simplified equations
"'

The mchned crac ing g y os e cams has been (Eqs. II.6 and 11.8 of ACI-38171) plotted in Fig. 3.15 to
* epts. he first considers compute the shear carried by the concrete in beams subjected

| I i s resses at the head of a flexure crack. to axial forces. The CEB Recommendations (41) present similari' without axial loads, such an analysis yielded Eq. equations,p

presented in Section 2.1 of this report (Fig. 2.4) rise to a maxi.
..

4 6

i -
';, pp"', e-

' mum for f, = 0.6 /| and then drop off. This suggests that
f

--

eN- for very high axial loads, care should be exercised in cimosing
- the maximum shears at ultimate load because in this region- < .

!! } I an increase in axial load may lead to a decrease in shear
; . toi NcuNAuGN Op imtmOs FOects strength.

Forces
, . A i -''o,

N A IWM% N1 *@ Recent investigations at the University of Washington have3

' M ooh <.isexuo SN"' "9- """*
shown that the presence of axial, tensile,or compressive forces

J,3;

iI does not alter the effectiveness of web reinforcement (72).
ty etenuaAt statssis IN LOwth FLANGE These ecsts suggested that the use of the ACI stirrup design;{

equation, Eq. 3.29, along with Eq. 3.17 to compute the shear
FIG. 315 -Effect of Dreped Reinforcement en Interior Forces in prostressed Beems in the concrete, led to an overconservative design for lowj;

i. (1143. . percentages of web reinforcement and was adequately conser.
vative for high web reinforcement ratios. Similar results were

3.6 presented in Section 3.2 of this report. Committee 326 found for L '.ms subjected to axial forces.
!

,

(7) also showed that this equation coukt be applied to axiaHy in beams subjected to high axial tensions, cracks may tra.
loaded beams if the term, M,is replaced by M,,,in which: verse the entire beam. Althoughlarge shears can be transferredj

! f4 H - di across such cracks by interface shear transfer, inclined stirrups
. . . (3.16) may be desirable to prevent shearing displacements along suchM,,= M - N ***** ,,,,,

i- cracks under repeated load conditions (125),

}- N = axial load, positive in compress,on 3.4.6 Effect of prestressingi
The ACI Code method of designing preseiressed concrete beams''

If this is done, Eo. 3.6 can be rewritten as: to withstand shearing forces is based on the assumptiims listed
in Section 3.6.l. In this procedure stirrups are provided for:' y . 2,5m p ., VJ

(3.17)s i., q; + V, - v,, - v, . . . .. .. .. .. . ...

... . .. - - - .

. (3.i8)b'

!- Tests by lladdadin, liong nd Matlock (72) si est that this The shear " carried by the concrete." V<,is assumed to be equal
g

equation accounts>

1..15 314. as such, includes any veitical component of the prestressing force.manner as shown m.4

l
I

) < .~ .
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,

This assumption grew out of the extensive series of the prestressed
*

out the danger of web crushing failures"
*

concrete beams tested at the University of Illinois between 1954
Hachmann and hiirlimann (Ill ng & sign -and 1%2 (g5,128,148). The major difference in the behavior and

:;

equations for tcinforced. partiall " ' * " * #""'.i shear strength of the portions of beams with flexural cracks in '

; crete beams. He equations ha e
the tension flange and those portions without such cracks was recog- " ' ' "

i nized for the first time in this procedure. Adaptations of this proce.
form a part of the Swiss buikling regulat s 31)"'

-

For regions with flexural cracks in the aension Hange at designdure have been incorporated in the Canadian (34), Australian (82), capacity'

and tiritish (162) building standards. The following simplified equa.
tion for computing V,, recently proposed by ifanson (126) for y ,., y , # y", , y,

. . . (3.20)' * ***=*......** ** -P'

prestressed building members is also included in the 1971 ACI Code: m which V, a vertical component of prestress
,

;f
i

'

y y*
y* = - L = 0 6 V/[ + 700 . . . . . . . . . . . . . . . . . . . O .19) y

b,d Af ,, - L , y* g , $~ A., ) but not more than 1.5 y.
i:

, , , , , , g,3,)b'd If,,3,f ,,,,,'
'l

in which 2 Vf s y,s 5 V[[.
This equation is limited to members having an effective prestress- r, = 57 + 0.023 f,' .

(3.22),* ** *******- - . ..

ing force at least equal to 40% of the tensile strength of the tensile in which f,,A., " prestressing force after all loses dI'|

reinforcement. '

" total force in tensile reinforcement at ultimate = AAlthot.gh these quations were developed for small beams, Gustaf-
F,or regions of beams without ficxuralcracks in the ensmn HangeT ''

son (71) has shown that the ACI design procedure based on Eqs. at design capacity;; 3.5 and 3.7 gave satisfactory results for 45-ft span AASilO Ill
staralard prestressed highway bridge beams with an overall depth v, = y, , y, , y*, , y* ' ' *,

. . . . my4
*** - .......

of 45 in. The ratio of measured to ACI failure load was I.133. in which Vu = shear transferred by the uncracked tens *on flange -in recent years the ACI design procedure has been criticized = 0.2 f,,b,,d.
i, ,

by several noted European engineers (11,114) on three principal The sum of V, + y can be shown to closel '
;

n
grounds: the web 4 hear cracking equation in the ACI Code (E 3'5,,

in a recent series of tests of rest d #"*l. No valid reason has yet been presented why V, should equal beams reported by Caflisch and Thh I
the inclined cracking shear, V,,. Bachmann and Thurlimann (II) #"' * *

sponding to yicid of the stirru

suggest that V'. should be related to the size of the compressionzone at failure This, in turn, may be affected by the stage of
it was also concluded for these tests that V y"
The shear capacities ranged from 11 oI cf h

Iw.dmg at which inclined cracking develops, but this has not been mately equal to the inclined cracking load.'N''

proven to date, *
fw nonprestressed beams with small steel

2. The ACI equations for V, are excessively conservative for
.

", *

a member containing both prestressed and normal tension rein- 3.22 are unconservptive compared to Eqs. 3. a d 3 2
The inequality of the inclined cracking load and the st$ -#forcement, an increasingly popular form cf partial prestressing (33 by the concrete is also suggested b

#*

1841. This latter observation has also been made by Burns and lightweight concrete prestressed conc T
~ ""

Pierce 01). Eq. 3.8, proposed by Mattock (133) to extend the range tested by Krauss and Hachmann (106). Ahhot h
"

of the basic flemure-shear equation (Eq. 3,7), goes a long way to
principal sensile stress at inclined cracking was 2 tosatisfying this complaint at the expense of increased complexity. lightweight concrete beams than in el* nwmal concrete beams,3. The ACI procedure is unnecessarily complex. the average ratios of si -

stirrups to that calculat-
ed with Eqs. 3.20 and 3.22 we I

*E' I"in a major series of tests of large prestressed concrete beams lightweight and normal concrete.
*

carried out in Suttgart (114), the shear carried by the concrete, l.conhardt (!!4) has recentry used Fi 3 15
,

'

V,, was only Itr/, to 60% of V,when the stirrups yicided. Although ,

the shear, V,, increased somewhat between stirrup yield and beam
encrease in V,should lead Io a decrease is the sh C ncrete.V,, m beams with cracked tensio fl

'failure,it generally did not reach V,. Leonhardt (114) has recom- of the figure shows that flexural c acki a cxt d
mended that the load corresponding to yielding ol the stirrups should "

|. be taken as the failure load for design purposes. lie also pointed
length m the beam with draped cables than in the be

8
cables. In addition, leonhardt notes that if prestressing ducts with

|

aen k 4|.
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a diameter greater than b,,/10 are placed in the web of a beam. "la has been found that diagonal tension strength of the

*
.

one should use a reduced wer lightweight concrete is affected by the same variables

( crushing strength of the web. Ile prop ses &c use of a teduced as affect the resistance of normal weight concrete. The

6*. difference between the types of materials is one of mag-
6 nitude of diagonal sension resistance and not of funda-
W mental difference in behavior."2 . tm[ b,, reduced = b,, - p+

- ** * * , . .

g Further testing and studies of lightweight beams were carried
I

-
out at the Texas Transportation Institute 190) leading to the designin which 4 - diameter of ducts.

I
MacGregor. Siess, and Soren (127) in a of tests of pre. rules in Section 11.3 of the 1971 ACI Code. Note that none of

stressed beams under simulated movmg onduded the the the beams studied in Refs. 74 and 90 had web reinforcement.
s mibr to tbt in in companion tests of lightweight and normal weight prestresseddevelopment of ciackne in these bea

beams tested under stanoaary loads an' sme basic equa. c nerete beams with stirrups discussed earlier in Section 3.4.6 (106)
tions could be used to anatyze both groups. the inclined cracking load of the lightweight beams appeared to

l>e Paiva. Neville, and Guger (53),in a ser of ominuous he a function of the lower tensile strength in these beams. The
prestressed concrete beams with varying

r s, conduded conuibution of the concrete to the ultimate shear capacity appeared
t:at moderate relative movement o P s not signdi. to be a function of its compression strength, however,

cantly affect the behavior and strengt Recent studies of the shear failure phenomenon have suggesteds n shear. The
i ons similu severalother reasons why the shear strength of lightweight concreteinclined cracking leads were closely pre

to Eqs. 3.5 and 3.7. members may differ from that of normal weight concrete:
h llanson, Ilutsbos, and Van llorn (77 78) performed a series ol >

, coma ning web nin.
I, it has been suggested (8) that the mode of bond failure mayfatigue tests of prestressed concrete

_ w th enough involve shearing or crushing of the concrete under the lugs ratherforcement. In their tests, prestre
web reinforcement to develop their f exura ty were able than splitting as experienced wnh normal concretes.

.

to sustain large overloads thou su e anger of a she, 2. The amount of shear transferred by interface shear transfer
I f atigue failure under design -

, on the tsgue is probably less in lightweight concrete members due to the
3 strength in shear of prestressed concre e I-beams have been repon. smoother crack surface.
p *

cd by Price and Edwards (156). 3. Recent Soviet and Japanese tests have suggested that the
suength of lightweight concrete may be less than that for normal*

: 2 eA IASC rC ce proposed an c@ M N*8 p M MNWh m WM,

$ for the indined cracking shear of the form:
1.4.8 Factors Affecting inclined Crack Widthse

I *y p VJ .
, , , . - I3~g The control of crack widths at working loads is an important.

3g g serviceability criteria for reinrorced concrete structures. Although,. = a , + a s

} recent design recommendations include proposals for the control#

i A siatisticul analysis of test data for normal weight concrete beams of the widths of tensile and flexural cracks, only the Soviet Code
I resulied in the values of a, and as given in Eq. contains provisions for shear cracks. It has been reported (153)

that inclined crack widths can not be satisfactordy predicted usingggg ,;,9i
An attempt was made to evaluate these co sta

aggregate concrete as a single group on t this code. Relatively little test data are available at present with

ed at the Portland Cement Association an
versity of Tem respect to spacing and widths of diagonal tension cracks. Measure-

! Labora' tories (74). The test data mvolved nine
gh w inM ments of the widths of shear cracks have been reported by Leon-

#

ates and it was concluded that a reason hardt and Walther (116), Placas and Regan (153), lladdadin (72),on>crvs"
nua and others (95.125).

li oic of the two constants would result in xt ei
.An unpublished statistical study of Germa'n data on inclined crackM agsksd(*

for some of the aggiegates due to the fact
a suh du walths m beams of 12 in. to 18 in. in overall depth stagested

~ i

!" I produce concrete with different tensde streng that ( V
,V,,), Af/ Vd, f|, d, stirrup diameter, and stirrup angle

ghweism
tensile suength was included in the shear eq gymon.
aggregate concretecs in the 1%) ACI Huildmg were significant variables in decreasing order of significance (125).i

in his report on shear strength of strue A good correlation was found between crack width and stirrup
oncreic

(74) stated: stram. f or a stirrup strain of 0.001, the maximum and average, i
i

> t
.,

_
,.r

_ . .
--
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1140 observed that for high values of the shear reinforcement sati ' -

crack widths calculated from the regression equation were about p f,, the maximum crack width at working load stabilized at about!

0.012 m, . and 0.005 m. (0.3 mm and 0.125 m nh ;cspectively. 0.006 in, ro.15 mrn) if F, is limited to 10 Vff as required by the
In a study cor. ducted at PCA (95) the widths of flexural and

diagonal cracks in girder webs were reported for I,Tec and rectan-
gular girders. It was concluded that longitudinal reinforcement ' [ ' ''"[.

| !
spaced over the depth of the web of a Tee girder (face siecl) was

. ,, soi i i i ees ji

[]
effective in controlling flexural cracking in the web but was less - 1

--
''

,

effective in controlling diagonal cracking. For flexural cracking it f g g8

was found that for a given steel stress there was an apparent correla- - o.

/ [ d_t| D'tion between crack width and the area of concrete surrounding g .,
rt I s

each bar regardless of the bar diameter.The only conclus;on report-
" fj ,

1 - e.y - _ _ _IIlf[[j]$
;

ed concerning diagonal cracks was that for a given amount of web
,,

y

reinforcement the width and spacing of diagonal cracks occurring g
f 5 *Iq

,,

in a girder web appeared to increase with increase in width of 3 e, I
; gf 'T.

L_._._ j
y{

, the web. In these tests, inclined crack widths were reported for |
.

8
_ ,, ;j hD%' u pfthree half size bridge girders with 75,000 p;i(5300 kg/cm ) yicid

2 g
''

E /

# f "~7| strength main reinforcement with a design ultimate capacity of 1.5 D
+ 2.5L in which D and L refer to service dead and live load,y

a - . . .

y respectively. Under a static load of 1(D + L)the maximum inclined
o *
* ** ** **

crack widths ranged from 0.007 in. to 0.009 in. (0.18 mm to 0.23 (OAD k eene

f[-
|! mm) in the three beams. After 1,000,000 loading cycles between

D and 1(D + L) the maCmum inclined crack widths were 0.008 ect of Type of Web Reinforcemens en mdth of inclined Crveks (112)
a

in. to 0.012 in. (0.2 mm to 0.3 mm).
Leonhardt and Walther (116) have made extensive crad ri<le''

' '

measurements on many types of beams. One series compared crack
*

"
9

widths in otherwise similar beams with three different types of \ K ''Ig

** Y. N j_N kweb reinforcement. As shown in Fig. 3.16, the crack widths were
a

j smallest in a beam with closely spaced inclined stirrups, followed
; ''

g by a beam with vertical stirrups. The widest cracks occurred in NQ
' '

|:

Several authors have attempted to compute the width of inclined
- ram uux., N

'a beam with bent up bars. NOoL " " ' " " '

cracks.11y integrating strains along a stirrup in the cracked webs
f of a beam (20,125) the crack width, w, should be a function of:,

(*) Distaisunon or ronces in cgass,c,g ,,g33 ,,,,gc,*

., ,

1 /f 3* o

(3.26) :'i'' ( E , ,s| .
.. . .. ..fw = fn (e, - e,)ds = fn

.

-.+
c

in which I, - the distance between cracks along the stirrup; and
e, = f,/ E, and e, are the strains in the stirrup and surrounding
concrete, respectively. Ily substituting expressions for f, and f,

i
j

e..r
into Eq. 3.26, it is possible to derive an equation for the crack '

width.
llased on similar reasoning the test data, Placas and Regan (153) lk4 MODIFIED Tauss ANALOGits

have proposed: FIG. 3.17.-Truss Analogies

[V - V,) ~ ' " , ,ssin<a . . . (3.27),

ACI Code. If it is assumed that the width of inclined cracks is%* " 10* pjf|)'" \ b,d / a function of the stress in the stirrups, which in turn is a function
lladdadin, liong, and Mattock (72) found that the foregoing con, of (F - F,), il may be possible to Control crack widths at service

|
ccpt did not adequately explain the variation in crack widths, t,ut

-
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loads by limiting the value of (r, - r,) at the ultimate load. Thus, tempted to develop analyses for this type of failure. These usually *

for stirrups having a yield strength of 60,000 psi (4,200 kg/cm') involve summing moments about a point in the compression zone
a load factor of 1.6 and an upper limit on (r. - r,) of 8 W, above the end of the inclined crack. Generally the effect of the
the stirrup stress at service load 1(D + L) will be about 32,000 shearing stresses in the strength of the compression rone (Section
psi (2.200 kg/cm') corresponding to a maximum crack width of 2.1)is considered (25,70,168,192). Some analyses attempt to allow

about 0.013 in. (0.32 mm). for dowel action (149) and others consider strain compatibility (192,-
'

Carpenter and llanson (37) have proposed a Jesign method to 153). Taylor has included the effect of loss of dowel action and
Ihnit the width of inclined cracks in beams with thin webs. This interface shear transfer in an analysis (180).,

4 design method assumes all the shear in a cracked web is taken In slender beams without stirrups.T. beams, and beams with com-
by vertical stiirups and uses the Kaar and Mattock (95) equation pression reinforcement, the final failure may result from a shearing
for flexural crack width to determine the allowable stress in the action in the compression flange. Placas (153) has presented an'

stirrups for a given crack width at service loads. analysis of this mode of failure based on equilibrium of vertical
The widths of inclined cracks in large prestressed concrete beams forces on an inclined plane along an inclined crack. For many

were reported by llanson, iluhbos, and Van llorn (77,78). The years the Soviet building codes have required a check of equihbrium
! widths of web-shear cracks were function of V - V , p., and of vertical forces and of moments in the design of conctete beamso

a/J. On the other hand, the width of flexure-shear cracks seemed (20,28,138).

insensitive to p., in general, the cracks were very wide and much 3.5.g , , _ _._,m.,.., , , , , ,; _
more reinforcement than that required by the 1971 ACI Code wouki Recently, several authors have presented statistical studies of

} be necessary to hold the crack widths to acceptable values. the factors affectmg the shear failure capacity of reinforced con-
3.5 Methods of analysis of the Shear Sirength of Beams crete beams (101.199). 'Ihese studies suggest that the most signifi.'

M 3.5.1 The Truss Analogy cant variables affecting diagonal tension failures were the same'

! At the beginning of this century Ritter and M5rsch introduced as for inchned cracking (199). For shear compression failures the,

!! the truss analogy for the design of web reinforcement m remfroced most significant variables appeared to be the concrete strength,
concrete beams (88). This analogy assumes that a reinforced con- the percentage of longitudinal reinforcement, the spacing, angle'

i

crete beam with inclined cracks can be replaced by the hmged and ratio of the stirrups, and the a/d ratio. For beams with webJ'

joinicJ truss shown in Fig. 3.87(a). In its most common form the seinforcement failing in shear-compression, the failure shear minus
crack angle, e, is assumed to be 45*. This model is extremely c .r- the shear carried by the web reinforcement differed, in general,

. simplified, ignoring the shearing forces, V , V.,, and V, m Fig. from the shear corresponding to inclined cracking (101).o

2.5 and Eq. 2.1, and a number of authors have tried to improve 3.6 Approaches to Design of Ileams for Shear Strength
it by sloping the compression chord as shown in Fig. 3.17(b) or Refs. 7 and 8N survey the historical development of methods of design-
by changing the slope of the compression diagonals (112). Mose ing beams to resist shearing forces. This section will briefly review the
important, perhaps,it does not attempt to satisfy compatibility. basic assumptions in three current design procedures. The following sec-

I
. .

it is an excellent conceptual tool in the study of beams with web procedure to handle shear in beams.
Regardless of the shortcomings of the truss analogy, however, tion,3.7, will list a number of requirements for a comprehensive design

' *

reinforcement. It indicates the presence of tensile stresses in stir- 3.6.I American Concrete Institute
rups and compression stresses in the concrete between the inclined in 1962, ACI-ASCE Committee 326, " Shear and Diagonal Ten-

.

cracks, and corecctly shows the effect of variation in the stirrup sion " presented a procedure for the shear design of reinforced
angle on thesc stresses, it may be used to derive the bas,ic equalmns concrete members (7) which was based on four assumptions (126):
for the design of web reinforcement. Finally, as shown m lys.
3.17(o)it cleanly and correctly shows that the stresses in the longitu. 1. For a beam without web reinforcement, the shearing force,
dinal sensde reinforcement in the shear span are larger than those V.,, which causes the first sfiagonal cracking can be taken as the

predicted from beam theory.Thus it shows that the diagram indical. shear capacity of the beam. Eq. 3.6 for V,, was derived in Ref.

ing the tensile force in the longitudinal reinforcement is displaced
.

toward the supports compared to that given by beam theory leading 2. For a beam with web reinforcement, the concrete can be as-
_

to possible bond or anchorage problems.
sumed able to carry a constant amount of shear, V,, regardless

e st se I a ing or the state of cracking. Thus, any web3'5'2 Equihbrium Analyses
Short beams or beams with web reinforcement may develop a reinforcement needs to be designed to carry only that shcar in

1

I shear compression failuse, as shown in Fig. 3.3(b). Over the past excess of the concrete contribution as given by Eq. 3.18:

three decades a number of authors (2I,25,70,168,192,202) have at- V, . y,,y, , , , ,, . (3 ,g)

t -w
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. For axially loaded and prestressed beams the design procedure ,

shear carried by web reinforcement. envolves checking zones 11 and C. In zone C the shear, V,, carried ;
*

in which V'n=stant shearing force in the concrete, V,.can be taken '3. 'the co by the concrete is increased as a function of the average prestress.
equal to that causing diagonal cracking, V,,. Thus Eq. 3.18 be- 3.6.3 Sovret Iluilding Regulations

|' The building codes of the Soviet Union use a completely differentC ***
<

. --- -- - - - - design procedure to check the shear strength of a member (20,21'
V, = V,, + V, . . ~ '

i38). I rst, a right cross section is designed for flexure and axial
4. The shear force, V,, resisted by the stirrups is calculated l ads ani then an e,nchned section is checked for shear. Tite desiga) assuming the incimed crack has a horizontal projection of d: og ge incgmed section involves four steps. First, stirrups or bent1

a bars are chosen considering equilibrium of vertical forces using
[ A *f'd

y,- -(sin a t cos ul - - - --* . p) Eq. 3.18. 'Ihc shear carried by the concrete is assumed to be a
function of the tensile strength of the concrete and the horizontali

s projection of the inclined crack, c. The value of c is taken as
i llecause an equation similar to Eq. 3.29 can also be derived from that length giving the minimum value of V, from Eq. 3.18. The
h

the truss analogy the design procedure involving Eqs. 3.18 and anticipated width of the inclined cracks is checked for working
3.29 will be referred to as the ** modified truss analogy" procedure. loads and the amount of stirrups is increased,if necessary, to limit

the crack width. Once the transverse reinforcement has been cho-
About the same tirne, the same four assumptions were made sen,it is necessary to check whether moment equihbrium can exist

in deriving design relationships for preseiressed concrete ahhough on the mchned section at ultimate. This is done by summing mo-
dif ferent procedures were used to define the inclined cracking shear ments about the centroid of the compression bh2k over the inclined
(5). Although assumptions I and 4 are widely accepted as reasonable crack. 'Ihe depth of the compression zone is taken equal to thatsecond
engineering approximations to the behavior of beams, it for flexure. In a few cases this check may lead to a revision in
and third assumptions have been strongly questioned (l'..ll4). the longitudinal reinforcement. Finally, the inaximurn shear stress

~

3.6.2 European Concrete Committee on the web is h_mited to prevent crushing of the inclined concrete
The 1970 CEH-Flp Recommendations (41) present a design proce. struts in the web (20,21,138).

dure somewhat similar to that of the ACI Code. Code. With the .7 Summary of Shear Design Requirements for lleamsa
exception of certain slabs or wide beams, all members must have in this section of the basic requirements for the design of reinforced
at least a minimum amount of web reinforcement. Sor other and prestressed concrete ase reviewed in the light of the research data

a

members the CED recognizes three zones of behavior: presented earher in this chapter.1his analysis is not intended as a building
'

Zone A coercsponds to a part of a structure having negligible code or a recommended practice, but merely as a checklist for the future
probabdity of flexural or shear cracking. In this region it may be formulation of such documents. The design procedures described in the'} necessary to check whether failure can occur due to combined previous section are atichpts to avoid most or all of sh'e following modes

-

P
4 shear and compression,

Y Zone B corresponds to portions of members developing web-shear
of failige.
3.7.1 kgmficant hfodes of Shear Faiiure.-

- cracks and not having flexurel cracks at ultimate. In this regon in the design of beams of normal proportions the modes of shear
'

of a beam, web reinforcement must be provided for the difference
- between the principal tensde stress at ultimate in an uncracked failure that must be considered directly or indirectly in any design

procedure are:
member and a reduced value of the tensile strength of the concrete. -

Failure due to crushing of the web must also be prevented. 1. Ileams without web reinforcement having o/d ratios greater
Zone Ccorresponds to those portions of beams in which flexure-

shear cracking can occur. The maximum shear is limited to prevent
than 2 to 3 will fail upon or shott!y after formation of an inclined

crushing of the web. Web reinforcement is designed using Eq
crack. The failure is generally sudden with little warning.

3.18 and an equatism similar to Eq. 3.29. The shear, V,., carried 2. The web reinforcement may yield followed by breakdown of

by the concrete is a function of the amount of longitudinal rein-
aggregate interkick and dowel action. In this case, the final failure

forcement and the square root of the concrete strength. Dependins is generally due to crushing or shea:ing of the compression zone.

on the amount and distribution of the web reinforcement. the ten-
3. In beams having very thin webs, the webs may crush due

sion force at a point in the flange of a beam is calculated uung to mchned compressive stresses prior to yiciding of the stirrups.

the moment existing at a distance from 0.2d to 1.5J from the ,4. The anchorages of the stirrups may fail prior to yield of the
~

section under consideration in the direction in which the absolute
stirrups leading to a facquently sudden failure,

Due to inclined cracking, the stresses in the longitudinal rein.
value of the moment increases.

I {
.

.c
--
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forcement tend to be higher than those due lo flexure. As a result, to restrain inclined cracks starting at that point. Generally the

'

.' anchorage failures or other fadores of the tension chord may occur. requirement for minimum weh reinforcement satisfies this. -| :i

6. The shear transfer from the web to the flanges of T- and Small diameter, closely spaced stirrups are desirable to con. I
'

.

I. beams may cause severe cracking which may lead to separation trol cracking. Welded wire fabric anchored according to the- I

,

,

of the web from the flanges. 1971 ACI Code (23)and the Commentary on this code is desira.
|7. Excessive crack widths may constitute failure of the beam ble in this respect.
;

i for serviceability reasons. I.apped U-shaped stirrups may sometimes be desirable and |j can be used, provided the laps are equal to a Class C splice i
i These vasious failure modes are discussed more fully in the fol- (ACI 31g-71) designed for the yield strength of the bars. {i lowing paragraphs: In the ACI Code the shear " carried by the concrete" is i!

(a) Shear Failure of Heams Without Web Reinforcement assumed equal to the inclined cracking shear, V,,. In view |Heams without web reinforcement having a/d > 2 to 3 will of the controversy surrounding this assumption, a complete
i fail at or shotsly after inclined cracking. For such members reevaluation of V,is required. In she meantime, it woukt seem !

t

'

the inclined cracking khed is the critical design paramescr. The reasonable to develop simpler expressions for V,, particularly
present ACI design equations for y, overestimate the , clined for prestressed concrete. Eqs. 3.9, 3.12, 3.19, and 3.21 seemm:

! cracking shear for beams havios low steel Percentages. For to be particularly good starting points in such a stuity.
'i

I this reason, study shouki be given to adopting design equations (c) Shear Failure Initiated by Web Crushing
similar to Eqs. 3.9 or 3.12 in place of y, = 2 Vf| and Eq. In very thin webbed reinforced and prestressed concrete,

I] beams, failure may be initiated by crushing of the web prior -3.6. '

Ilecause the failure of beams without stirrups is sudden with to yiciding of the stirrups. To prevent such a failure, the diagon- '

little warning, web reinforcement should be provic'ed wherever al compression stresses and thus the shearing stresses must
possible. In the ACI Code this is accomplished by requirmg he limited. Thus, the maximum shearing stress, y~

'

=
a minimum amount of web teinforcement. In those cases m V,/46,,d, computed allowing for ducts, etc., in the veh,,

i which this is not feasible, it may be desirable to reduce the
shouki not exceed about 0.2 f,' in beams with vertical stirrups

| member understrength factor,4,in recognition of the undesira- and 0.25 f,' in beams with 45* stirrups (41) as discussed in
; ble mode of failure.This could also be accomplished by hmitmg Sectiam 3.4.1. Normally, such high shearing stresses will lead
! the shear in an unreinforcesi web to one-half to two-thirds so unslightly diagonal cracks and shouhi not be allowed escept,
! of y, for a reinforced web. pmssbly, close to prestressing ducts. The ACI 31g-78 limits
) (b) Shear Failure Initiated by Siirrup Yield the shear to y, - y, = 8 V |. For reinforced concrete thisf

l* obably the most common design case for beams m, volves limitation is more conservative than 0.2 f,, if f| exceeds 2,500
'

failures initiated by stirrup yield. At failure, the shear force psi. This may not be true for prestressed concrete or axially'

in the beam is resisteti by stirrups and by the compression loaded members.
$ rone, dowel action, and interface shear transfer. The latter (d) Shear Failure Initiated by Failure of Stirrup Anchorages
! I three components are frequently referred to as shear resisted in beams with a large amount of web reinforcement, cracks

"by the concretc." will cross many stirrups close to their upper anchorage. To
'

i At the present time the shear resisted by the stiriups at behave as assumed in the design, it is imperative that these
} ultimate, V,,is calculated by Eq. 3.29 derivesi f om the truss stirrups be well anchored. The stirrup anchorage requirements
$ analogy. Ahhough this calculation tends to be conservative m the ACI Code are adequate in this respect.
! for low amounts of stirrups, the conservatism reduces as the (c) Shear Failure initiated by Failure of Tension Chord
| stirrup ratio, p,, = A,/b,,s, increases. For design purposes As shown by the truss analogy or other failure models (112),

,

! is appears that Eq.1.29 is the best available and this report the stress in the longitudinal tensile reinforcement at a given1 advocates its continued use. point in the shear span is a function of the moment at a section
Stirrups cannot be counted on to resist shear if they are

locatcJ about d closer to lhe nearest section of maximum mo-not crossed by the inclined crack. For this reason, and because ment. The displacement of the actual tensile stress diagram
the ultimate dowelling shear is a function of she stirrup spacmg. compared to the diagram given by beam theory is a functioni it is recommended that the stirrup spacing not exceed hala

of the web reinforcement ratio and she inclinati<m of the webthe horisontal projection of the inclined crack, about 0.75d. reinforcement, being most severe for small ratios of verticali '

i In addition, stirrups should be contimsed at Icast a distance, stirrups. The ACI rule reiuiring that bars be extended d plusl
] d, past the point where they theoretically are no longer required anchorage past the " theoretical cut-off point" is adequate for

.

_. __ _ . _ .
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heams having a moderate or high amount of web reinforcernent, Secondly, previous research on special members has been largely direct- U' '

but may not be sufficient for very small values of the web ed toward development 'of design recosamendations, without regard to
reinforcement ratio, p,. unification or compatibility. Committee 426 believes that considerable

In addition to the displacement of the tensile stress diagram, ~ implification in design can be achieved by research aimed at bridging
| s

the choice of cusoff points for eensile bars must consider the the gaps between alie desan recommendations for these special members.
possibility of increased shear cracking in the vicinity of the Consideration of shear-friction is one common method of looking at
cutoff. The 1971 ACI Code adequately treats this problem in special members 'when the shear span to effective depth ratio is less fc Section 12.1.6. than about one-half. This method is discussed in Section 4.3. The follow- I'

(f) Failure Inisiated by Separation of Flanges and Web ins Sections 4.4. Ibrough 4.9 present recent research findings and discuss IA minimum amount of liorizontal steel transverse to the design recommendations for specific special members.
beam axis is required in both tension and compression flanges 4.2 Factors Affecting Behavior of Short. Deep Members

^
.i

x

-
to ensure the shear flow necessary for beam action.The rela- 4.2.1 Method of Local Application ' !'
tionships proposed by Robinson (163), Leonhardt (114), Placas Concentrated loads or reactions may be applied to beams on I
(153), and Johnson (93), warrant further study in this regard. Ihe estreme compression or tension fibers, or througli other structu- '

(g) Serviceability Failure Due to Excess inclined Crack Width ral members framing into the sides of the beam. While the former
~

ne width of inclined cracks in reinforced and prestressed
concrete beams is a function of the stirrup strain, among other .
things. Studies presented in Section 3.4.3 suggest that limiting MOMENT /5 HEAR RAtlO M/Vdeo/d .

( r, - y,) to 8 Vf|p strain at working loads to 0.001 or limiting [ E cokcredeaud toa5
the maximum stirru o e a 2 4 s 'o i,

should prevent unsightly inclined cracks
'

, . ,
, at working loads. For stirrups having a yicht strength of 60,000 3 n === m'o - iooi

psi (4,200 kg/cm') and for an entreme dead-to. live load ratio $ $,"'$ c,,c,,, -
| | of 5,it can be shown that these two rules give similar results y} _ _

n- " "

}
; at service loads. gy g },o

} - Cnanen 4 I" #
500 -

$"7 >a l t;
g s.qg
G .' %- ';4. Shear Strength of Special Members 5 .

so

4.1 Introduction o' o
Chapter II Shear and Torsion, of the ACI Buikling Code (ACI 31841) '' ' ' '' " 28 88 2'

'

(6) contains separate special provisions for deep beams, brackets and SLENDERNE55 RATIO l./d
corbels, beam-column comicctions, and shear walls. Quite often thesc

; special members have the characteristic of being relatively short and FIG. 4.1.-Reserve seieer cepeciey of peep seems pu)
I ' . - deep, having shear span to effective depth ratios, as measured by Af/ W,

f [ ' of less than about 2.5. Another common characteristic of many of these is the case most frequently simulated in the laboratory, the latter,

.~ special members is that,in addition to main flexural reinforcement, they is more generally representative of actual structural systems. It
; contain oinhogonal scinforcement distributed throughout the member. was pointed out in Section 3.4.3(6) that the method of loading

*

Consequently, the usual methods of calculating flexural and shear strength influences the behavior and shear strengan of reinforced and pre-
may be conservative. More accurate methods are necessary if the aim

stressed concrete beams without shear reinforcement. These dif. .

4

'
of design is to provide shear capacity at least equal to ficaural capacity. ferences are significant in short, deep members (200). I; Shear design provisions for special members are separated from those The main eflect of applying loads to a short, deep member without

- for ordinary beams in the ACI Code for two reasons. First,it is recognized shear reinforcement, through bearing points on the top and bottom
that the method of load application, nature of loading, type of shear of the beam, libers,is to increase the ultimate shear capacity above
reinforcement, and reinforcement details have a substantiat influence on the shear causing inclined cracking (50,54) as shown in Fig. 4.1.
the behavior of short, deep members. These factors are discussed in The angle that the inclined cracking makes with the longitudinal i

Section 4.2. It is worth noting specifically that the strength provisions axis of the member will also increase, particularly at very low
of the ACI Code are largely based on static conditions. These provisions M/ VJ ratios of I.0 or less. On the other hand, if the applied

1

; must be interpreted cautiously when they are entended to other load loads are distributed along the sides of a member, the shear strength !-

conditions, parsiculaily carthquake and blast loadings. and inclined cracking behavior will be about the same as in a similar
,

I

w w.
1

- -
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member with an a/d ratio of 2.5 or more (199).
subjected to reversals of loading. Adequate end anchorage of stir. *

,

'"P5 '.s also essential.4.2.2 Nature of 1.oading 1

licam-column connections and shear walls are des.igned for w. d 4.3 Shear I rsctionm ,

and carthquake loadings which may cause reversals of shear. Under The concepts of interface shear transfer were described in Section

a wind loading, the main requirement is that a member develop 2.2.2. For design the shear friction analogy given by Eq. 2.2 can be

its design ultimate strength. Ilowever, under an earthquake loading, applied. It is important to note, however, that shear. friction gives uncon-

it is essential that shear capacity be sustained while the member servative answers if significant moments exist neross the section. Accord- |

undergoes several cycles of reversed inciastic deformation. ang to the ACI Code, shear friction should only be applied when the
, i
'

When a member is subjected to reversals of loading, inclined shear span to effective depth ratio, a/d or M/ Vd Is less than one-half
cracks develop across the cracking caused by the preceding loading. or when the deformations are parallel to the crack. For larger a/d ratios '

th,s procedure tends to overestimate the shear resisted by the concrete.
'

Tests where reversals of loading have been applied have shown i

that cross. inclined-cracking occurring before yielding of shear rem- Many practical design cases for deep beams, corbels, and shear walls

forcement does not destroy the integrity of the frember (2.35) but fall within this range, and the applicability of shear friction to these

uncertainty exists regarding the effect of reversals of loading on cases is briefly considered in Sections 4.4,4.5, and 4.6, respectively,

ultimate shear strength. Most of the uncertainty has concerned Design recommendations based on Eq. 2.2 are presented in Section

the contribution of the concrete to the shear capacity of the member. 11.15 of the ACI Code and in Refs. 87 and 134. There are also cases

4.2.3 Type of Shear Reinforcement in the connection of precast concrete members in which the concepts
As the Af/ VJ ratio of a short, deep member decreases from of shear friction are useful. Some of these are described in the PCI

about 2.5 to o, shear reinforcement perpendicular to the longitudinal Design llandbook (155). Care must be exercised in the use of this and

axis becomes less effective than that in an ordinary beam (50,154). other design aids or procedures, however, that potential applications of

At the same time, siistributed reinforcement parallel to the longitu. shear friction satisfy the a/d restriction, and the shear friction rein-

dinal axis will increase she shear capacity. As the a/d ratio ap- forcement is adequately anchored.

proaches zero, this reinforcement may resist shear by the concept There are many practical design problems that arise in the application

of shear-friction (117,1341 Diagonal reinforcement is also effecrise of shear fraction. Ilesides the limitation that the moment on the shear
in resisting shear (104,136) even shough the ACI !!uilding Code plane must be small, the infhience of tension across the shear plane,
does not recogniec its value in special members, lauxial orthogonal shearing, and reversed cyclic loadingis not well known.

The ultimate shear capacity of a member may be governed by The arplicatmn of shear friction becomes questionable when the rein-

the crushing strength of the concrete in the web as discussed m forcement is diagonal to the shear plane or when the reinforcement con.

Section 3.4.1. It is generally accepted that the nominal ultimate sists of very large bars. In some situations, reinforcement parallel to
shear stress in members with adequate shear reinforcement may the shear plane may be desirable.

be at least equal to 10 % and that there is an upper limit on 4.4 Deep licams

the strength that can be sieveloped by adding shear reinforcement
4.4.1 Itackground

In early technical literature, it was common to include all type sto a member.
4.2.4 Reinforcement Details

of short deep members in the general category of deep beams.
,

*

The development of inclined cracking tends to cause an increase flowever, recognition that the type of loading and other factors

in the stress in flexural tension reinforcement at the base of the discussed in Sectiam 4.2 have a substantial effect on the strength

crack. The effect is greatest in members without shear rein- of short deep members led to' distinctions between deep beams,
forcement, as the stress in the main reinforcement at the base brackets and corbels, and shearwalls,

of the inclined crack will be controlled by the moment at a section In general, deep beams are regarded as members loaded on their

through the top of the crack. It is least in members with effective extreme fibers in compression. Examples of this type of member
shear reinforcement, since the position of the resultant compressive are p te caps and transfer girders. Meinbers loaded through floor

! thrust will be least affected by the inclined cracking. slabs or diaphragms are closer to the conditions that are idealized

In short, sleep members, inclined cracking may extend the full for shearwalls.
'

length of the shear span. If the shear reinforcement is not fully 4.4.2 llehavior of Deep licamsi

ef fective, high tensile stresses will sievelop in the longitudinal rein- Early analysis of reinforced concrete deep beams was based on

forcement at sections where the resultant moment is scro. Suffe the classical theory of clasticity, with the beam assumed to be;

cient, adequately anchorest reinforcers :nt must be provided to resist homogeneous. Reinforcing was placed in regions where tensile
this tension. This problem will be particularly severe in struts, Piers, stresses wcre above the estimated strength of the concrets. Some

or spandrels containing an inflection point, especially if ticy are of the earliest work in this area was performed by Dischinger,

.A % - ~.<
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and distributed as a design aid by the Portland Cement Association ~
*

(154).
Leonhardt and Walther (118) considered two states-the un-

,

csacked and the cracked. They found that the cracking followed |
+

the tensile stress trajectories; however, after cracking and stress yo -

' udistsibution, the clastic approach did not adequately describe the 8
,

'
.

stress distributions of deep beams. Actual stresses exceeded theo- , ,

a
retical stresses at sections near supports, and theoretical stresses , , g

8exceeded actual stresses at sections near the center of the span.
*

DEGREES .Crack patterns and failures of deep beams have been observed *
under many different loading conditions-a single concentrated load 50 8(1I8,138), concentrated loads at the one-third points of the span

^ *

(118,189), and uniform loads (47-49,' 2,57,118,194). Some of these .

*s' N 'tests included beams subjected to dynamically applied loads (48,59, ,

' '4o
189). o 2s s

In these investigations deep beams were observed to failin either *Ia/d
shear or flexure. Ahhough the inclined cracking load was relatively
independent of the a/d ratio, the ultimate strength increased as FIG. 4.2.-Inclinetton of Sheer Cractis in Deep Beams (50)
a/d decreased below about 3 as shown in Fig. 4.1. This was only
true if the loads and reactions were opposite faces of the beam
so that a compression thrust could develop between the load and
the support. Load applied on the tension flange through a shelf
resulted in lower strengths than did loads applied directly to the

|
compression flange. Thus the ultimate shear strCss, F,,in a beam 4
without web reinforcement is approximately equal to the inclined ^N

Y Dr
cracking shear stress, F,, for mCmbCrs loadCd at the tension flange $

.

and will be greater than F, for directly loaded beams (50,118,199, - ---- ]__

,

200).i .

Many of the shear failures observed in tests were precipitated'

by anchorage and bearing problems, emphasizing the importance tal roaCES ON INCllNED CRACK PLANE

of careful detailing of members carrying large loads. When anchor- ,

age and bearing problems are avoided, the shear failures generally
'-

.

m\ [.
. ,7 wee erewoeceuem

occur due to crushing of the concrete in the compressive region
above an inchned crack, termed " shear compression," or due to \~

j ' >

propagation of an inclined crack, through the compressive region, \
and also to and along the longitudinal reinforcement, termed " diag- V8

.\ F$rd 4 '

onal tension." Eleams with low span-to-det:h ratios and small 6
amounts of vertical web reinforcing exhibit brittle modes of failure.
Dynamic loading also causes a more biitti mode of failure than Fir

*

f. sdoes static loadmg.
- Fmmc< rir N"

Tests of small Jeep beams have shown that the number of cracks
in a given region decreases significantly as the specimen size de- L F. Efdr= F ,o

anwoaceme w,

creases, indicating that small specimens may be stiffer than larger
specimens because of fewer cracks. Also, the small specimen is ibl roaCES IN SrlRRUPS ALONG INCllNED
then a distmted model of the larger specimen. CRACK PtANE

In general, as the span-to-depth ratio, I,/d, of a beam decreases,
the angle of inclination of the shear cracks,0,, becomes greater FIG. 4.3.-Derivation of Equations for Web Reinforceraent in Deep Beams (50)
than the value of 45* commonly assumed for ordinary reinforced
concrete Icams. The relationship of this parameter to the span-to-

.

a 'ru
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depth ratio of a beam is shown in Fig. 4.2 (50). In Fig. 4_.2, the struts. It was concluded that the concrete strength will not :
'

*

dashed portion of the line is carried out to the value associated govern the strength of a beam without web reisdorcement pro- |
with ordinary beams, vided that:

- - t --

4.4.3 Development of Design Equations for Deep Beams .I.
Mer bers with an I,/d ratio of less than 5 are classified in the 4.s 6,df,,1,1, . ra,&,

ACI Code (6) as deep beams if they are loaded on the top face . V. 5 s 4 6,df ,,,,,,,,g4,33-.. ,,,,,g3,6 4 d.d
and supported on the bottoen ! ace. The CEB (42) defines deep g,| }

,

'

beams as members with span to depth ratios of 2 or 2.5 for simple Ad) ,

I
. '!and continuous beams. m which f, = the splitting tensile strength and A amt A, =(a) Shear Carried by Concr:te the b;eadth and length of the loading plate. -

Provisions in the ACI Code for shear capacity of deep beams .
.

When the strength was governed by yielding of the flexural
I follow the approach used for ordinary beams which' assumes reinforcement, the failure load of the beams and corbels was ' ' '

that the total shear capacity of a member is obtained by super.'

adequately predicted by the calculation of the yield moment |position of capacity of the concrete plus the capacity of the according to convenhonal beam theory,
web reinforcement. 'Ihe equations used in design are based ,

(6) Design of Shear Reinforcement ;
on work by Crist (47,50) and de Paiva (54). Deep beam test data indicate that horizontal web rein.

Mecognitism of the reserve shear capacity of a deep beam
without web reinforcement led to development of the expres.

. forcement contributes to shear capacity. To take this into ac- '

C"""' 8" *PProach considering the force along a known in. '

sion
. .

clined crack was developed (47,50) using the shear. friction anal-
gy. Considering the forces acting along an inclined crack, |

. ( V,d). _l.9 4*' + 2,500 p " 6f, s 6 Vf[ . . . . . . (4.I) .5 shown m Fig. 4.3(a):y' = 3.5 - 2.5

S = F,,, tan 4 (4.4)* ******* ******- - **-

for shear carried by the concrete. In this expression the second
term in brackets gives the inclined cracking shear whde the in which F ) = the normal force on the inclined crack; tano

first term represents the increase in the shear over that causing 4 = the apparent coefficient of friction; anal S =.the shear i

cracking. The first term shall not exceed 2.5. Since dead load force along the crack. The total transverse shear force acting .

i
shears and moments may be significant in a deep beam. Eq. at midlength of the crack, assuming Sis uniformly distributed
4.1 is evaluated at r. section located at 0.15 f, from the face along the crack,is therefore;

of the support for i.:1:mly loaded beams and 0.5a but mW . y* . S g;, 4
- . . . .(4.5)'''''******** ** * -

more than d from the face of the support for beams subjected
to concentrated loads.

The force V,is assumed to represent the tr'ansverse resistance

Zsutty (200) has derived Eq. 4.2 for deep beams loaded on of the web reinforcing along the crack.

the top face and supported on the bottom face: The normal forces on the inclined crack are assumed to'
'

be developed by the tension in the web reinforcing, as indicated
m Fig. 4.3( 6). The tension is developed in the reinforcing cross- '

f 2.5} x (Eq. 3.9) . . . .. ... .......-- . . . . . (4.2) ing the inclined crack when slip occurs akmg the crack. Wheny, = ,*

Slip occurs, the crack width is increased slightly because of(j
the roughness of the crack, thus creating tensile stress in the i\J/

For indirectly loaded deep beams the arching action is less resaforcing. Assuming that the stirrups are at the yield stress {
at the chimate load condition:

pronounced, and Zsutty has found good correlation with y,
as given by Eq. 3.9. F,=A,f, ,,,, ........(4.6)

,
',,,,,,, ,, - - ..

Ref. 4) reviews research on deep beams and corbels inched-
From the geometry of the forces in the stirrups:

ing 35g deep beam tests carried out in the Netherlamis. The r

researchers concluded that a deep beasn without web rein- For = I( F,'d = E Fais8 + 0 ...(4.7)*- -- -

forcement semis to act as a truss composed af the longitudinal
reinforcement ami two diagonal concrete compression struts. Therefore: y, = E F,, sin ( a, + gl tan 4 sin s * ' * * ******** I48) !

This truss can fait dine to yiciding of the longitudinal rein- j

forcement or due to a crushing failure of one of the concrete which can be shown to lead to:

s u.
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is transmitted dirtetly by tension in the stirrups ,es implied *
<

.? A "f"d . . . . . . . . . . . . . . . . . . . . (4 9) by the truss analogy. A conventional truss analogy underesti.8V, = sin (a, + 0) tan +
8 mates the effect of horizontal web reinforcement in deep

Eq. 4.9 represents the transverse capacity of a set of parallel beams.
web reinforcing crossing an inclined crack. Based on the 1%2 Committee 326 report (7), the nominal

Considering an arbitrary number of parallel sets of web rein- shear stress, y,, was limited to 8 4 for I,/d less than 2
}

forcing crossing an inclined crack, the transverse capacity is varying up to 10 4 for l,/d greater than 5. For beams with
i given by: 1,/d s 2, the European Concrete Committee (CEH Ref. 42)

,

, | V, = d ian e ] ''f" sin * ( a , + 8)-
limits the shear to a value, which when converted to ACIi .

,

. . . . . . . . . . . . . . . . (4.10) load factors and material understrength factors, is about:. .

8' ~ t *- e - i
- V.,,, = 0.075 4 b,,h f| s 0.075 4 b,1,f| . (4.15)..... ........

in which I corresponds to each set of parallel web re, forc, sm m

. | designated i = 1, 2, . . , n. A specific case of interest is This limitation was established to. prevent diagonal crushing'

that of an orthogonal set of web reinforcing oriented coincident of the beam web near the support. The CEB value is about'

with the longitudinal axis of a beam. Then: half that allowed by the 1971 ACI Code and is lower than
the value given by Eq. 4.3.' i

(4.lla)
|

a , = a, = 90* (vertical web reinforcing) .;! ...............

a, = o, = 0* (horizontal web reinforcing) . . . . . . . . . . . . . . . . (4.116) ,,
, , , ,

Substituting into Eq. 4.10, and assuming that all sets of web ,, _ ,,, ,, g ,, g
re:nforcing have identical f,, ,

os -

, ,,

* 2 08 . I *

V, = f,J aan + cos 0 + sin e (4.12) y2 ............ ..
-

,

,
. s s . s ., . . .

.s
.

in which A, and s refer to vertical web reinforcing and A,, , _

I'

and s, refer to horizontal web reinforcing.,

I A relationstup of 8 as a function of I,/d has been determined ai , _

experimentally (47) as shown in Fig. 4.4. A lower boundary!-
, , , ,

1- of the test data is given by: o_ i . a a s

1,/4

cos ._' . li + d . ... . . .............
'

L t (4.in.

12 \ d/ FIG. 4.4.--Crack inclination Versus I,/d 150)'

b :
Using trigonometric identities: Frequently the behavior and strength of a deep beam is

3 7 , . strongly affected by the details of the supports and rein-'
.

{l + d s| +s,
I I I - *-

.s 12 \ 12 ( d /.
. (414) forcement. This problem is discussed extensively in Ref 113.

V* = f'd tan 4
- .

In addition, the European CEB has recently published detailed
reccommendations concerning the design, placement, and Jc.

which is equal to F ,s.11-24 in the ACI Code when tan & tailingof reinforcement cic. for simply supparted and continu.
is set equal to one. ous deep beams having span to depth ratios not greater than

This derivation is based on the shear friction concept which 2 and 2.5, respectively (42). Of particular interest are reinfore-
is not normally appleed to sections subjected to a significant ing details for the support regions and locations at which loads
moment. Shear friction was applied because there is a signifi. are applied bek>w the top of a deep beam.
cant shearing action along the critical inclined crack. On the 4.5 Brackets and Corbels
other hand, this analysis assumes the sole fur.ction of the web 4.5.1 Review of Research

! reinforcement is to create a compression force across the slip Brackets and corbels are structural members that project from
plane so that shear. friction can be mobilized. As I,/d ap- the face of another structural member, usually a column as shown
proaches or exceeds 5, however, a significant amount of shear in Fig. 4.5. They are used extensively in precast concrete construc.

m .. .
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tion. to support other primary structural elements. Corbels are nor- atory series, the main tension reinforcement corcted of straight *7
manly designed for a shear. V. caused by dead and live leads. deformed bars anchored by bars of equal diameter welded across ' j.In addition, a normal component. N, may be caused by restramt their ends. Figs. 4.5(a) and 4.5(6) present the different bearing iol horizontal deformations duc to creep. shrinkage, and lemperature details used when only vertical loads or combined vertical and

}changes in the supported members. horizontalloads were applied, respectively. Sixteen of the test spec- }The provisions for design of cortiels in Section 11.14 of the ACI imens contained horizontal stirrup reinforcement, as shown in Fig. '

Huilding Code are based upon an extensive research investigation 4.5(r). It is important to note that none of the specimens included i
carried out by Kriz and Raths (109). They tested a total of 195 inclined reinforcement,

Kriz and Rath reported the following primary modes of failure- I

V
- V

,

J' I. Flexural tension failures occurred by crushing of the concrete
'

t at the bottom of the sloping face of the corbel after extensive*

yiciding of the tension reinforcement.'

|2. Flexural compression failures involved crushing of the con-
crete at the base of the corbel before the reinforcement has yichied.

3. Diagonal splitting failures involved a sudden splitting along
__ a line from the bearing plate to the base of the corbel followed ,

la) VERTICAL LOADS by crushing of the portion below this. Fig.1.3(6) shows such a

V ---i failure.
V

4. Shearing failures involved a series of short inclined cracks
d_ 1N along this weakened planc [ Fig.1.3(c)).

- -

t 5. If the reinforcement was not correctly detailed, the corbel
k a\j I couki fait by shearing off the portion outside the reinforcing bars.

The right. hand corbel in Fig. l.3(6) shows distress due to this
;

type of action.

6. If the corbel was too shallow under the loaJ the diagonal
(b) COMBINED vbCAL AND HORIZONTAL cracks sometimes intersected the sloping surface of the corbel.

LOADS

From the analysis of their data and also data from tests on deepV -V

d 1 beams at the University of Illinois (54,194) and the University ofI

Texas (62), Kriz and Raths suggested that the design shear capacity2

ir i
of corbels be computed from the following:

\.
V ,, (1.0tiop)(I/3 + 0.4 N/ V)-

r= = - 6.5 V[[(I - 0.5*) . . . . . . (4.16)+ bd lo* * * *

(c) HORIZONTAL 3RRUP REINFORCEMENT For the special case in which N = 0. Eq. 4.16 reduces to:'

'
V

FIG. 4.5. - "s Tested by Kris and Raths (leel ' . = 6.5 Q(I - 0.5*)(I, coop)"r ,,, ,, , ,,,,g,g,g7)

corbels, of which 124 were subjected to only vertical load, and A parametric plot of Eqs. 4.16 and 4.17 is presented in Fig. 4 6,
i 78 to combined vertical and horizontal loads. Variables included which incorporates limits placed on these equations in the analysis.

in their test program were as follows: size and shape of corbel. The figure may be entered on either the F, or p scalCs, folloWing
amount of main tension reinforcement and its detailing, concrete

parallel to the heavy black line to appropriate values of /|, a/J. '

strength, amount of stirrups, ratio of shear span to effective depth. and N/ V.
'

and the ratio of the horisontal force to the vertical force. It was concluded that closed horizontal stirrups having an area i! All of Keiz and Raths' specimens consisted of a length of 8 at least equal to 1/2 of A, should be used in all corbels, and
~

in. by 12 in. column with two corbels arranged symmetrically, as that this stirrup reinforcement should be placed not farther than
shown in Fig. 4.5. With the exception of 10 specimens in an explor- 2 in, from the outer edge of the cosbel, and that the total depth4

# .,b

, _ . _
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of the corbel under the outer edge of the bearing plate should *

be not less than one. half the total depth of the corbel at the face -w;pynmggmnn mmN ~

of the column.

M@Q'% The Kriz and Raths tests are restudied in Ref. 43. When faibre
e,

"

% was initiated by yielding of the tension reinforcement, the failure
-

+q *g :q

'I -

load could be estimated by considering the specimen shown in., '

~ Fig. 4.5(b) and summirig moments about the center of the compres-
sion block at the bostorie of the cracks. This led to Eq. 4.18 lo

, , , , , , , , ,
.1 e. .. o. u u se is ses <

<
' * p Pt4CfN ALINr0ACEMENT

predict she shear at yielding of the reinforcement' #

p M .co g i V, =
0.9d A,f' 0.9 A , f' . . . .

,,,

@ h,.y - '-** c ,,, {.
s =-nig JN a N . . . . (4.18)............ .

=$3 8+y ] +p"*@"'7 ""* [". N
' ***

j. No special shear reinforcement was found necessary provided. n eo. ,

{, , . f8 ' ',* 's e h 's*ias
the shear force to be transmitted was less than the value given* *

4; . by Eq. 4.3 for values of:,

lA FIG. 4.4.-Deelen Cliert lor N IM 8
*s

- > 0.15
. . . . . . (4.19).... .. . .... ... ..

$ y './j For shorter shear spans there was a reduction in shear strength
@ f u,N g ,ae,gimo unless horizontal stirrups were provided.

' n

%HNSON pMD EVf 8 DINNI The three different truss models shown in Fig. 4.7 have been,

]. pggpgggd jn Oermany (or tbC dCsign of Corbels. Rausch (159,160)
has proposed that all the shear be transferred by 45' reinforcement
and that reinforcement be provided at she top for the tension calcu-

I.) RAusCH Ogs:GN PROCEDutt lated from the cantilever design. Franz and Niedenhoff (67) replaced
the corbel with a statically determinate truss as shown in Fig. 4.7( 6).

;_ / For some circumstances they require eransverse reinforcement toy
prevent slipping along the compression strut. This model was also
used in Ref. 43. More recently, Mehmel and Hecker (135) proposed.. - uNsioN teemroacemeNil'

\ the ose of the indeterminate truss showr. i Fig. 4.7(c) for design.
:1 7 N cownswN {{0N(af tti' The divisiam of the applied shear between the two systems is a

functida of the e/d ratio and the depth of the edge of the corbel/ so its depth, J. at the column face.'

IN ,,4Nz AND NIEof NHOFF MODEt in N, Mehmel aM Rehag @ repsted an besdgahg5garicAtty otiteMINAIE TRUSSI
comparing the strength of embels designed by the methods of

!: v v / VX /' Rausch, Franz, and Niendenhoff, and Mehmel and Becker. It is
noteworthy that all of the corbels had a satisfactory uhimate1

,
_

strength. Ilighest load capacity was attained with corbels designed
"

]
in accord with Rausch's method, containing heavy diagonal bars! ' , ,

[i
and stirrups. Mehmel's meil.od gave designs with the most favorable

/ / /' / ratio of weight of reinfor. : ment to failure load, with corbels de-
i signed by the Frant.Niedenhoff procedure second.
1 I4 MtHMtt AND SECEta Moott.(stATICAtty INDg1ERMINATE inuss) Somervdle (171,172) has recently proposed a design analysis
4

based on the Franz and Niedenhoff model shown in Fig. 4.7(6).
FIG. 4.7.-Germen Models for Design of N W kN The depth of the corbel, d,is based on allowable shear obtained

from an equation similar to Eq. 4.2. The compression force acts

s= ..%.
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lined strut which is assismed to fait under a compression designed using the shear providons for ordinary concrete beams
|

-

""
6.5 * Once the depth of the compression strut is known, or deep bens. In practice, the reinforcement in a member of

force to l$c tesisted by ten. ion seinforcement is calculated by this type would be quite diffelent, depending en whether the e/d J,
nas about she intersection of the strut and the face ratio was slighsly less than or grea:er thin one. ;;,"

( olum The seress in the tension reinforcement is coenputed The ACI Code equations (II-M ar.d 11-29) for el.e rapacity of ;
from the di.tribucion of strains on the maical pl.ne a che Ne cM are a.i aucy a shn#y 4 O aM W @ mn.,ng .-

t the same basic parane.:cu.

Ferguson (63s has reported tests of simulated bridge bent caps. When the e/d ratio is less than 1/3, snr corbel may be designed
.. psi, Ferguson in accordance with the shear. friction provisions in Section 11.15

,

j Within the range. 0.5 < a - '
*

i secommended: of the Code. For corbels subjected to verticalload only, both she '

horizontal stirrups and main reinforcement are considered effective,
,

t . 4i
y, = | 320 + I40- j psi - . - - - - - * * - * * * * * * * * ' ' (4.20) as shear friction reinforcement. If the corbel is subjected so horizon. .

tal and vertical loads, just the main lop reinforcement can be count- IL *d
ed on as shear reinforcement. Although this phenomenon has not

in these ecsts the overhangs, containing tension bars which were been adequately explained, it may be related so the effect of the
horizontal force on the Af/ V4 or effective m/d ratio of the corbel |
bec Eq. 4.18). Fig. 4.8 shows that she shear-friction concept safely, , . . i i

im - ,. p . j .e e~ predicts the strength of the corbels tested by Kriz and Railu 1109).
*

*

* -
This plot includes aH the Kriz and Raths tests that satisfy the, n ,,, p. ,

(,, , ,,. .
i M requirements of Section 11.14 of the ACI Code and have a/d s

.a 0.5. Similar plots are given in Ref.171.
h g .:, . gh;

**
. _

* 4.6 Shear Walls
y *

== j*. h
g Shear walls are walls designed so resist the effects of lateral forces; ,

* * *
4 _

.v" * [. /r..seen -
acting on buiklings. These lateral forces are primarily due to wind or..

-

# *
carthquake. The performance requirements for shear walls under wind.

*f, # J.ed._c'rE!". r* - loads are different than shat for earthquakes. Walls designed for windg,
* *

forces have to meet both serength and stiffness requirements. Walls de-
:

..

* k.. *y - signed for carthquakes must also satisfy requirements of ductility and ;*q** y ,W ". *y energy absorption, damping characteristics ami damage control, during
several cycles of inciastic deformation.. . . - - -

*
* * - *** *

The behavior of shear walls is complicated by the influence of boundary
g,s,- g l . ,o clements and muhiple openings. Fig. 4.9(a) and 4.9(6) presents some

typical examples. Laseral loads are usuaHy introduced into shear walls
htG 4.s.-U; of II'la and fleeles Tests wielt Sleser Friseien Equeston through floor slabs framing into either one side or both sides of she

wall. As a result, the lateral loads tend to be distributed across the width

anchoreJ by extending the bars beyond the loading point, behand M the waH. Transmse waHs w columns are dien located at the extreme ;
, edges of the walls. They act with the wall, and usually contain most +

n of ACI Code Design Equations of the flexural reinforcement resisting the moment due to the lateral
4 5.2 e

forces.Ahhough a cosbel resembles one end of an inversed deep beam,
, ;

the ACI CoJe (6) differcatiales between the two lypes of members When a waH contums large openings, it can he considered to be made

' luJe cial psovisions for brackets and cosbels in Section up of a system of piers and spandrels. Each Individual pier or spandrel
,

The ma n reasons for this distinction are that corbels are es, an effect, a shear wall element, with a shear span approminiately equal

rally trapezoidal in shape and vertical stirrups are ineffective to one. half of its height or length, respectively. In addition so shear,

h bers, in addition, the size of a corbel normally makes peers wdl also generally have tension or compression caused by gravily
d i icu a anchor the scinforcement effectively- and oversurning forces as well as shrinkage, creep, and differensial settle-

for brackets and corbels in Section 11.14 ment.

s having a shea 4 pan.co-depth ratio. a/d. Some distinctions need to be made between tall and short walls. Refer-Iso tu n e

less. Pro' comg members are no longer cosbels when ence shouki be made to the Committee 442 report (9) for a discussion !

J alio is gre ter than one, and these members must be of the behavior and anaiysis of tall walls, it is mueworthy that many

I
_
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. tan walls have rather low M/ Yd ratios of perhaps 3 to 4. In general,' i C " * D,
the shear strength of a wall is of interest only fw M/ Vd ratios of less

--

- -;'
.[
cJthan 2 or for walls with a ilmaged cross section.

4.6.1 Emperimental Investigations .

M,*"5 -

---2 -- {{7
_.. 5Originally, the lateralload resisting system used was the masonry o

in-lilled frame. It was believed that its lateral resiwance was the: ag == ' - * = - j-sum of that of the frame plus that of the reasonty in-fin acting ,g ,
;*

[
- independently. Tests on one-story shear walls (17), one-stay frames ~

-- - p
_, ,__ _ _ -

(18), and full scale three-story frames (145) changed this " sum f
of the parts" concept. In other words, an interaction hetween the f'
parts was recognized, making the behavior of an in-filled frame .

. _ . , , - ,,

{
closer to that of a single strucewal unit. Mme recent investigations "]""~''"'"""'~f .

I |on single-story (l%) and five-story frames (M) have furtlier in. 4,
4

creased our knowledge of time mechanisms of failwe of brick in- g4 m p,,, ;

j filled framics. Observations of the perforniance of this type of struc-
,

I'!

sure in earthquakes has verified the interaction of wall and franic. y~m f
.

'

'

g

k
investigators in Japan (139,147,135,187) have been concerned pri-

h,{g,sf
'

marily with the strength of low-rise concrete shear walls smrounded
-

y s can waiis

by a reinforced concrete or steel frame and subjected to load rever-
sals. Japanese shear waN design provisions in the Architecimal 3 g ! *

'

f,S'a esas-
Institute of Japan Statut.uds are described in Ref.186 and wiu8 ,

esas - |
.

p, ,g , gbe outlined in Section 4.6.3. !;
In the United States, the Uniform Buikling Code (89) specifies ; y c

'0 53requirements for structures under lateral forces. In the case of ~F '? -- [
shear waNs, the provisions are based on the recomniendations of

{the Seismology Committee of the Structural Engineers Association
of Cahfornia. in the USC, the shear strength of shear walls is |(W WENING5

I
. based on emperimental resuks of shear tests on directly loaded r

deep beams with and without web reinforcement (54,170).
While the UBC provisions represented an advancennent in design, M 4 8-Elesnents Affecting selievier of Sheer WaNo f

;

additional work, including that by Crist (50), Leonhardt and Walther '

(IIB), Cardenas and Magura (36), and Cardenas, et al. (35) has N, * -

i *

led to separate provisions for deep beams and shear waNs in Chapter [' ]g,
Il of ACI 318-71 (6). These provisions recognize that there are _

|,

important differences between deep beams and shear waNs. First, '4
' y' . }-' *

;
deep beams are usually loaded through extreme fibers in compres- , !
sion. Under these conditions, shear carried by the concrete in a ,j
member witlious web scinforcenient is greater than abe shear causing }_

j diagonal tension cracking. Shear waNs, however, are more like deep 1_ .

Ii ,5g' g3%g88

members indirectly loaded through lateral stubs or diaphrases [ Fig.
l -_ .h _ |.g

4.9(a)]. This type of member, if it does not contain web rein-
.,

forcement, may fail at a shear equal to or only slighely greater
[th.in the ahear causing diagonal cracking (200). SeconJiy, deep
:; +ubeams are not usually subjected to amial loads, whereas the consid-
f

u ~~~ ~u,uu u, m,

g cration of amial compression or tension is important in shear walls.I
Research on spandrel beams, connecting elements of shear walls j* "'

with openings, has been carried out by Paulay (151.154). Based -

on his woek, Paulay suggests that the total shear force in the span- F'G 4 8-C'itisel Points for laslined cracking |
Jrel beam in a wall subjected to load reversals shouki be takes

g.

.

44 W
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by shear reinforcement. Paulay also tested a spandrel beam contain, ultimate shear of 10 hd 4 may be allowed on the wall. [*

ing diagonal main reinforcement, and reports good strength and A detailed development of the ACI Code design provisions for '

ductility for this case. shear walls has been presented elsewhere (35). This reference in-,

I 4.6.2 lelemural Strength cludes a comparison of the design provision with available test
Researth findings stiess the imporlance of recognizing the lles. results, showing that the provisions lead to a conservative piediction }*i

ural behavior and strengh of walls, in the case of carthquake load. of shear strength for static loading conditions.
I ings, it is essential that the integrity of the wall be maintaincJ Fratessa and Zsutty (68) have studied the problems associated
'

during many excursions into inciastic behavior.
, with design of shear walls for seismic loading conditions. l*rimarily

liigh-rise solid walls or in-filled frames behave basically hke scru- because of cyclic loading smder inciastic conditions, they have rec-
cal cantilever beams subjected to combined axial loading and benJ- ommended a different approach to shear wall design than that con-
ing, and their flexural strength can be closely determined vung tained in the ACI Code. In their report on shear walls to Jhe Struc-,

! assumptions applicable to reinforced concrete beam-columns.1 o*- tural Enginects Association of the Northern California Scismology !
rise walls aho behave hke vertical cantilever beams untJ they Jc- Subcommittee, they stress the need for consideration of energy lj
velop inclined cracking. Their behavior subsequently depends on absorption and damping, as well as strength, in the design of walls. I
the amount and arrangement of shear reinforcement. With adequ re 'Ihey recommend that the shear stress carried by the concrete bet
reinforcemeat, tests 05.858) indicate that walls er spandreh de limited to 2 V[[ and that the ultimate shear stress be limited to i
develop at least We of the flexural strength determined using as 8 4. When shear reinforcement perpendicular to the fleaural rein- I

'
sumptions for ordina'ry beams given in the ACI Code, forcement is required, an equal amount of reinforcement shall be "

Peifoiated shear walls may be controlled by the (lemural stungs provided normal to the shear reinforcement. In any case, a minimum !
of the spandect beams (,r the secondary stresses m spandrels arounJ of 0.25% reinforcement shall be provided in each direction. Similar - I

the openings. As in the case of beams, the presence of opene requisements have been incorporated in the 1971 revision to the
may cauw the wall section to be more critical for shear suense SEAOC requi.&:nts (167).
than flexural strength. .% ear walls designed by the ArchitecturalInstitute of Japan Stan-

t

4.6.3 Shear Strength ards 086) generally consist of a boundary frame with a panel
in general, lateral forces are applied to walls through floor slA wall which .as frequently cast in place after the frame members

which disenbute the shear along the side of the wall. Consequenth are built. The wall is designed for a ductile failure in shear as -

their shear capacity cannot be expected to benefit from bees an in-fdled wall will. Jeformation of the panel resisted by pancI
of concentrated loads on the extreme fibers, as is the case as reinforcement and the boundary frame. The boundary frame is
deep beams. On the other hand, the floor slab may possibt designed for a ductile flexural failure. The cracking shear int such

,'

!

as an external stirrup, and thereby increase abe strength a wallis given as:

l' = v'hl~
'

he special pruvisions for design of wa!!s in the ACICode c0**3 ,
H.21) {

' *** - - - -

cr inclined cracking to occur at the section under inve lis m wNcher,= 108 psi + 0.015 f| for 3,(WW) psi S f| 5 5,(kh) psi.
I when a critical condition is reached at either point A or The ultimate horuontal shear capacity of such a wall is given by: !

in Fig. 4.10. At point A, web shear cracking is cons g. , y
when the principal tensile stress in the uncracked concre

- on ...., ,
, , gy i

equah 4 N. Al point D, a flexure shear crac in which V. = shear capacity of the reinforcement in the cracked
' p ,bl,and Vw = shear capacity of n column in the bounda- |nd therefose critical'| Jt fu I o ed r

under investigation when an additional shear force o' ,

,

is apphed. Itere, h = the thickness of the sh r wa a

| the datance from the extreme compression L., * - 6d (1.5 v, + 0.5 f,( p. - 0.002))
. ,s (.g,23)

of the tension scinforcement. These assumptions I *
opment of Eqs.11-31 and 11-32 in the Code. in which b, d, f,, ano ,q i '.. to 4e dimensions and shear scin-

.

The design provisions require a minimum amount o orcement of the boundary column. !

forcement. Consequently the design shear capacity * or ducidity V, must be less than V, and the first shear cracks! j
at least equal to that causing cracking plus the coner cur m the wall panel and not the boundary frame. To ensure

mut

the minimum shear reinforcement determined in acc e latter occurs, the AIJ Standards specify limitations on 3
,

" truss analogy." By providing additional shear scin imensions such that the maximum norminal shear stress in
..

~; e
_

swMs- .
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the wall panel exceeds twice the snanimum neominal shear stresses . Experimental work evaluating minimum detailing requirements *

in the columns or beams. Since tests of such walls have shown-
that most such walls fait due to shear cracks that originate in the for stirrup anchorage and constriscaion joint performance is needed,

The effect of diagonal reinforcement shoukt be studied. Effects
wall panci and entend diagonally across the boundary frame near of axialloads on piers need special study. Consideration of bounda-the ends of its columns or beams, entra dear reiniwcement as ry members is needed.
required in sleese Parts of the boundary frame. 4.7 Beams with Openings

4.6.4 Recommended Research
Considerable research is needed to increase our knowledge ,g Some of the various sizes and shapes of openings that might be placed .

the behavior of dear walls and dear wall structures. lavestiganons in a npical T.eaped merete beans me down in Fig (ll. 'These open-
ings may be located in regions of positive or negative moment, which '

will determine whether the struts above and below the openings are is
[*** g *]ipo. mss.o=um tension or compression. When two openings are placed close to each, , , , , , , ,

'j 65 i i 00 **2c''*> *'*"1"a'.'''.**f*",','' ~''*~"'' '' 'U*i iufs'a"en',';ii rou.i.
"*'

ai n ii.i o,,,,,,,o., y ,, knas o v.,, a
an opening of depth N is shown in Fig. 4.12(u). It is evident that the

- a s
,, ige, opening does not greatly affect the resukant compressive force, C, and b.

, , , , , ,
wm*'

.

tensile force, T. However, the external shear, V + V,, must be carriedner ..ve mowa m*** "o*d "' c
by a substantially reduced section, inelicating that the shear capacity -" " * '
of the struts will be a controlling factor in design. [

FIG. 4.11.-Openings in Cenerete semas Similarly, when two openings are placed close together, as illustrated +

by the free-boily-diagrant in Fig. 4.12(6), it is evident that a shear, V,, I'm,,,,s,,uu u.e g c, 5 acts on the post between the openings. This shear is equal to the difference
f* = tzc noie s gamea between either the resultant compressive or tensile forces acting on the

{a'c
tv, t, * T struts of the adjacent holes.
!j . tg'*

'i(|
pr' In most cases, the struts are short deep members with low e/d ratios.'""$'"""'v'

;r
M' 4.7.8 Theoretical Approaches

,

t. roaces actnG ON Ibl 'O'CES ^CI*G 0" ' '' The forces acting on the struts of an opening ase indeterminate [
to the third degree. A disect solution for these forces is difficult, !'"'

|
i and the reliability of the results is uncertain because of the need ,'
) yta. 4.12.-Forses Adlesent se Holes in Beam to account for flexural, shear, and axial deformations before and

;,

I after cracking of the concrete. t

-

Lorentsen (123) reduced the analysis to a single degree of indrier- (
,

' minancy by using the model shown in Fig. 4.13. He considered {-
j y""

s ~
''

that the tension strut was divided into short sections by flexural -

* '

cracks, and was therefore not able to transmit shear. To verify |
.

'

{ s ',
'

the model, tests were carried out on four T-shaped beams having 1' :'' '

( A A a compression flange width of 39.4 in. (I m) and an overall depth (
TENSION LINK of 23.6 in. (60 cm). The thickness of the compression flange was

,

3.9 iei. (lo cm) and she ihickness of ihe seem was ll.a in. (is
F G. 4.13.-Lorenesen*s identised seem e Hele cm). hither one or two concentrated loads were applied, at the

| third points of the 19.7-ft (6.5.m) simply supported span. Each
beans contained a rectangular hole having a length of 78 in. (1810

! of low. rise walls, wall pancis, piers, and spandrels SM PrM
cm) and a depth of 12.4 in. (31.5 cm) located at midspan.i improved design procedures that can include energy absorption and The behavior of Lorentsen's test beams was in good agreementI damping. Strength degradation and the decrease in stiffness dise with his predictions, although he did observe that the tension strut

,

! to reversals of loading and inelastic defamation need to be consid-
carried substantial shear. Ile concluded that holes in beams should| ered. In scismic design. a practical analysis procedure must be
be kept away from inflection points if at all possible, and that

|'
developed which can relate the appropriate horizontal force factors additional stirrups shouki be placed near the sides of holes.
to the amount of inelastic deformation that takes place m a given

! Nasser, et al. (140) presented assumptions that simplified the
structural system.

I, analysis of beams with holes, as follows:

i,
.

-.
., , ____ -_. - _ m. _ . . -m
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1. The top and bottom struts behave similarly to the chords of The addition of stirrups in the tensile strut was beneficial; however, ?,

a Vierendeel panel, the addition of longieudinal bars adjacent to the tension side of
2. The serats,'when ,they are not subject to transverse beds, , the hole decreased the strength,

Strain measurements confirmed that a point of axial compression !~have contrailexure poieUs at their midlength.
.

occurred near the midlength of the compressive strut at the opening.3; The struts, whwa they have adequate stirrups, carry the enter,
nal shear in proportion to their cross-sectional areas The magnitude of the amial compression force could be calculated '

4. There is a diagonal force conceneration at the corner induced from the external bending moment. Uneil cracking, the distribution
by the chord shear, and its value is twice ti.'e simple shear force. of shear between the regions above and be!aw the opening was

approximately in proportion to the cross-sectional area of the struts. f-

A neies of 9 in. (22.9 cm) wide by 18 in. (45.5 cm) deep beams, Afler cracking, the compressive strut tended to carry all of the,

designed in accordance with these assumptions, were made and shear.

(j- sessed by Nasser, et al. The beams were pierced by rectangular A conservative prediction of the strength of the specimens with
holes, usually 8 in. (20.3 cm) deep and 30 in. (76 cm) long. They square openings in unreinforced webs was obtained by calculating

| were simply supported on a span of 12 ft. (3.65 m)and were subject. she load caasing sensile cracking at the corner of the opening. A
j ed to a one- or Iwo-point concentraced loading. Although the majori. good prediction of the strength of the specimens with reinforced |
| ty of their specimens failed in f*.exure, it was concluded that the square openings that failed in the compressive strut was obtained '

) proposed assumptions were valid for rectangular beams. by calculating the load causing either a diagonal tension failure
j 4.7.2 Tests on Joists or a crushing failure due to combined compression and shear (75).

{i An extensive investigation of the effect of openings in the webs 4.7.3 Tests on Prestressed Beams t
} of continuous joists has been carried out at the laboratories of A series of 20-in. (50.5-cm) deep, simply supporsed prestressed
; the Portland Cement Association (75,76). The investigation inchided concrete T. beams with web openings was tested at the University
; both unreinforced openings and openings with tr.inforcement added of Alberla (157). They were subjected to a symmetrical 2-point
] to the struts and along the sides of the openings.. loading applied on a span of 20 ft (6.1 m). Failure of the beams
|

The test specimens had cross-sectional dimensions of a standard with holes occurred after development of inclined cracking in the
16-in. (40.5-cm) deep joists with a 3-in. (7.6-cm) thick flange. They tensile struts and the formation of Vierendeel type mechanisms.
were built with a special stub simulating a continuous support. In addition to the laboratory tests at the University of Alberta,

j . The loading approxin;sted the shear and moment that would occur a special field test was carried out on a full-sized 120-ft (36.5 m)
|
{

, between inflection pow of a continuous joist framing into a long prestressed beam (157). The beam failed under a loading which
supporting beam, produced a moment at the center line of the beam equivalent to -

"The test results indicated that a specimen with an hereinfoiced a 1.5 dead load plus I.8 !ive load condation. The failure was believed,

! opening close to the stub had a substantially gresac6trength than to have occurred due to shear compression in.the flange at the
{ a specimen with an opening more than twice we der'h of the web high moment side of the opening closest to the simply supported

from the stub. Moving a square opening in an unreinforced web end of the beam.
I from middepth toward the tension fibers did not significantly affect More recent tests (165) at the University of Alberta were conduct.

] the strength of the specimen; however, cracking at the hole did ed to determine the effect of both vertical and longitudinal rein-
; occur at a lower load. Size of opening did affect strength, but forcement in T-beams with multiple 8-in. by 16-in. (20.3-cm by
] an unreinforced web containing a square opening of one-quarter 41.6-cm) rectangular openings separated by 8-in. (20.3-cm) wide -

t. ,

i the web depth, or a circular opening of three-eighths the web depth, Posts. The 20-in. (50.5-cm) deep. 24-ft (7.3 m)long. specimens were
; did not reduce the strength of the specimen. tested with a 20-ft (6.1-m) span length. It was found that increasing

,..

1 Tests were also carried out on specimens with stirrup rein. the' vertical reinforcement in the posts increased the shear capacity
.

| forcement along the vertical sides of the opening. It was evident of the specimens. Ilowever, increasing the amount of longitudinal I

] from the resuhs that very large openings can be accommodated reinforcement in the struts above and below the openings had little i
j in the webs of joists without reducing their strength, provided that effect on the shear capacity. It was also found that placing inclined

{j siirtup reinforcement with a yield capacity nearly equallo the shear shear reinforcement in the lower struts had the effect of increasing
i at the hole is pruvidcJ at its vertical edges. It was .also evident capacity and localizing she failure in the posts.
I that closely spaced multiple holes can be placed in a joist as long 4.7.4 Tests on Wall Beams with Doorway Siied Openings
j as each hole has side reinforcement. Specimens with muhiple circu. ' Tests of two reinforced concrete beams with very large web
| lar and oval holes failed in the struts when the width of the post Openings have also been carried out at the laboratories of the Port-

| was equal to or greater than three-eighths she depth of the web. Iand Cement Association (37). These test beams were hal'f. scale
1 -

!
pm
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models of prototype wall beams having a total depth of 8 ft. (2.45 strength and ductility for reversed loading conditions. For a joint without '

m) and web thickness of 6 in. Openings equivalent to a central any stirrup reinforcement, the effective collapse load was 60% higher
corridor and a doorway were provided in these beams. than that implied by code provisions.The difference between the stren ths h

it was concluded that the design of these test specimens coukt implied by the code and the measured sitengths decreased as the column '

be carried out m ac7tdance with the provisions of the 1%3 ACI load increased. When tie joins was restrained on two sides by be
Building Code. The assumptions that all of the shear at an openmg with depths equal to the depth of the loaded beams, the stren th d
is carried by the lintel and that zero bending moment exists at q ductility characteristics for a joint without stirrup reinforcement we e f

Llintel midspan resulted m conservative predictions of load capacity. better than those of a joint without restraining beams but with ade unte
it was observed, however, that trutsal diagonal crackm_ g m the solid shear reinforcement. It was also found that there was little diff U

web portions of the test beams occurred at about 50% of the load in the behavior of junctions made with Grade 40 or Grade 60 ''I"' fexpected using provisions in the 1%) ACI Building Code. This forcement.

early diagonal cracking did not result in a reduction of shear The beam deflections in the tests reported in Ref. Si corresponded
strength; however, adJitional stirrup reinforcement was required to a ductility ratio of about 5. In similar tests involving larger ductility I

; . to control cracking. ratios (161) the shear contribution of the concrete appeared to diminish

4.8 Beam-Column Junctions under cyclic foading and eventually all the stirrup ties across such a E

A connection must be as strong or stronger than the n' embers framing joint yielded even when the shear reinforcement was in excess of that 5
!into it. While the proper proportioning of joints is essential for adequate

ductility under scismic loading, shear reinforcement in the joint may . q COLUMN ,

also be necessary for wind, dead, and live load conditions. 1 L

'NThere are three major considerations for the design of beam-column f
3

junctions (92): (1) Provision of shear reinforcement sufficient to resist O M a
V !

any internal shear in excess of that carried by the concrete;(2) provision J L j'
. 3

of hoop reinforcement to ensure transmission of the column load through q,q' _ - C
,

,

the joint under ultimate load conditions; and (3) adequate anchorage for ,

| y, [Vthe flexural reinforcement in the beams framing into the joint.' i
;

This discussion is concerned only with determination of the necessary '

amount of shear reinforcement. Ilowever, stirrups used as shear rein- C - _ g. g {
t

- forcement are also effective for confinement of the column reinforcement. y,
fN. Ilans4m and others (45,80,81,188) have reported tests on beam- ugj

column joints subjected to a series of reversed static loads to simulate g
*

t

seismic load conditions. Vasiables included the size and reinforcement
of the column, amount of stirrup reinforcement through the joint, grade Flo, 4,34 -Fo'c'8 Acting on Boem-Column Junction
of reinforcement, and.the number of beams framma ento the somt. Each

.

test included at least nine cyc'.cs of load applied at the ends of the suggested in the foregoing in these test d -'

beams, with five or more of the cycles requiring extensive inelastic behav- formed in the joint. The failure load was enh c i h out r e
s H n hwed by ties and supplementary cross-lies

The forces acting on a beam-column junction are shown in Fig. 4.11 n the jo I
if an ultimate design condition is being investigated, the net shear on The Soviet design procedure (191) for such ' ' t -

the joint is, of this strut to be 40% of the diagonal of th is t n a su es
u H(t24 cur when the average compression stress in this strut

V, - ( A , , + Aalf,- V, . ... .. ... .

F5 of the concrete strength.re

Based on the sequirements of the ACI Code (6)( ACI 318 71) the maximum While it is clear from these results that st
shear contiibution of the concrete is computed according to the provisio".s sary in some joints to provide adequate s ca strengt n u i
of Secticm II.4.3. extrapolation of these results to different *oi t d I' " "

When V /46'd exceeds that which can be carried by the concrete, with caution. Some correlat be
'

#" *" ''
the require'd amount of stirrup reinforcement perpendicular to the asis results should be possible' Si " "' * '
of the column is computed from Eq.11-13 of the ACI Code. tion of the column reinfor #* "I*

N. Ilanson, et al. (87) found that when an area of reinforcement equal over the depth of the col
!

to 80% of that required by the ACICode was used, the joint had adequare for transferring shearing for es a r s es ar pl e e stee te

-d%



_ ___ _ _ - _ - - - - - - - - --

*fM e, ,

(-
S. '

*
1

ST6JUNE 1973 i flEINTOIICED CONCflETE MEMBEHS 1175 *11M
. I

beam anchoicd on the far side of the mclined crack could effectively
*

or more while 100% to 150% as much would ensure a ductility ratio ,'pressive
increase the shear strength by providing an | of 3 or more. The ACI Code requirements appsoximately correspondggg ; g , , g ,g,y ;, ,g 7stress on the shear plane.

| The 1971 SEAOC Seismic Recommendations (204) require that thek 4.9 Columns
Columns may fail -m shear during carth uakes dae to the lateral forces ultimate shear resistance be based on the core area of the column. The

a
8

I resisted by the columns (56,12 s n turn may lead to major shear carried by the concrete is taken frora. G.e ACI Code except that
-ture.nis type of failuie occurs e v, is taken as zero when N,,/A, is less than 0.12f| because of the. structural damage ur collapse

- I
b inainly in tied columns and few, if any, sp ral cob mM uve failed in crossmg mchned cracks that occur when such member is subjected to
I , reversed loadings.

shear.
Two types of failure arpear possible. in co!cmns subjected to rroments As mentioned in Section 3.4.1, a series of tests were performed oneds, shear failures will i beams with a circular cross section and reinforcement similar to spiralhigh enough to cause flexural cra,

tend Io resemb.e those in axial y cams (Fig. l.5(a)l. For this columns MO). The results suggest that the usual ACI design equations
f type of failure the ACI Code Section

..I 3 seems attequate. For short ior rectangular sections could be applied to circula sections if the exscrual
s w th srnaH Af/ VJ iatiosstocky columns subiceted to high ax diameter is used in the place of the effective dqth and the gross area

-5 it has been hypothestred that > icar g res may occur prior to flexural for the product, bd.
ur due to crushing of 4.10 Recommended Researchcrackkg [ Fig.1.5(b)). Such fai urcs o

, me concrete strength due to
During the past 5 yr the understanding of the behavior of beams failingthe concrete at an axial st'cS5 855

the effect of the shearing stress o ompgssion stress at fadu'c in Shear has improved to the extent that a fairly realistic description
i

(see Section 2.1). Yamada and l,uru 0 5) have attempted to explain of beam behavior can be presented. This is not yet true for the specialt

f this type of faihue using the A P me t cory and diagiams simil.: types of members described in this chapter. During the next few yearson in the shear strength of
to Fig 2 4 Such diagrams show a a concentrated effort is needed to develop realistic behavioral models

"

h members undes extremely high am 1 W s. his behavior is reflected of deep beams, corbels, shear walls, etc. These will 1e of value to the
rushing failures in unciacked

-
designer in considering unusual design problems and will form a basisin the Cell design equations or

members (41). At present there {is msuIf ent intorn ation available tofor the future unificanon and simplificationi of design rules.3 .gg, geg
"

C 4 11 * ll_7 are b I v be safe W M M " kammrmmms
} 4/ f * A, values less than 0.80, ho -

(i Relatively few shear tests of rein oncrete columns are reported
& Ise 50's

in the literature. The tests of knee frames ca This report was written by the Joint ASCE-ACI Task Committee on Shear
the ACI Coded at the University of Illmo,s (12,13 ) and Diagonal Tension. Chapters I and 2 were initially draf ted by a subcominitteei

equations in Rcf. 7. Section 3.4.5 f this report deals with the effect chaired I,y P. Gergely. The subcommittees responsible for Chapters 3 and 4
a can be kPplied toof axial loads on the shear strengt were chaised by J. G. klacGregor and J. kl. If anson, respectively. These chapters

1 the design oi columns in non-seismic ascas were then edited and corr: lated by J. G. klacGregor and reviewed and balioted
Yamada and Furui(195) investigate f uence of shear span tatios, by the members of the Task Committee. A future Chapter 5 on the Shear

.

ii *

axialload sevel, and web reinforcement on Strength of Stabs is currently being written imder the direction of N. kl. llawkins.
t v or of tied columns. i

was increased where The Task Committee wishes to acknowledge the guidance and help of S DiatThe ductility decreased significantly as t ic
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4"a . right cable coordinate; s
. reciprocal eigenvalue; (. Journal of the-

y . slope;~ ~ ,

z, 4,, 3, . correctiv, forces at right able position; '\ El'Ilm'WtAI. DIVISIMa . gmattive correction value; *

. et,rl . phase angle associated with Cr;
.

,

G 'I = phase angle associated with~ generalized forcing function; _ Proceedings of the American Society of Civil Engineers !I
K

--

j.
6 . phase angle associated with $j; t

t
9, . phase angle associated with initial displacement of (y; >

. convergence termination value;g
'

A . eigenvalue;
p . rotated cable coordinate, damping coefficient . to real part of a,. ,!
y . rotated cable coordinate;,

EXPERIMENTAL STUDIES OF MEMBRANE SiiEAR TRANSFER *( complex normal coordinate;
y . dummy variable of integrattwn;
T . linear tr-insformation; Dy Richard N. White,a M. ASCE and Myle J. Holley, Jr.,8 F. ASCE

!e . eigenvector;

$ . lower half of 4; _ j

w . circular frequency;
| { } = column vector; INTRODUCTION,

'

{ j = row matrix;
The problem in membraut a 'ar transfer in seismicallyloaded reinforced

[ ] . matrix; concrete nuclear containment vessels prompted the experimental study re-
[0] = null matrix; ported herein on the effectiveness of shear transferacross cracks in concrete

by a surface roughnessinterlockmechanism. Althoughthestudywas conducted
. time derivativeJ/df; withinJM!!er severe time and_ budget constrat.nts_sufficientdata was obtained

*

second derivative with respect to timed 8/Jf8; and to formulate preliminary desten guidelines for containment structures _. It ts
* = complex cosyugate. emphasized that the goal of the study was to shed light on one aspect of con-

crete strength that is relevant to one node by which membrane shear may be
transferred in a cracked reinforced concrete structure. The experimental re-

,

i suits are most applicable to the containment design probl6m, but they also
provide an improved umlerstanding of aphenomenonthatis of generalinterest

,

to structural engineers. A long term researchprogramisunderway to further
clarify this important problem.* p- The typical containment vessel for a nuclear power reactor la comprised,S in pas t, of one or more concentric, axisymmetric shells, as shown in Itef. 4.O The membrane stress state is conveniently described in terans of circum-

[ferential tension Tu, meridianal tension Tr, and shear S, as shown in Fig.1. ',

(} if the vessel is of reinforced concrete (i.e., not prestressed) it must be a.s-
|

,- sumed that cracks will occur, and the reinforcing bars (pattern and quantities) ;

must be proportioned to provide internal equilibrium across any such cracks.L, 1Bec_ ause the crack may have occurred under an earlier loading condition, it j
, , Note.-Discussion open undil Jaucary 1,1973. To extend the closing date one month, f< ' *

a written ranguest must La Olal with the Executive Director, ASCE. Tids paper is part ofQ thecopyrightal Journalof the Structural Division Proceedings of alw American Society !' " , of Civil Engtncers. Vol,99, No. 5r8, August,1972. blanuscript was autanitted for. review I
for geselble gnablication on December 6,1971.
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and four-direction? arrangements), it is not essential to take advantage of
cannot be assumed that cracks necessarily define planes of principal tension, surface roughness ..derlock, but it is soundpracticeand may be economically
Thus, consider that cracks may be of any orientation and, accordingly, laternal desirable to do so.
equilibrium both normal to and along the crack must be satisited,

Shear resistance along a crack (i.e.,resistancetostip) can be developed by
components of theaxialforcesinbarswhichare inclined to the crack, by shear PART I-TEST PROGRAM
in bars crossing the crack (i.e.,dewelaction),and by surface roughness inter-
lock. While dowel action probably provides a major contribution to the total Summary of 7'est Program.-The present study was confined to i l

resistance, the basis for accounting for such actionin design has not yet been mode of shear transfer-that of surface roughness interlock,neslecting dowel
i established.To provide such a basis will require many tests of large scale

, .,_,,

specimens with many bar arrangements, and subjected to a variety of blaxial
,

. .load combinations. llowever, it has been possible to demonstrate that the
.

;

,' surface roughness interlock mode can provide very large shear resistance .

along a crack, and that, at the very modest shear stress levels relevant to;
i containment vessel desagn, the associated slip magnitudes are acceptably ,

|* e'

,

- - - . , _ _

e .
.

- 2c -
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FIG.1.-SitELL nilatuttANE STHESSES
1 ! ,

| |small. Accordingly, dowel action can be disregarded, and shear resistance * ]j" r tcan be rcovided by surface roughnessinterlockandby components of bar axial
| *

forces when such bars are inclined to We crack plane. FIG. 2.-TE.Tr SPECIMEN CONFIGIJ!tATION
Part I of this paper describes a program of tests which were conducted to

-

'

establish conservative design stress levels for shear along a crack in a con- forces and the other modes described previously. While some aspects of this
tainment vessel. These testa differed from earlier investigations in that the phenomenon had been studied earlier (Refs. 2,3,6), the latter work was done

,

|
possibility of an tnitialcrackwidthwas specifically accounted for, dowel action on small specimens [3-1/2 in.by 3-1/2in.(8.9 cm by 8.9 cm) in cross section
was excluded, and shear along the crack was cycled through many complete by Fenwick, and on 7-in. (17.8 cm)and 0-in. (22.9 cm) thick concrete slabs by
reversals. The latter provision reflects the fact that membrane shear stress in Nowlen, Colley and llumphrey). It was believed that extrapolation of results
a containm'ent vessel results from earthquake acceleratio9s. on small specimens to concrete dimensions on the orster of several feet was

7 ,

Part il contains recommendations for proportioning bars to resist mem- not warranted in light of meager understanding of the surface rougtmess inter-
brane stresses in containment vessles. Both the two-directional arrangement I ek mode of shear transfer.
and multidirectional arrangements are ccasidered. In the former, relianceon Sixteen large precracked concrete blocks were so loaded as to transmit
surface roughness interlock is inescapable in the latter (three-directional
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shear across the crack strictly by surface roughnessinterlock. Each block was
.

'

subjected to reversing shear stresses in the range of 120 psi to 160 psi (84 '

N/cm to !!O N/cm') for a mmiber of cycles (55 maximum) and subsequently A
8 ,

,

to a much higher [300 pal (207 N/cm') minimumj terminal shear stress. The r }primary response characteristics measured were:slipalongthecrack, change
~'

w*A*

i in crack width during loading, and magnitude of tensile clamping force in the Y ' T" '
~

iexternal bars which heldtheprecrackedblocktogether.Thecomplete program "P.' ' '
.

'N [ ,[
'

'

. W ;g y. $1 (is reported in Ref. 7.
l. dThe 1.5-ft by 2.0-ft by 3.0-ft (0.457-m by 0.61-m by 0.915-m) specimens N.2ia $ h4 I ' b b

. ..

gF h5 '*

(Fig. 2) were cracked to form two unconnected blocks, and then separated to ; '

a preact crack width. Further separation of the two halves of the specimen QA yhV- *~ * ' g ,

. ;/ g F,
' 8g I|,

. . " '/ , ' h.y = ./j,I,
was restricted by four external rods fastened to the blocks.The amount of <

'
,

d,
, shear carried by the externalrodswasafraction of I %, thereby ensuring that .h'.4 - pt i 4;

, ? , .' j ,1
. ,

i .. Ithe shear was transmitted across the cracksolelyby the mechanicalinterlock
-

- 'ii

p'\ N) Q . Y ,[ . " ; / f.le* M .*
* * '' -'

! of the cracked surfaces.- ,

,I ') +~ 'i$

ff: ,4 6 't,i

A total of 16 specimens. identicat in stze and overall geometrical configura-
.' 3 * G.. ' ,( M. U .. .' '' 3 '

tion, was tested. The cross-sectional area effective in restating shear was - * &
.

. . l ..a t "''4,.
280 in.: (1,810 cm') for specimens 1 through 6 and 240 in.a (1,550 cm') for

aA.-M WTO. r. .s .hgM..
-#

-

'
' I'

specimens */ through 16. Nominal strength of the concrete was 3,000 psi (2,070
-

" "I,

-
i N/cm'). The primary variables employelin the study wered)jize_ad foi N'

. gradation of agregate;j2) blze of clampinggsL(3) magnitude of applie,d,
cyclic shear stress; (4) numbers of cycles of shear foad; and (5) width of FIG. 3.-TYPICAL CitACK SUlti' ACE. CitACK DETAIL 2; (a) SPECIMEN 8; (6) SIDE~

preset crack.'Th'e quantitt'e's m' asuWUts,;,,.{d$fof~oni.Mc@hl[ei VIEW, SPECIMEN 8~ e
_the other: (2)_ change of crack width;JnL(3J magnitude _o[tepslie force de _.,,,,
veloped in the four clamping rods. A complete summaryof specimen data and
test results is available from the first writer. !ESjweimen Configuration, Precracking, and Loading. 'Ihe specimen geom-
etry shown in Fig. 2 was selected on the basis of having a representative size '

.
. . -i

f as compared to elements of concrete in the actual structure.The height of l -
'

( i

',4
j 36.in. (0.915 m) is believed to mpresent, very conservatively, the clamping .

;; [I q ;

,
t'

| flexibstity associated with the ' ertical reinforcing bars in typical secondary
.

. containment vessels. ,

!, . s 5, > ,gTwo different types of crack initiating grooves were used in the tests.The .[p ~

n g as
' 1, Qfirst was unsatisfactory because it produced a curved failure surface. The Ph*t4second groove design utilized a 2-in. (5.08-cm) deep combination V groove

} fp -

.,

! | and sheet metal strip on the narrow faces of the specimen and three 2-in. ,
.

(5.08-c'm) wide sheet metalstrips running through the specimen alosg the plane f.
. i.,

.

: 6.;

of the crack (see Fig. 3 for a typical failure surface). '. )f [M'-
h || ! t

The only steel items cast in the block were details needed for fastening the ' 2 """*( y
( j,I ,

loading and restraining equipment in position.'(heIn.yquo_detteknlenu % sus S "I, & ? C., j.
- M g g s'cast. p) t.he vicinity of the Agadngyurface. ,- { [ '

..

g.y ' g,h.; ,
*;

Ig,
.g , .| licavy steel cross beams were bolted to the top and bottom surfaces of the

specimen prior to cracking. The four-clamping rods werethenattached to the y j q. j h
ggg, e g ,

h ,,,4c g. ,f.i .b[9. :^!. [.h
. ,i. g '* - '

| beams with nuts. A test specimencompletewithbeamsand clamping rods, and
. ;f . - I'"

placed in the prestressed concrete test fran e, is shown in Fig. 4. - J ,3.. . 2 FJ , ?!
,I :

The specimen was cracked by pushing a patr of eracking beams into the '

NN j- 4' f* '3 i
-, ; i

'*^C ''

; open V grooves on the narrow faces of the specimen.The cracking beam had T .[' f ' , * ' ,E h g - !
!

,

a 1/2-in. (1.27-cm) round bar welded to itsleading edge. The cracking beams 3

were retracted immediately after cracking had occurred, and the width of the g j - a -

! - adr S h ' (
-

,, 9
,

.

crack was set by adjusting the clamping rod nuts.
-i

Shearing load was applied to thespecimenbyhydraulic rama acthig against
F10,4.-TEST SPECIMEN UNDEtt 14AD IN FitAME

i
1

1

1

i
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heavy loading angles fastened to the upper half of the specimen; the reacting 467). Both mixes used Type Ill high early a trength Portland cement and were
load was carried by the testing frame. provided by a locat ready mix supplier. The compressive strength of the mises

to specimensggQro,_2,7,50 pai to 3,280 psi (1,89h,
a Following the cyclic loading, each specimen was loaded to a maximum (not used for the last ,m

8 .|
ultimate) value of load. The maximum load level applied to any specimen was N/cm' to 2, FEN 7clE8)7

.

limited by bearing stresses under the loading angle and by the desire to keep Sand was a locally available commercial product taken from glacial de .
the stresses in the clamping rods below the proporttonal limit. posits. It consisted mainly of quartz; larger particles included some shale,

.
- sandstone, and limestone.The sand gradation conformed to the requirements

j of ASTM C 33 and had a fineness modulus of 3.15.
t 400 -

300 - (c) SPEC. 6 (b) SPEC. 8 -

05- - Ave. slip it'

t 2" -

neu mioi sin .
04- /.s^r. i.='d* P.i. -- /,/" Ave. crock wHth(t)

d aa
- - _..

'' tw 25cyo.. g .03-,g

i e- . rA.e. ..p i.1 : (,,
,

- ) .I
e i i l i ., . g'g,j06 02 03 04 as g O-01 '

i e i e i i i . . . . .

.soo . Stip, in g mOs - 0 S o O
f

.

h :-g T "''
CY LES -

'

| A" "N bI400 - .9 - 04-Rosee e o030' g
, '

+ 300 -

f.

i * 200 -

(c) SPEC.10 (d) SPEC.11gI #
60 0 . g5 _ Crock Width .06 Ave slip (fl>; .

[ ~.5-

; 002 004 006 OOs 0:0 2 04- - -
~

Ave. crack width (t)' ' ' '0
---~~-- --

Ave crack toldth, lo. e. crack width (t) [!* . goo .. g

!.-200 -

O , , , , , . . , , , , .
" .01 - O 10 20 30 40 50 - O S to 83 20 25

400 - 96 h .02- CYCLES -- CYCLES
.e .03 - --.

.

300- -72 * is .04- - Aye, si p ( )/...
~'

,.E I

g 200-- r
*

- 05- Ave. slip (-)
>

:
.

-4a g -.06- N -

g ,oo ,
etw a s c,o.. Bor Forces 3 .07- -

j " ' ' ' ,g no. ..-EFFECT OF LOAD CYCLING ON S!JP AND CRACK WIDTif, SPECIhIENS, , , ,o
f, 20 40 60 80 80 0 6, 8,10,11 (1 in. = 25.4 mm)

;

-100 - Total c.ornpmg fprce, kips

materials used in this program were not analyzed, previous analysis of a
| -200 -

si:nitar deposit indicated that the aggregate was made up of approximately,

I FIG. 6.-IIEllAVIOn OF SPECth!EN 8 (1 pel = 0.6895 N/en/; t in. = 25.4 mm; I & = 40 % sandstone, 30 % limestone, 20 % shale, and 10 % miscellaneous. A 5-

|iI 4448 N) cycle magnesium sulphate soundness test (ASTM C 88 69) yielded a loss of a
3.6 %. A Los Angeles abrasion test conducted on the A grading portion in

| Concrete.-Two concrete mixes were designed for uselathe test program; accordance with ASTM C 131 gave a 21.8 % wear (500 revolutions).
|' one with a coarse aggregate fraction in the size range of 1/2 in. (1.27 cm) to Test Itesults.-Only selected specimens will be reviewed herein;theinter-
| No. 4 (No. 7 aggregate according to ASTM C 33),and the second with a coarse ested reauer should request a complete summary fromthe first writer.

aggregate fraction ranging from 1-1/2 in. (3.81 cm) to No. 4 (ASTM size No. There were five pairs of essentially identicalspecimens tested: Specimens

. |

|
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(5,6), (7,8), (9,10), (11,12), and (15,16). Single tests of ir.terest include Spect- The effects of cyclir.g are best illustrated by plo* ting slip and crack width as
mens 3 and 14. Several of the early specimens tested are to be regarded as
preliminary tests during which the procedures andtechniques were perfected.

a function of cycle number; this type of plot is given for Specimens 6,8,10,
II,14 and 16.

In addition, Specimen 13 cracked at one exterior corner either prior to or Specimen 8.-Parameter vahies for this specimenincludedNo. 7 aggregate,during the first load cycle, and the test was discontinued immediately because 1-in. (2.54-cm)diameterclamping rods,crackdetalitype No. 2, a preset crack
i proper crack width control became impossible,

width of 0.030 in. (0.762 mm), and 25 cycles of f 120 pst (83 N/cm ) cyclic8
,

shear stress. Test results are shown in Figs. 5 and 6(b).
i{ The crack surfaceforSpecimen 8, made withthe joint detail No. 2 was quite400 -

3oo _

flat (Fig. 3). First cycle slips of + 0.024 in., - 0.028 in. (+ 0.61 mm, - 0.71i; _li
mm) increased to + 0.051 in., - 0.055 in. (+ 1.30 min, - 1.40 mm) after 25Ji

cycles at 120 pal (83 N/crr ) shear. 'the slip increased at a decreasing rate8

f200 - as shown in Fig. 6(b).'
#4 5v''ucya., 'Ihe preset crack width of 0.030in.(0.762 mm) increased by about 0.005 in.f 800 -

Har zontal Slip (0.127 mm) on the first cycle ofloading. The maxiruum increase of about 0.009/,i

in. (0.228 mm) was at the 25th cycle. The character of the change in crack, , , ,

|. -002 002 004 006 000 cio width (Fig. 5) during the first load cycle was similar to that of the change in
-100 - She* 6a. clamping force during the same loading (Fig. 5).The total clamping force

existing at a shear stress of160pst(Il0 N/cm*) was about 45 % of the applied
4oo _ shear load.'W a' 00W

Specimen ll.-Parameter values for this specimen included No. 467aggre-300 -

gate, 1.375-in. (3.50-cm) diam clamping rods, crack detail type No. 2, a
g preset crack width of 0.030 in. (0.762 mm), and 25 cycles at f 164 psi (113. 200 -

N/cm') shear. Test results are given in Figs. 6(d) and 7.ew am.$ goo , cych ' Crock Width This specimen was the first tested with the larger clamping rods. The in-f*
creased stiffness resulting from thelarger rods is revealed in the lower values' j i i i i of slip; cycled at 164 pal (113 N/cm'), the first cycle slips of + 0.018 in., -o

, m 0 02 004 006 000 0 10 0.020 in.(+ 0.46 mm, - 0.51 mm) increased to + 0.032 in., - 0.036 in. (+ 0.81
-100 - Ave crock width, in. mm, - 0.91 mm).

The crack width increaseat peakcyclicloadvaried only slightly from 0.005i -200 - 420

i in. (0.127 mm) during the cycling. The maximum value of slip reached during
the loading to maximum was about 30 % of the slip reached on Specimens 9400 -

-96 } and 10, which were identical in all respects except for size of clamping rods.
,

J Total clamping force was about 25 % of thetotalapplied shear when the speci-3gg _ g
i 5 men was at 160 psi (110 N/cm') st. ear.
J 200 - -4e I Specimen 14.-Specimen 14 was similar to Specimen 11 with the exception! .; g one, as cyrw.

I of size of preset crack width and number of loading cycles. Itesults are given0ar Forqtt 24 "* 100 -

cya. ,
k in Figs. 8 and 9(a). The first 25 cyclesofload were app!!ed with the crack set

at 0.020 in. (0.508 mm), the smallest crack opening used on any specimen.* , , ,
j 20 40 6o' ao 100 Slips of [+ 0.014 in., - 0.014 in.) (+ 0.36 mm, . 0.36 mm) increased to

-100 - Total clampme torce kips [+ 0.022 in., - 0.024 in.] (+ 0.56 mm, - 0.61 mm). The crack was then set at
0.030-in. (0.762-mm) opening, and an additional 25 cycles of load applied. The

-200 -

first extra cycle increased the slips to [+ 0.029 in., - 0.032 in.](+ 0.74 mm,
- 0.81 mm), while the 25th increased them to + 0.040in., - 0.044 in. (+ 1.01

FIG. 7.-11EllAVIOlt OF SPECIMEN 11 (1 put = 0.6895 N/cm ; 1 in. = 25.4 mm; t & = anm, - 1.12 mm). Finally, the crack was set at 0.015 in. (0.381 mm) on one8

444tl N) of the 24-in. (0.610-m) dimensions of the test specimen and 0.030 in. (0.762
mm) on the other, and 5 additional cycles of load were applied. The latter

Test resuia iar S.wetmens 8,11, and 14 will be given below. Ti.ree basic loading was done toestablishthefeasibilityofloading a specimen wdh variabin
elec of data plots are hyluded for each of these specimens: average slip crack width through the 18-in. (0.458-m) thickness of the specimen.
v sue shear load; ave ragu c.ak u."h versus shear load; and clam,i 4 The cycling effects are summarized in Fig. 9(a). The symmetry of the
forces versua shear loads. ?!.ese plots show the but:avior for the first com- agnitude of positive and negative slips throughout this complex load history
plete lo:.d cycle a:V for the final lo.idmg to a maxarnum value of shear load. should be noted.

4

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _



_ _ _ _ _ _ _ _ _ _ _ _ .

.

.

N- -
*'

i . . ,
.

)n
,

1844 August,1972
ST 8 ST g MEMBRANE SliEAR TItANSFER 1845 *

.

The degree of d. mage to the cracked surfaces after 50 load cycles was with the crack set at 0.015 in./0.030 in. (0.381 mm/0.762 mm). The specimen
examined by loosening the clamping rods and allowing the blocks to reach as was very stiff and had a maximur. average slip of only 0.074 in. (0.188 mm)
equilibrium position, with only the dead weight of the upper block attem& ding [0.053 in. (0.134 mm) on the 0.015-in. (0.31-mm) side and 0.094 in. (0.238to close the crack. The crack closed to 0.026 in. (0.66 mm), which was less mm) on the 0.030-in. (0.762-mm) side]at a shear stress of 427 pai. The total
than the crack width at which it was being cycled.The crack was then closed clamping force was also much lower than in preceding tests, being less than

half the applied shear load at its maximum value of 427 pal (295 N/cm').
4@ -

r,

' (o) SPEC.141 3ao _ .o, _
.c -----,

.

| 2* -

hion siin Avey.ck.teMtu- b:03--

, , , , ,
I U.,a.*** ,. .o2 -j loo

*

.,

5 o, _ Ave. etw), i I ; , , ,

,,
-005 # 0 05' 0 10 015 0 20 )'

' -60 0 - Shp. ea- o O s e i i a a e
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! o i_ t e
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. . -

I -- ---~ ~ ~ g ~ l.
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l
''
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FIG. 8.-I!EllAVIOlt OF SPECth!EN 14 (1 pel = 0 6635 N/cm ; I la. = 25.4 mm; I & = 14 AND 1611 in. = 25.4 mm) r.

4448 N)

| Analysis of Behavior; furameter Evaluatioos -Several behavioral aspects
up to 0.015 in. (0.381 mm)onone side of the block by tightening the nuts on the were common to all tests and will be given prior to evaluation of the various ,

clamping rods; this was accomplished with no difficulty with a hand wrench. parameter effects. These aspects include:,

The increase in crack width during peak cyclic loads was about 0.005 in.
(0.127 mm) for both cases of preset crack widttus of 0.020 in. (0.508 mm) and 1. Slip in the shear plane, and the widthof the crack at the plane, both in- [
0.030 in. (0.762 mm). The specimen was subjected to its maximum load cycle creased under cyclic shear loading (see Figs. 6 and 9).,

,

I

!
i

.

.
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2. Specimens were loaded to a terminal shear stress in the range of 300 mens. Slip values for both positt te and negative loading, for cycles I,10, and
i pai to 450 pai (207 N/cm* to 310N/cm )after the cycling; however, these high 25, are summarized in Table 1.8e

I atress levels did not represent true ultimate strengths of the specimen in 7. SilP decreases with increasing aggregste size. As shown in row 6 of -

i shear. All specimens undoubtedly possessed a higher shear capacity than that. Table 1, slip of the small aggregate specimen (No. 8) was 8 % of 36 % larger
i measured. than slip of the large aggregate specimen (No.10). The largo aggregate be-

3. The forces ira tuo *: lamping bars remained lowduring cycli..g; the total comes relatively more beneficiatin resisting slipaa the number (,f load cycles
*en alle force was in thi *angr of 'M % to 50 % of the applied shear load at increases. Slip at peak shear (Col. Sof Table 1)was also higher for the spect-

i heanng stresses of 160 psi 110 N/cn. J [for specimens with 1.375.!n. p.r- men with the small aggregate.1

I cm) nism bars |. For tho."< epecimens which hadhighslips [ greater than about
J/8 in. (0.95 cm)) furing the final pear load cycle, the total clamping force g,y
was nearly equal to the applied shear load. Oi2 - *

4. The signifiant damage to the integrity of the shearing surfaces oc-
,

curred during the flint load application and not during the cyclic loading. This Spedmen f 6 *

conclusion was reached by comparison of surfaces which had experienced
.O.00 -

*
,

,

similar magnitudes of slip during cycling, but had markedly different slips .c 3
'

i -

.h fi

TAliLE 1.-tiUMMAltY OF SELECTED DATA Ui'

004 - = *-meo wed asip
.-net slip (cyctng off. css

I
deducted)

- -

_

c-. I c,a. . c,ci. = -
, . , , , _ , , , .- G n.t .iu . ...,i

'" Q"d' 5,'*", *7,' O* j** ' ' ' '" min,. m .u.. Neu me.u.. %in.. m .u..e m, wa w.u .
i. i.a..w.n n. i. :=6..wams.

umw.
i.1-6..wams.,,,,, i= h O 002 004 006 0.08i

i. -6. i. -w. i. -w.
; tl) (2) (3) tu (6) (8) (7) (5) 49)
. -- p)

e ...u ..a ...e ..o .... 4. . to 4.3n 2 iso -

le 0.024 0.025 0.e32 0.e35 0.034 0.040 464 e.368 CL
il 0.030 0.032 0.034 444 0.lil [!' 0. 018 0. 020 e.p?e.i4 m4 ..i t .. .n .n ...u en G.en-

-$is 4.0 e e.Gi e.oie e. ele e.eie e.cas 44: e.ois*
4 Sp.cli.-! g 120 - na,s.,,)

.

1 n..
_

' sne i .= i.n l.a h
10/it 8.25 3.I4 3.15 '*"

'
ll/it 1.36 4.49 5.48 **

E 80 - pe14/18 1.24 B.3G l.2s,
' ,

j a *wuh cr..k .es se 0.0 5/0.c3e s prior t., pe.h etw.r. I 8 '. eel
I bwish esath met es e.083 e b ,

aa i * as.4 m ; a poi . e.6 ass N/cm , g
-

. 40 -

- 030en gires.t ooce width
*

g
3 -at 467 oggr.gotaduring the final load application.Those specimens which had larger slips &'

during ti e final load had a substantial amount of ground material in the joint ' ' ' '*Os

1 while the othens had very little material inthe joint and no noticeable surface O 0 01 002 003 0 04
damage. Slip offer 25 cycles of load , in,

j 5. With two exceptions (Specimens 3 and 4), the increase in crack width
i after 25 cycles was less than or equal to 0.010 in. (0.254 mm). ygo, 3 o,_g,) SLIP VEf tSUS INITIAL. CitACK WIDTil; (6) 25 CYCLE SLIP AS FUNC-
'| 6. The magnitude of slip did not return to zero during the unloading of a TION OF APPLIED SilEAll STitESS (1 pa = 0.6s95 N/caf; 1 in. = 25.4 mm)
| specimen. Typical behavtor is shown in Fig. 5; as the load was reduced to

about half its peak cyclic value, the slipremained unchanged. As the load was 8. Slip decreases with increasing size of clamping rods. A direct com-e

further reduced, the slip decreased but did not vanish. Only upon loading from parison of the effect of axial stiffness of the clamping rods on slip and shear
the opposite direction did not blocks pass through the neutral position (zoro stiffness is not possible because all specimens made with the larger rods
slip). Unloading from the negative cyclic loading produced the same type of (1.375-in. (3.50-cm) diam, p = 2.5 %) were cycled at a higher stress level

! behavior. The effect of varying the main parameters can be best summarized than were the specimens made with smaller rods (1.0-in. (2.54-cm) diam,
by comparing the magnitudes of shear surface allp measured in certain spect- p = 1.2 %). Ilowever, the beneficial effects of higherclampingstiffnesscan be

,

i

.
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shown by comparing Specimen II, cycled at 1 164 pat (l!3 N/cm"), with Spect- bars inclined to the crack plane. Recommended values aregiven as a function
men 10, cycled at f 121 pai (84 N/cm') (Itow 7 of Table 1). Both specimens of steel ratto, which is a measure of the clamping stiffness, because the testa j
were made with the large aggregate. Specimen 10 had slip values ranging demonstrated that the stress corresponding to L given slip displacement in-
from 15 % to 29 % higher than slips in Specimen 11. In addition, Specimen !! creased with increasing clamping stiffness. Embedded bars in a containment

|was considerably stiffer whea subjected to the maximum shear loading (see shell will have a substantially shorter effective length per crack than the
Col. 9 of Table I). No direct comparison of Specimens 10 and !! can be mado external bara used in the test program. They will, therefore, provide greater
at a stress of 120 pel (83 N/cm ) on the first load cycle; the small rod spect- clamping attifness and will assure evenbetterperformance than was observeda

| men slipped 0.024 in. (0.61 mm) while the large rod specimen slipped only in the tests.
| 0.014 in. (0.36 mm). 'ttJgl1LtdTieled'11iMMUMEaldis'Eilian'P'4t[hted3 fFif Iture~ very ,

9. Slip decreases with decreasing initial crack width. Specimens 11 and 1 W coh$a 'lfur3xample
yflM @,C6de:For?;withwheesyroposedin.itudo;%comird[YN2f14 had initial crack widths of 0.030in.and 0.020 in. (0.762 mm and 0.508 mm), hW al(secra"clu[Ila_dwLtarackets.an8 I

respectively, while both had large clamping rods, large aggregate, and were ' MI, hefG'l%skfi$)Lthq71atterd@qilplAILptrgaltMug,sjspjo j
*'

661I&cm%The'differktkefadsesgof conse, from tier
{

cycled at + 164 psi (113 N/cm').The ratios of slips of Specimen 11 to Spect-
E3;py"EKdly}Nalu''s aretatenitedth preolude fa'ilurhidle th'elveluds

*
m.

fiehdeGE
~

men 14 are given in flow 8 of Table 1, and range from 1.35 to 1.49. The 4ffect e j'

cf larger initial crack widths, up to a maximum of 0.070 in. (1.78 mm), was F S F Z .. G n M 9 p 9 ? W Q legibbromail
examined on Specimen 16 which was cycled at j 164 psi (!!3 N/cm ). itesuiisa

,
are summarized in Fig.10(a) in terms of the average maximum slip which .

would rcuult from successive single cyc.les of + 164 pal (113 N/cm') shear y
- - - - - + -stress with crack widths set at 0.020 in. ('t.508 mm),0.030 in. (0.762 mm), ; 160 iFor p>.025, limit shoor

. . . , 0.070 in. (1.78 mm) on the same specimen. It should be emphasized that
this curve is valid only for the specimen with large aggregate and large j 120 -

occumulation of data whichI clamping rods cycled at f 164 pal (!!3 N/cm ). For this situation, the de-a e

pendence of maximum average slip on increasing crackwidth is nearly linear i may justify higher values
'

' for crack widths in the range of 0.030 in. to 0.070 in. (0.762 mm to 1.78 mm). 80 -
=

10. A specimen with variable crackwidthacrossits thickness exhibits less j
| alip than a similar specimen with a uniform crack width equal to the average y !

of the variable crack width;furthermore,itdoesnot degrade any more rapidly 4o ,

than the uniform crack width specimen.The results from Specimens 14 and .

15 form a basis for this conclusion. Both hadlarge aggregate, large clamping j
rods, and were cycled at + 165 psi (114 N/cm'). Specimen 15 had an initial sE o !

' ' '

crack width of 0.010in.(0.254 mmlon one side azul 0.030 in. (0.762 mm) on the O .01 ;D2 .03
|

other, while Specimen 14 had a uniform crack width of 0.020 in. (0.508 mm). Clamping steel rollo, p
'

As shown in line 9 of Table 1, the uniform crack width specimen had slips '

about 30 % higher than Specimen 15. FIO. II.-ItECOMMENDED UNrr SIIEAR STRESS LIMITS FOR SURFACE ROUGliNESS
Il The amount of slip to be expected after 25 cycles of shear loadmg on INTEttLOCK MODE (1 pet = 0.6s95 N/cm )8s

specimens with large aggregate, and with a preset crack width of 0.030 in.
(0.762 mm) is shown in Fig.10(b). This plot was constructed from data on & "T .Mhe concrete used in the test specimens was typical of
Specimens 10 and 11.1t is seenthattheaccumulated maximum slip ts a linear containment structures and not of unusually high strength.Thus the values
function of applied shear stress for both percentagesof clamping rod. given on Figure 11 should be conservative for most containment vessel con-

12. The character of the load versus slip response for later cycles of cretes. For mixes which depart significantly from the test specimen mixes,
loading was measured on anumberof test specimens, normally at the 10th and described in Part I, it would be prudent to conduct similar tests to establish
20th cycles. The characteristic shape of thefirstload-slipcycle response was appropriate shear strength values.
maintained during subsequent cycles; specimens consistently exhibited anun- Two-Directional Bar Arrangements.-Because the circumferential and
loading stiffness higher than the loading stiffness. meridianal stress components, T,f and Ty (Fig.1), typically are dominant ini

the membrane stress state, and because bars are more economically placed
in these directions, it is recommended that the two-directional arrangement

PAltT II-lECOMMENDATIONS FOlt DESIGN shown in Fig.12(a) be used whenever the membrane shear stress, S, corres-
ponds to a unit shear stress not exceeding the values presented on Fig.11. In ,,

Fig,11 presents recommended design values of shear strength along a these cases it is further recommended that the circumferential and meridianal ,

crack, in tho surface roughnessinterlockmode,asa function of the reinforcing bars be proportioned for membrane forces T,, + 1.5 Sand Ty + 1.cS, respec-
ratio of bara normal to the crack plane, or the equivalent (reduced) ratio for tively. Because many different combinations of T , Ty and S must be con-ff .

!

}
|

_ _ _ _ _ _ _ . _ _ _ . - _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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A PPENDIX.-RE FEltENCES Journal of the

STRUCTUllAL DIVISIONr ,

l :

'
'

l. Buketand. P. W., and Birkeland,11. W., " Connections in Precast Concrete Construction," Proceedings of the American SoCicty of Civil Engineers
Journalof she Ameruan Cowrese lmsuute. klarsh.1966.

2.Colicy,8 li. and llumphrcy,11 A.," Aggregate inteilock at Jointa en Concrcic Pavcments,"
*'

toughway Jteseerd Record No.189. I961 pp. I-IS.
3. Fcamick, R. C.,"The Shcar Strength of Reinforced Concretc Beams." thcus presented to the

Univerway of Canscrhury, at Christihursh. New Zealand. in 1966. in pastial fulfsflinent of the
requarcments for the degrec ol Do6:ur al Pladonophy. STEEL COLUMN DUCKLING UNDER TilERMAL GitADIENTS,

& Gordon, C.T., and Klchm, W. L.,"Conventsonally Remforced Nuticar Containments,,, Jout-
imalof she Sarunural Darnon. ASCE. Vol. 96, No. ST2. Proc. Paper 7065, I'cb ,1970, pp.199- By Charles G. Culver,a M. ASCE i

219.,

'
S. Ilofbed. J. F., Ibraham, I. O., and Mattack. A.14," Shear Transfer in Rcinforced Concrcic,"

i Journalof she Amerwan Concrese Imtuute. Vol. 66. No. 2, l'cb.1969, pp. I 19-|25. f
i

6. Nowicn, W. J ,"Influcacc of Aggregate Psopcrties on I_ticctivcacss of lutcriod Joints in Con- 1
,

' crcte Pavements," Journal. Portland Ccment As=ociation Rcscarch m.nd Development Labora-
INTitODUCTION' torica, Vol. lo. No 2. May.1968. pp. 2 8.

'
7. White, R. N ,"Bchavior of Psc Craded Concrete Sutgected to Revctsing Shearing Stresses,"

SWNDJ. Stonc & Wctater Enginccring Corp . Itosson, Mass., Nov.,1969, also, Deparsment of The influence of elevated temperature on the strength of structural members
S#runusalEngsneerug Repors.Corncil Univcrusy,ithaca.N.Y Nov.,1969. la an important design problem. Although considerable work has been done in

this area for aircraft structures (2), similar information is not available for
steelmembersused in buildings. The recent asse of exposed steel members in
buildings (11), for example, has pointed out the need for more information on
the load carrytr.g capacity'of columns subjected for fires. In order to develop
such information, an analytical research study was undertaken to determine
the strength of steel members at elevated temperatures (5). A comprehensive
review of previous work in this area is presented elsewhere (12).

The problem considered herein is the determination of the buckling loads'

, for wide flange steel columns subjected to elevated temperatures.
|
.

PflODLEM STATEMENT.

Elevated temperaturesaffectthebehaviorof steel columns in several ways.,

*
First, the material properties such as yield strength, modulus of elasticity
andthecoefficientof thermal expansion vary with temperature. The functional
expressions relating these quantities to temperature which have been deter-
mined experimentally and used herein are presented elsewhere (3). Second,
thermalstresses raaybeinduced due to restraint of the expansion accompany-
ing an increase in temperature. These stresses act in addition to those produced*

by the .rpplied load and obviously affect the total load carrying capacity of the
member. Thirdly, the thermal expansion produces deformations which may
interact with the applied load to produce additional stresses. This occurs in,

,

; columns subject to thermal gradients over the cross section which tend to
I i

Note.-Discussion open until January 1,1973. To extend the closing date one anonth,
I a written request must be filed with the Executive Director, ASCE. This paper la part
! of the copyrighted Journal of the Senactural Division, I roceedings of the American So-
! clety of Civil Engineer =, Vol. S8, No. ST8, August,1972. &lanuscript was sulanitted for
i review for possible publication on Decernber 6,1971.

a Assoc. Prof., Dept. of Civ. Engrg., Carnegie-Mellon Univ., Pittalmargh, Pa.,
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;



_ _ _ _ _ _ _ _ _

-

0. *

_3; ..

./ o-

Fr 8 MEMDIlANE SilEAll TItANSFEtt 1851 ,1850 August,1972 Fr 8

sidered, corresponding to different factored load combinations, the bar Three-Bar and Four-Bar Arrangements.-Etther by choice or because the
unit shear stress corresponding to membrane shear, S, exceeds the limiting

,
quantities actually may be defined by stress states in which S = 0.

It can easily be shown that by providing a bar clamping capacity 1.5S on values presented on Fig.11, one of the multidirectional bar arrangementsi
shown in Fig.12(b) and (c) may be used. It is, of course, possible to propor-circumferential and meridianal planes, the minimumetamping capacity on any tion the bars in any of thesearrangements so that the membrane stress state,other plane will be at least 1.0 times the shear to be transmitted along that

plane. As the tests reported in Part I indicated that required clamping forces Tu, Tp, S, is held in equilibrium by bar axial forces alone. Ilowever, it in
equally sound to take advantage of the capacity for shear trancier in the sur.are much less than 1.0 times ahear force, this recommendation Will assure
face roughness interlock mode. Denoting this capacity by S. = shellthicknessmembrane shear equilibrium through mobilization of the surface roughness multiplied by limiting unit shear stress from Fig. Ilin those cases for which

interlock mode,
S > S., one may proportion the bars to provide equilibrium for a modelled

Meridian bees membrane stress state, Tu + l SS , Ty + 1.5$,, and S - S,. Because Tue
| / e

s% Tp, and S typically take their maximum values under different factored load
| d/ combinations, it may be found that use of the modified membrane stress state

/ Cucumferenhet t ors
', N leads to substantially reduced diagonal bar quantities without significantly in-

'g[ creasing the required meridianal or circumferential bar quar.tities.That is,
/'

the latter may be defined by factored load combinations for which S = 0 and
t.) 2-om reet s.n. a.c arr.ns.. eat the unmodified membrane stress state controls. Accordingly, it is strongly

recommended that the modified membrane stress state be used for propor-
tioning (or verifying) bars to resist membrane stress states in which S e 0

F *"d'en bars This recommendation la justified by: (1) The Idghly conservative limits ofI M

I / \ (Diog. bors recommended unit shear stress presented on Fig.11, and the fact that these
\ h .- stresses are developed at extremely small slip displacements; (2) by the testADiogonal bars

N N -- Qcircum. bars evidence that resistance in the surface roughness mode is ductile (see Fig.
/ [I! s

/ Y o,eg. t, ors / \ 5, 7, 8); and (3) by the fact that if the shear problem la viewed in the context| /
Mieg bars of diagonal cracking it will be found that the resulting bar quantities are very
\ conservstive.

; ,., . ..r..... . r .rr..._e...

CONCLUSIONS
|

| Transfer of cyclic shear stress on the order of 150 pai across cracks in
reinforced concrete is possible, with only minor slippage, by the surfaceMeridian barei g r ughness interlock mode of shear transfer.The interlock mode is mobilizedh \ / Dios. bars

N \ M [, by restraint forces in the reinforcing located normal to the crack; the re-% /s
straint forces range from 30 % to 501, of the totalapplied shearing force.

' %% tcircum. bora,- ,

/
/ N< Diog. boss
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J.' Shear Transfer in

;

!

| Reinforced Concrete. ;.re_
,

. t e.
our

Presents a study of sheer transfer in reinforced
concrete, that is, the transfer of sheer across e
plane, such as at the interface between-a precast
boem and a cast.in-place slab. Thirty-eight push.
off specimens were tested, some with, sec.no without
a pre-esisting crack along the shear plane. The-

shear. friction theory was found to give a conserva-
tive estimate of the sheer transfer strengtiv of,

initially cracked concrete. A method is presented
for ther calculation of shear transfer strengtit irt
initially uncracked concrete, based on the Zie
envelope to Mohr circles representing failure con-

sO, ditions for concrete.
By J. A. HOFBECK, I. O. IBRAHIM and Keywords: composite construdion (concrete to

concrete); connections; precast concrete; re:n-
forced concrete; research; shear stremgth; slippage.

ALAN H. MATTCCK
,;, 3 StruATIoNs EXIST WHERr shear failure is con-

strained to occur along a plane, such as at the in-
terface between a precast beam and acast-in-place

iecial deck slab, or at certain locations in precast con-i the
crete connections. The transfer of shear across

d. such a plane is called " shear transfer,'" to dis-
sing tinguish this type of shearing action from that -

which usually occurs in a reinforced concrete
f.uid t beam.

Instances where shear transfer across a definite
, plane must be considered in the design of precast

concrete conriections have been discussed by
2 ding Birkeland and Birkeland1 and by Mast.: Mast has
s4.0 further pointed out the need to consider the case

where a crack may exist along the shear plane
before shear is applied. Such cracks can occur for
a variety of reasons unrelated to shear, such as

, tension forces caused by reatrained shrmkage or
temperature deformations accidental dropping of

3,3 a member, etc.

.y EXPERIMENTAL STUDY

This paper reports a study of the shear transfer
'

j strength of reinforced concrete, both with and
without a crack existing along the shear plane

M
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prior to the application of shear. The objectives 6.To attempt to rdata tha shrar transfIr -

of the study were as follows: strength measured in push-off tests to tite com-
1. To determine the influence of a pre. existing pressive and tensile strengths of concrete and c

h cracic in the shear plane on the shear transfer- 'steel ,.

strength. y

2. To determine the influence of strength, size.
and arrangement of reinforcement on the shear The test specimens '-

A typical specimen is shown in Fig.1. Whentransfer strength. "
3.To determine the influence of concrete loaded axially as indicated by the arrows V in

C;

strength on shear transfer strength. Fig.1, shear without moment iae produced on the a;
4. To examine the possible contribution to shear shear plane indicated. If adequate longitudinal and

IC '
transfer strength of " dowel action" of reinforcing end reinforcement is provided, failure of this type

C'
bars crossing the shear plane. of specimen occurs along the shear plane. Rein.

5. To examine the applicability of the " shear forcement across the shear plane is in the form of
te

friction" theory : to the calculation of shear closed stirrups, anchored by wrapping round thet

transfer strength. when a crack pre-exists in the longitudinal reinforcement. The actual shear rein- ve :

as
shear plane. forcement provided in each specimen is given

b.in Table 1, together with the concrete strength.
in-Each specimen was cast horizontally in one
mpiece, oriented as indicated by the section in Fig.
mr1. The concrete was made from Type III portland

SV ,. 3 3,,,,,, br:cement and. 7/s in. (22 mm) maximum size river
A [''''a thegravel aggregate. The specimens and companioni Ooznh

' Zor'V 2" ** Ut,'i 72fi compression cylinders were cured in the formsi e
s f

"'h \ -7"7-87aj under polyethylene sheet for 48 hr. At this time OPI'
-

j the specimens and cylinders were taken from the
; #: '*

.,. y. forms and were stored in air alongside one an-! . .: . . s nzny. :, ; other until the time of test, usually at 6 days.
|

* *** *
, 'b.

| ! I / The specimens of Series 6 differed from the re-
,

' '
'

O ,,,4' \ as.Seenon in mainder of the specimens. in that soft rubbera *
cost pas. tion wit, , sleeves 2 in. (50 mm) long and % in. (3.2 mm)f [^ ; ; 3 'he, _,,u,,,3,,,,,,,. thicic were secured around the legs of the stirrupsw ,s r ..ozn s-

'
'

'j i ; of *where they crossed the shear plane. The rubber
; IV ] sleeves were provided so as to eliminate as much spe.

tee:o,,,,,,,,,,,,,,,,,,,,,,,,,

as possible, any dowel action between the legs
,

7$,n o!n
" " * " = >

datof the-stirrups and the surrounding concrete in
Fig. f--Details of push.off specifn.n theshear plane.

.
s

TABLE l-TEST SPECIMEN PROPERTIES t'
g

_ . = _ _ _ _ . . -
, Stirrupt . _

. . _ . _ _ _ -

5tteruo concrete *
stirrupt stirrup Concrete e ,

ha r saze Numner i rieto strensen i ; car saze Number ytetet strenstit {,

,

. 2 nr m. of noint. ka t fi. sui 8specimertposnt.kst ti. :isaspecimen m or irt. of .+ e k t/ene'. stirrups : e ksf/mm4-- .s- ,No. amme attrruo. ' * qf/mm's t s kgf/cm4 No. emms
. ._ ,

- . - _ - - - - . .. .... - - . -

'. 3 1 2 ~ 50 L <!3 23 4444 a ;'845 i

t 0* - 's
'

440 :2344 31 '-

t!A =3 3 3 1 50 7 t;3.74 '320 i!"E s :t :: 4.48 54 5140 d> Wl0 '08 I a

I

iIS 23 95 t 48 0 e 33 35 4340 00$e 33 =3 .3 5e 50.7 f:3.7) it"88 * *13'

12A =3 9 3. 50.7 6?.S.76 3340 s:~0) 3.3 = l e t .7) : 67 : e 33.:n m4 p * J84* *

12 8 23 95e : 48.0 8 33.a s 4 ten a 294) 33 $ 415.36 42.4*:331 404d e 284' |
,

'

3340 42706 4.1 i 23 49.5s 1 44.L e 44 51 470 N' ;

LJ:A W.9 5: 8 3 54.7 a 35 7) g : 'io 1 i 64 5 s sti?0 * M' ;3 4 9.Sn
'.48 0 33.8 b . 0330 12746 42 ''IS ::: iS 5 e 1

3 iG 1 t 44 5 e 4:46'I
I 4A .I is s a 4 50.7 t".3.71 45t0 e317) 6.3 1 23 33.

i 18 23 e 9 5 6 & .80 33 15 0355e2723 4.4 :: s35. 6 641. ;4 3 e :: ta' ' 2'8''

?3A =3 t 0 5 5 54.7 f 33 7) +310 e tt?) 65 =3 r las 1 . mi t 44 5. : :M - Q
ISR :. 95 1 48 0 e ?.3.3i W43 e::3As 11 : 95s 1 M7'37 219 "

14A =;t e 9 5 e .i 5d 7133 71 43:ne:n:1 53 23 i33. : 54 : 33 7s ;@ I'''

i 'sa =3 4 3 51 4 44 0 e 33.8s 4#150 s:333 33 =3 9 5e .I 3d7.037s ":3J #
C

:t =3 15 s t 30.7 :43.71 3tnu e:ts 54 23 35, 6 4 7.a3 7e :aN

y :: =3 m e : Sn ? u ?. m ,.::n, ss :3 ,9 s e . .a r. .c'

*.=e 7 21 ? > ruan.;;$e sI* =a .i; a .i ..
- -

g/.
* 2a '* J s

- : =a ,a. . . . - .5 : 2.,., ::3 .:. :: 5. . . . . .a . ._
*t :.! . . 3 e 1 3d f .3 7 ti.;n - ;.7 s e 41 :: s 1. : 6 .1.t -

a : . 5e ne - 3: . n :., . . ,. : . :. . o. ,, .

*U F +.=q.. .~t .: --"r.am . a '. - 4* * ers* ;*: ? k <.* t * . * * f%i

n ' .a r . en - e?* . t e et
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,- .- ;- :. uncrude i.f ' .1 " ~ C 5 * "*a. . , :; ; . ;. r e .. .

4....a....... , . 7, . ,4.. . q,.aa t , 3, o . . ,: . 2., . . . . ., . _ . . . , , . ... 0... . . . . . .. . ., ,. , ... . . . . . . . .. . . . .
,,

. c ache :.kar. the sr. car p!.me ,t,efore tesang.
. , , ,, , ,, , . , , _ _

.,.m.i,. . 3,,,,,,2,,,, , . , me,. o, ,. . , , , . . . . .

' The crack alon; the snear plane was formed ""''*S'''

,.g'',-~ u follows. The specimen was piaced hori:cn: ally ,o.,,,..,,,,,,,,,,,,.,;,,,,:,.,,. y., .,,

m a hydraulic testing machine, oriented as indi- s' wom s e *- .. ior ~ , . c.a-*u m a - --..

' . . * ! cated ' y the section in fig.1. Line loads were ""'" ".:".ng" m' *,"n''9'**i o67. u,. io,.~m..s.. h N,'~." " * " "' **'"" '' "b .a e.. , ,a .

* y3, g applied to opposite faces of the specimen at the suo aie ouw.oa e en. ur ws.sv si raa" ,--';
location of the shear plane. The loads were in-

ac: memon As.a M. m.nnh ..nce m4
ereased until a crack formed m the shear P ane- sin bn- ymly,. io, of c~.. .an.nm .a,. va..may e+ wunma.on -.

* * * * ' * ' ' * " '*"*a"""*''"''"''""L"*""-*n of } The shear test was performed in the same Laco,.iory cf *h.'''koniano Cemns Assoc"a6cn. $1ch. m.

.a the testing machine. The spec: men was placed in a ,.c..nd as. ms. .no ano a.,...i in .ng.n ,.n, ,,o,r ,w

. rein. vertical position and was loaded concentrically un.nna, cf tonson. en,i.nd Aci.= in Aci inan.c.i co+
mniee worr. Dr. Mar ock is cur,entiv cne.,m n of aci.A$Cr

as indicated in Fig.1. The load was increased comm.nn 4::. p,ne,med concrew. .ad Act.Asce co ,n .and!VCD

:Ugth. by increments until failurc occurred. After cach ':s. mi on.,n. .nd . nw. nee, of Aci comm.nu m
Cur,ene Run,ch. ACI.A5CE Co,nm. nee 426. Shur and D..er

increase in load, the slip along the shear plane a teni.on. .nd Aci co,nm.n . ans. to. . n. s. .n ...,o.o., one

$ y ,,, was measured. For this purpose a 0.001 in. (0.0254 '"* ^C'*"*""'**i'**'"*"'"'"'*"*"***"'"''*7-

rtland mm per division) dial gage was mounted on a
river bracket attached to the specimen on one side of

panion the shear plane, with its tip resting.on a hori-
frrms 3 zontal steel plate secured-to the specimen on the stresses of from about 500 to ~00 psi (nom. 35 to 50

s time opposite side of the shear plane. kgf/cm:). These diagonal tension cracks crossed
im the the shear plane at an angle of from 40 to 50 deg.
ne an- TEST RESULTS They were each about two inches (nom. 5 cm) in
avs length, and were spaced one to two inches (nom.

3 avior uder loadEare- 2.5 to 5 cm) apart along the length of the shear
Typicalload-slip curves for specimens with and plane. After formation of these cracks there wasr ;r

( )- without cracks before testing are shown in Fig. 2. relative longitudinal movement of the two halves
:irrups There was measurable slip from the beginning ef'the initially uncracked specimens, but this was
rubber of the shear test in the case of the initially cracked not slip in the true sense of the word. The move.
. much specimens. However, no movement could be de- ment was rather due to rotation of the short con-
te 1;gs tected.in the initially uncracked specimens until crete struts formed by the diagonal tension cracks,
reta in diaconal tension cracks became visible at shear when the stirrup reinforcement stretched.

'l i |' 'i ! i' 'l I
' ' '

y ,,

s,ecimens inacHv uncracked
,

Soecanons trut.on, Croened j
2 |$m - - a

Concret. ~ V.* no k , la 8
7,*,"pT E l V e 694 h*
itguem8e 2 <3o) _

692 h , LS 8
,

h,,,.**'"" -6s0 h- 64 o b , f 4 8 ]4040 s2s46 Go -

23 1401o e28*1 ;>
53.5 k , l.3 8 12100 inst y

So.o k |4040 :s4n g 49.o h ,12 8 2.4%
an40 4:341 .,a (2ol - 42o k iI 422k'II8 -40 0::ssi 40y
. 40 0 e-sis y 2.3 g

34o b I-m a.2.s. g -

|
mo ison y
3:90238) (tal,. ,. - 29.S k ,

- 04sns372i Zo- -/ 2.2 -

|:s oe1546 / 2.8
:3s3 i168) i
05Ao a ls:1 !

:600 1841 t I f, I I !. .I
T9 ' 0 looi i co2 1 004 o .0 01 1 002 I co3 0.o4

*

d=Tl~. M (C2) (O4) (C6) (Q88 (02) (o.41 to6) (C8) 0 o)
9'

Siin . in. (mm),sm:m
._

Fig. 2-Typical load slip curves
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Similar diagonal tension cracks occurred in Ultimate strength It is

initially cracked specimens that contained a high The ultimate shear strengths attained in all the of the

percentage of stirrup reinforcement. These diag- tests are summarized in Table 2. For convenience propor
onal tension cracks ran across the pre-existing they are expressed as average shear stresses u., values

p/ crack in the shear plane. obtained by dividing the ultimate shear force V. of the
s

Final failure was accompanied by compression by the area of the shear plane, bd (where d is the to she

spalling in the region of the diagonal tension length of the shear plane and 6 its width). exister

cracks adjacent to the shear plane, and by the Effect
formation of additional cracks joining the diagonal If th

. tension cracks together. reinfor
DISCUSSION OF TEST RESULTS .ing the

Effect of cracking ..

"J The data indicate that if a crack exists in the' ' '' ' ' '

3 :. ,

shear plane before the application of shear, theno
the slip at all stages of loading will be greater, 'i-.,

than would have occurred if the crack had notizoo- Inm.s.
t

.

,.o,. , uma.e .

been present. The existence of a crack in the .

\
* -- - shear plane also reduces the ultimate shear*0- D

_

strength, as may be seen in Fig. 3. For values of ,

800- ( - the web reinforcement parameter pf, between,,o,. ,

about 200 (nom.14 and 70 kgf/cm:) and 1000 psi.,"r Inmei, c, . so , m ni,
.

' * ' '-.

the difference between the ultimate shear stress"
_1 in an initially cracked specimen and that achieved

"'" eco .

*'. 'gua ', +
in a companion uncracked specimen is almost con-c

.co_ ,g . con ,,, ,,,o g, stant and equal to about 250 psi (nom. 17.5
' ' '' ,, ,, so .., as %um,, - kgf/cm:). For lower values of pf, the difference *

* - increases. For values of pf, above 1000 psi (70 c

kgf/cm:), the strength of the initially uncracked :
, , , , , , ,,

specimens increases at a very slow rate with in-
o aoo ; .co soo acoi coo azoo i.co

crease in pf,, while the strength of the initially-. taar caci ison (son oco'
p f' . ps: Oigf/cm') cracked specimens continue to increase at the

same rate as for lower values of pf As a result
. .

of this, the strengths of the cracked and uncracked
F.ig. 3 Var. h.ia on of shear strength with reinforcement specimens are approximately equal for a pf, of Fig. .t_

.

parameter pf,, with and without a crack along the shear sh
pl.no 1340 psi (94 kgf/cm:).

the re
to de

TABLE 2-TEST RESULTS
~ IO5U Cnr.. o[ ' v.. pu

Specimert ret,.* pu e * psi Spec: men
'" s. i tctuem-e issuem" 'he r.N.s. i ksui:m-) .ksucme ..

1.0 4 130 .33 31 :1 49 e 3.3 e 210a16$t 3ng .

l.AA ::2 115.7) * 346 e 52.83 12 **3 e 15.75 320 (;:86 .i s

3.18 211 814.81 884 53 4s 3.3 446 i:1.nl 980 47 81 2. p'

t.:A 446 a t.46 tunu .70 3a 't.4 1 740 (52.11 1028 t72.31
'

p''
128 4:2 i:3.7. 9no ..s3 0e 43 tild 473.23 1133 t 81.11

[n :,:e,

t. A 470 67 2 : tuu . 77.1.
L .;G .cn i 44 d e t: 70 73 ~.. 6L 23t 234) *n4 43 5 6 .

M
t.lA ;t 3eH2Aa tat:0 015.7 . 52 133 41 f a "Mo o.3 95

,
1.48 344433 4s ? *:te 3n us 63 :17 4 oil 5 s Lt80 :43 u s ( l~i :)

1.5 A 1820 <!3 8i 14m i n*t s e &8 1 t43 a J t .3, 1400 e'Hl 3. m5.
1.58 1053 74 2: tr3t 017. i s i3 1413 s t02.ne 13::G e92.N)

*pnjer
14A 1340 543 lana . it.s se .

1.48 1::tpl ei:'s la It?> < 9 'r e 9L ;::r.1 . tS 76 510 :35 3) i betws: un zu. w ont

:t ::2 ns . u mi 5, 5: m . 7 2, 3i0 57.4 .

.ffec-! -n m . u.., .. e i, s4 m . .i2 4, ris . sui

{,
21 67n . 47 3 em n ;n i3 11 2.3 72 :. I.eto . it 4 .

m ..e3 ;.. Ta:n
:s iir> . s in inna . -. i s . 4 :ii . i u. ind . s.u. i -mie..
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. ne :rJ.'.it. 0 v":. . v . rVL v:. 5 :. Tv ' c:rettiy f u.* , v .; ", ftQ ;;;r f.:rr.. . :e? r ..n*, .

. - g .-:. m s. " :m :.n: cur.: rem:' : .emer.* . <. : u Fi, - kr m k - f n.m. , . :. . . . ;n c:. s :t j

:.'r a M pr. 14 :: ' em-, as trend me ,:re . * r.f m. c:r .eny :---f..r .-u . - :r.. . o: : .

[] :m cs::. seem: ,tv :ncicate samt. contributan ru!'r havin;; a :elc ; o:nt M - ;7 h. W.?.
.c, snear strengtr, oy tne concrete. despite the kgf/mm9. The concrete strengin was WM csi-'

c:istence of a crack along the shear plane. C80 kgf/cm;) in both cases. und both serie[of

Effect of stirmp bar size and spacing Specimens were deliberately cracked alon; the
If the area of the shear plane is constant, the shear plane before test. With the exccotion of

reinforcement ratio p can be changed by chang- the most heavily reinforced specimen. the strength
ing the bar size and/or the bar spacing. In Fig. 4, of the specimens reinforced with the A432 bar

a

,
- . . . . ., -- _ . ._.__

'#'Mt.00'- *= L =asO.,'- *o O
*

C'

O i Se *: 4- * * 64 a ns. .

S '*' 3 - :Z- ,# 5 "9 "~'' 'A
1200.--

C8"'w''' 5'"'*uc .sosevig ..$,,,,,,
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; tyy. _rem. ''otwe Sea .:e ' g ,3 .

%
| t

. . - o icc0- . e _.ecc -

l'2 7 a=a ! 8

e
*

MO)- ri18 01- o

N y, * ' seres 2 - f, a SQ7 4s.
_ 'tv., 000 w a em s-

$N Series 2
f 317 ngfinw,h k*

wreene shmae Seanne..i wc e s ,-s i psi,
'''',,,,,, soo- o tSS svuni

_1 <w,, a
-

Ye00- o --

'* ' ace e. ' **
*2

dy * *M one (200 mgfsa,*- @- f,* = am ps, (200 ogfic,,i as@ =

f, * So lise (M * gf/c.n') 4' g,
c'a'a a Sa'= maa'

~ Cass soece==sas Inefinlay
'80" $y ai, s, in,,,,s , j -

j
.

200200
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- cr sa.- a
a i .

1 - i , , , i. I e i . , , i t :
,

(+[ o 200 t 400 600 000 1000 68200 .a00 o 2tX) - 400 6a) 00th 1000 41200 $400 E
<20s te ee0s <eo ic0i ram <*ci ison feon icos e

"
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C

Fig. 4 -Effect of stirrup bar size and spacing on the Fig. 5-Effect of stirrup reinforcement yield point on 3
shear strength of initially cracked specimens the shear strength of initially cracked specimens $

r,

the results of Tests Series 2 and 3 are compared stirrups was greater than that of the specimens 1

to determme whether the way in which the reinforced with intermediate grade stirrups, for .

**

reinforcement ratio is changed has any effect on any particular value of reinforcement parameter
the relationship between ultimate shear strength pf,. This appears to indicate that at ultimate

"
g

and the reinforcernent parameter pf,. In Series strength the A432 stirrups developed a stress $'
2, p was changed by varying the stirrup spacing, greater than their yield point, i.e., strain harden-
the bar size being constant, (:$3) (9.5 mm dia.). ing occurred. This is quite possible, as the yield -

In Series 3, p was changed by varymg the bar plateau of the A432 reinforcement is considerably
size between 1's in. (3.2 mm) diameter and =5 shorter than that of the intermediate grade rein-

,

| (15.9 mm), while maintaining a constant spacing- forcement. The test results indicate that it may 3

|. of 5 in. (12.7 cm). It appears that the way in safely be assumed in design that A432 reinforcing &

which p is changed does not affect the relationship bars will develop their specified yield strength j!

between shear strength and the parameter pf when used as shear transfer reinforcement. y
e

Effect of stirrup reinforce:nent yield point- Effect of concrete strength 3
In the tests so far discussed, and in other avail- The effect of variation in concrete strength on E

able test data,* * the stirrup reinforcement was all the shear strength of initially cracked specimens :.

of intermediate grade with a yield point of abut is illustrated in Fig. 6. The specimens of Series
r~. 50 ksi (nom. 35 kgf/mm:). It was thought desir- 2 and 5 were identical in all respects except con-
' J able to check whether the full yield strength of crete strength, Series 2 having 4000 psi (280 j

Type A432 reinforcing bars can be developed kgf/cm:) concrete and Series 5 having 2500 psi s
when they are used as shear transfer reinforce- (175 kgf/cm:) concrete. For values of pf, below

,

ment. about 600 psi (nom. 42 kgf/cm:) the concrete'

,
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strength does not appear to affect the shear trans- graettr than 14G0 psi (98 kgf/cm ) thry would gar

fer strength. For higher values of pf, the shear probably have had the, same strength. No un- dift

strength is lower for the lower strength concrete. cracked specimens were tested with 2500 psi (175 spe

kgf/cm:) concrete strength, but it is possible to p
Q Referring to Fig. 3 it can be seen that there is

calculate the point of change in behavior of the 3ga change in the behavior of the uncracked speci-
mens of 4000 psi (280 kgf/cm:) conerete strength uncracked specimens reasonably closely. (Tnis is cra
at about a pf, of 950 psi (nom. 67 kgf/cm:). There- discussed later). For a 2500 psi (175 kgf/cm:) 3to
after the shear attength increases at a slower rate, concrete, this point would be at a pf, of about 400 tin

and must also provide a ceiling to the strength psi (nom. 28 kgf/cm:) and v. v-uld be about 750 cre

of,ine cracked specimens. That is, if cracked and psi (nom. 53 kgf/cm:). A line through this point era
uns racked specimens had been tested with pf, and approximately parallel to the line through on

the 4000 psi (280 kgf/cm ) data for uncracked one
-

specimens, for values of pf, over 1000 psi (70 to
kgf/cm:), would pass through the experimental dif:

i ej data for the 2500 psi (175 kgf/cm:) concrete when gioi e i i

pf, exceeds 600 psi (42 kgf/cm:). /nooi,.

o'**- -~ for
o The concrete strength therefore appears to set de-

teoi- s. a z - e;.acooe J an upper limit value of pf,, below which the re- acti2co- -

| lationship between v. and pf, established for 4000 g< a * ""''

7 psi (280 kgf/cm:) concrete wohld hold for any leg*- '

..
j strength of concrete equal to or greater than that * * .

being considerei, and above which the shear% 800- ' * --
**

C5i \s s - e;.2soo n, strength increases at a lesser rate. The shear
CT

N"*"'' g'-- o - strength versus pf, relationships for cracked speci-" ' ' * " * " "
de'mens of various concrete strengths might there.

j-
crefore be expected to be as sketched in Fig. 7.

.co - ,,. sa us % u.,,,,,3 y

20'-
.m s a,

,i., ,
- Th

c, s ,
J Dowel action of stirrup reinforcement -

200 '

O (a) Inicially uncracked. specimens-The rubber de
, i i : , ,

A
2xy ** x emj0, a go g, sleeves provided in Specimens 6.1 and 6.2 elimi-emo

sh-nated any dowel action between the stirrup legsp r, , ps, sqf/cm')
and the surrounding concrete for slips of less ar

Fig. 6-effect of concrete strength on ther sheer strength
tha a about % in. (nom. 3 mm). The slips at any t.

of initially cracked specimens given load were no greater in the specimens witt w
rubber sleeves than in companion specimens with-

. out. The strength of Specimen 6.1 is equal to the
average strength of Specime.ts 1.1A and 1.1B. The

2 i strength of Specimen 6.2 is only 10 percent less
. , , , than the strength of Companion Specimen t.58 i

uso wee,+ -
*

i These results indicate that dowel action does notazo -

f
/ contribute significantly to the shear transfer,

,3co _

4 strength of initially uncracked specimens.'

v |

''w/ (b) fnitially c acked specimens-The slip atsiw srw w

SC~
g = .?" +

,

ultimate strength in Specimens 6.3 and 6.4 withv., ,

rubber sleeves reached 0.15 in. (3.8 mm). about,% ;eco - ,

;;s,
six times the slip in the companion specimens,,

g y,,,, ,ja without the rubber sleeves. The strengths atd"* ,
Specimens 6.3 and 6.4 were less by 34 and 23 per-*

f.'c'f % 9. ;., 2,,,,,,,

cent, respectively than the strength of initiallyI v m n 9--va
,

|/ cracked specimens of the same pf, value. without
rubber sleeves (usmg the mean exper:mentai line
for Serier 2). These results indicate that there

: :e m m m :s a corc..dcrable contrthution to thear tranh.^

c e -

.g
:, ;- ': attength oy .iowei xnen in .n:tially : rack.G

3 pee:muns.
Ciq. 7-?oss;ble aiatict:triin 'serweeri '< . and ;:r, for b'' O*U"-% Ud. dst EU V'th.

Wriev :ncuec :=ecimers of varioas ::r crete stre gr s mcraded md mraM es d . e: - .. ,
-

( er+3 uaiet

:C! 'C'.':UL TE:'.'in 'c0 .
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'* ;;.r.:.:.. : . . :. . n o:.:- . :3 . .s n; fr. : : :. .un... , .. . o n:r.-
~!- dii!vn r.' cra r:.:a ps:.er:. :r. ::.e w ~! tne: uie ci ~ = . . . .- r.:. w .s.n |- ..
''

fpt:"?.er si;;r.tly. T:. ; .:.. v . . . . t. i t ro. -

- In in::.:... uncracken s,pe::::.;r *:.e crack:n:: :en3R'n ' ac:. ' nu:d :n "." :: u.:t :. e.. -

O .r.ke; ne form of a number of shert dia:. unal s:ve stren in the cor: re:v nen .. :: t er e,.

#"[9, cracks cross:ng the shear plane at close intervals. compressive stress would prov:de resistance w sh .i
~C Movement of the two halves of the specimen rela- along the crack by virtue of fr:cuan between the
,' ('" tive to one another occurs by rotation of the con- rough and irre;:ular faces of the crack. It :s as-

" ' " ' crete struts formed between the diagonal tension sumed that 15" separat:on is suff:cient to strea.

l'MMI cracks. When this type of motion occurs, points the reinforcement to its yield point, so that if. .

ugn on the opposit'e faces of the cracks move relative to tano is the coefficient of friction beteen the[C one another in directions approximately parallel faces of the crack, the shearing resistance alonr
"

,

to the orientation of the stirrups. It would be*

the crack will be given by:,

.
. atificult therefore for any appreciable dowel ae-*

*"" tion to develop under these conditions. The rein- V. = A,f,tano (1)
forcement is put into tansion as a truss-like action.

to s:t develops, rather than being subject to shearing Alternatively, if we divide throughout by the
'e re- action at the shear plane. area of the shear plane, the relationship can be: @00 In the initially cracked specimens the stirrup expressed in terms of stress:
# "F legs cross the crack in the shear plane at right-

", b
angles. They are therefore subject to a shearing v. = pf,tane (2),

action by the concreta on opposite sides of this(h r
crack. In this case therefore, dowel action can Mast proposes that for a crack in monolithic

speci-
thir . develop between the reinforcement and the con- concrete, or at a rough bonded interface between

,
crete. precast and cast.in. place concrete tan 4 should be

taken as 1.4, for values of pf, not greater tha :
The shear. friction theo'Y 0.15f/. He further limits the applicability of Eq.

The shear. friction theory has been discussed in
detail by Birkeland and Birkeland,8 and by Mast.:.d r

g. A crack is assumed to have occurred along the h*
_.

""
,,

. p 12gs shear plane, and reinforcement having a total i
$

'f less area A, and a yield point f, is assumed to cross
~~~~~ ; .]9 ,,,7

at any the crack at right angles. The faces of the crack 4,,,.g
5 with will be rough and irregular, so that when slip b ',i <

'
with- /

to the y
' ' 1 8 ' b rJ ' ' liii3.The moi

'] fyC5""**',.sco.m v i '
t o yit less '' ,' '5

i 1.5B. * 5"** 3 - ', * 50 * m 4"a'"'t r
*'' - = s*= * - ', - ** a. =

es n:t .
18 o1- ses ngein.n't M

ansf;r f* * aooo os. j '

! ,,,, . 3 , biot onsn.of,coc (200 yt/en't, .o _,
Zio Fa eure t - - .

Envocoe
lip et '* * ego)= ' -

reo . . e

css v , e,(o f,1
i

abtut \ * ~.
"

er Wav mome teues.an ) ;<i
, %t**> son _ n y l.imens so;. ,,,,,y ,

| % ,o , (*

.hs - cf ,.is

-3 per- aco- aae ee,)ossr;,recoes. , [u 'a'] -, /
-p )g e i ,

{J*"was e usan w
'itidly t2os s

# * '*",, ', ' ,o
. ' _ .
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t >,ith:ut zoo . N, ' . ',al line x ,

,

1 [' }thIre 8 ' ' ! ' '
-
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'
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J

Fig. Momparison of shear strerr 4: calculated using Fig. 9--Construction of relationship between shear
-

'itiallyi
- " shear- friction" equation, wit'e measured strength of strength v. and reinforcement parameter pl., in an initi.r

1s n- ;nitially crecited specimens having f/ ar 4C')O psi ally uncracked push.off specimen -
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(2) to cases where intermediate grade reinforce- The shear-friction theory is a simple and valu-

ment is used. able tool in the design of connection detatis in
In Fig. 8, shear strength calculated using Eq. (2) precast and composite cc}tstruction. The results of_

these tests indicate that, using tan 6 eoual to 1.4.
(l is compared with the actual shear strength of all

the initially cracked specimens with concrete the shear-fric* inn theorv is reasonablv conserva-'

strength of 4000 psi (280 kgf/cmi). Within the tive for values of pf, less than 0.15f/ or 600 osi_
range of values of pf, set by Mast, the shear- ,(42 kgf/cm ), (whichever is the less), using retn-
friction equation yields a conservative estimate of forcement with a specified yield point of 60 ksi
the shear transfer strength of these initially (42 kgf/mn. ) or less. This limits the ultimate
cracked specimens. In view of the earlier discus- shear stress to 840 psi (59 kgf/cm:). The test
sion of the effect of concrete strength on shear results show that with heavy reinforcement, shear
transfer strength, it appears that Eq. (2) would stresses considerably in excess of this can be
start to become unconservative for concrete developed in cracked specimens. To take advan-

'

strengths of 4000 psi (280 kgf/cm:) or over when tage of this in design, it would be necessary to_
i

pf, exceeds 600 psi (42 kgf/cm ). The upper limit use a lower __value of tane and a different upper2

e
to pf, should therefore be 0.15f/ but not more than Izmit to pf,. suitable values would be tano equal _

5
600 psi (42 kgf/cm:). to 1.0. and pf, not greater than 0.3f/ or 1500 psi

.

The distribution of the experimental results for (105 kgf/cm;), (whichever is the less>.
#

the initially cracked specimens indicates that for '' Several examples of the use of the shear-friction
#values of pf, in excess of about 200 psi (nom.14 theory in design are set out in References 1 and 2. f

kgf/cm ) the shear strength is a combination of
cohesion and friction effects, with an upper limit Shear strength of initially uncracked specimens

cto shear strength of about 0.3f/. The slope of the Consider a push-off specimen width tu, thick-.

cstraight line through the data in this range is ness b, and with a shear plane of length d (Fig. 9). s
about 0.8. This is the same as the coefficient or The stresses acting on a small element of concrete s
frictiort between formed concrete surfaces mea- lying in the shear plane will be as shown at (b)
sured by Caston and Kriz.2 The shear-friction E.1 Shear stresses v on all faces, normalin
theory ignores the cohesion effect and compen- stress n, due to the restratnt provided by the stir-.

. sates by using an apparent angle of internal frie- ruP reinforcement, and normal stresses n, due to {tion which is much greater than the actual angle
of internal friction. That the friction angle used is [,

only " apparent," and is applicable only to low n
stress levels is noted by Mast.: ,
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w' To check whether this metnod of dur:vm;; ine

n. = pf, r.. pf, relationship is applicable to composite parn-. *
'

off specimens. to concrete of other strengths and
to push-off specimens of different size and pro-:-

n* V/btc
_ m portions, it was used to obtain the. relationships

Ar I for push-off specimens tested by Anderson.' In
w [ The problem is to determine the combinations Fig. 11 (a) the derived relations 5tip is compared

of tnese stresses which will result in failure of with the experimental data for rough bonded'
. r..

the concrete on the shear plane. To do this, use is composite push-off specimens in which both thei, .

made of a slightly modified version of the failure precast and the cast-in-place concrete had a.e ;
.:g : envelope proposed by Zia " This failure envelope is strength of 7500 psi (530 kgf/cm ). In Fig.11(b)
psi shown at (c) in Fig. 9 and consists of two parts: the derived relationship is compared with the ex-

_ (1) a line inclined at 37 deg to the normal stress perimental data for rough bonded composite push-
axis and tangent to the Mohr circle representing off specimens in which the precast concrete had

*

failure in uniaxial compression: (2) a line drawn a strength of 7500 psi (530 kgf/cm:), and the;.1 4

from the point of intersection of the first line with cast-in-place ' concrete had a strength of 3000 psi
' L'

the shear stress axis, and tangent to the Mohr (210 kgf/cm ). In this case the derived relation-
circle representing failure in uniaxial tension. In" ship was based on the average of the two concrete-ek . constructing the failure envelope for a particular strengths. In both cases the agreement between

= 9)- strength of cone-ate, the uniaxial compression. th derived relationship and the experimental data
:ta strength f, was taken as 0.85f/ and the tensile is close.

.

strength was taken as 66' psi (1.66' kgf/cm:). It appears therefore that although this method
tir- Since for a_particular pattern of push-off speci- of deriving the v., pf, relationship is based on

to . men r/a, is constant, points on the Mohr circles averaged stresses and a simplified failure en-

.Q at failure corresponding to e and a, will all lie on- velope, it can be used with reasonable confidence
O the straight line OA inclined at angle e to the for monolithic or rough bonded composite con-

normal stress _ axis, where e is tan-5(v/o,). The struction and for a wide- range of concrete

term (v/a,) is fixed by the proportions of the test strengths and push-off specimen sizes.
specimen and is equal to to/d.' A series of circles

,

' are drawn each tangent to the failure envelope.- CONCI.USIONS
r

-- Where Line OA cuts a circle establishes the pomt
v, o, for. the stress conditions at failure repre- 1. A pre-existing crack along the shear plane

-- sented by that circle. A line is drawn through will both reduce the ultimate shear transfer,

- point v. n, and through the center of that circle. strength and increase the slip at all levels of load.s

Where this line cuts the circle diametrically oppo- For 4000 psi (280 kgf/cm:) normal weight con-
-

_-
j

site from point v, n, fixes the point v, a,, that is, crete and values of pf, between 200 and 1000 psi,

- v., pfs By repeating this process for the several (14 and 70 kgf/cm:) the reduction in shear:.

circles a succession of points c., pf, can be ob- strength is a constant 250 psi (17.5 kgf/cm:).;

tained. A line through these points is the v., pf,'
,

I' relationship obtained in the push-off test. 2. The shear transfer strength is a function of
the reinforcement parameter pf,. When interme-

_- The t.. pf, relationship was derived as described diate or A432 grade reinforcement is used, changes
. above for the Series 1 specimens of 4000 psi (280 n strength, size and spacing of reinforcement af-

,

_ kgf/cm:) concrete. This relationship is compared feet the shear strength only insofar *as they
with the test data in Fig.10 and is seen to be in change the value of the reinforcement param-,

good agreement for values of pf, up to about 900 eterpf''|. _

. psi (nom. 63 kgf/cm:). The break in the relation-L

| d ship at about this point corresponds to the point 3. In initially cracked concrete, the concrete
at which the Mohr circles cease to be tangent to strength sets an upper limit value for pf,, below

'

the more steeply sloping line, and become tangent which the relationship between v. and pf, is the
to the line inclined at 37 deg. The implication same for concretes of strength equal to or greater'

of this is that the failure changes from a com- than that of the concrete being considered, and
, .

bmation cleavage-sliding failure to a shear failure. above which the shear transfer strength increases
Although the second part of the derived relation- at a much reduced rate.:'"

, . :per
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4. Dows! teti:n cf rrinf:rcing bzrs cressing th2 Sinipsis-Resumd-Zus:mmanfassung
shear plane is insignificant in initially uncracked
concrete, but is substantial in concrete with a

O pre-existing crack along the shear plane.Transmisi6n del Cortante en Concreto Reforzado
5. The shear-friction theory gives a reasonably Se presenta un estudio de la transferencia delconservative estimate of shear transfer strength

c r an e en c nento, reforzado. esto es, la transferencia
in normal weight concrete with a pre-existing del cortante a traves de un plano tal como el de la
crack along the shear plane and reinforced with superficie de contacto entre una viga precolada y una
intermediate or A432 grade reinforcement if L.no viga colada en el lugar. Se ensayaron 38 especimenes'

is assumed equal to 1.40, providing pf, is less de extracci6n. algunos con. otros sin una grieta
prexistente a 1 !argo del plano de cortante. Se encontr6

.Cthan 0.15f/ or 600 psi (42 kgf/cm:) (whichever is que la teoria cortante-friccion da una esttmacton
the less). conservadora de la resistencia transmitida por cortante

en conento . con agrietamiento inicial. Se presenta un6. The Zia failure envelope may be used to mstodo para calcular la transferencia por cortante en
derive the relationship between shear transfer concreto sin agrietamiento inicial, basado en la
strength and reinforcement parameter pf, for un- relaci6n entre la envolvente ce Zia y los circulos de |
cracked concrete, either monoli'. hic, or at a rough Mohr representando condiciones de falla para el

concreto.bonded interface between precast and cast-in.
place concrete.

Transfert de Cisaillement dans un B4 ton Arms
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' ITEM III (from June-14 meeting with NRC)

Qualification of Leak Rate Test Channels in the Containment Liner for SAR
Loadinas

The applicant will determine the capability of the channels to withstand
combined pressure and temperature loads.

RESPONSE:
1

|A. The accompaning sketches show the various leak chase members that were
analyzed for the emergency, test, no rm.sl , and severe operational con-
ditions' listed in Table 3.8-1 of the FSAR.

e

' Analysis,shows the stress levels for all load combination equations areB. -

within the ' acceptance criteria as defined in the FSAR Section 3.8,
thereby maintaining;the leak tight pressure boundary.

,
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