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STNOPSß

A laboratory investigation was uncier'üaken to detemrine

tho effectiveness of shear reinforcing devices in thin rein-

forced slabs" Results obtained f9I ten slabs tested, by the

author are reported,

ALL specimens testecì. were 3 f1-.2 in, square and l! in.
thick. The pri-ncÍpar variabres vrere: the effect of concentra-

tion of tensÍre reinforcement across the colurnn, ühe effects of

a 9*x3/8 in. plate at the colunn slab interface, the effects

of a shearhead of ' in" smooth reinforcing bar, and the effects

of a shear d,evice of bent up No. 3 deforrred bars " Two slabs

were tested '¡rithout a shear relnforcenent.

The validity of existing equations for ultimate shear

strength were checked with the test resurts and a comparison

of test results to the currentþ used specifications was ¡nådeo
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IJST OF SN4BOIS
v111

a ' - w-ldth of slab

\ - ar€& of shear relnforcement

b - perimeter of shear area at a dlstance d fron the loaded area

bo - perlneter of shear area at a dÍstance d/2 fron the loaded area

d - &ver&ge effectlve depth of compreeslon rsÍnforcement

Ec - modulus of elasticlty obtalned from star¡dard ó ln. x 12 ln.

concrete cy3.lnders

Es - modulw of elasticity of steel

,flc - compressive strength of 6 in. x 12 l-n. in concrete cylinders

fs - stress in the tensile reinforcenent

fy - ¡rleJ.d point of reinforcing steel

, fv - yleld polnt of shear nelnfcncement

J - retlo of lnternal moment arn to effectLve depth, assumed

equal Eo 7/8

Pcalc - ealculated ultlnate shear load

FfIu* * calculated ul,tlnate flexural load by tryl"td Llne Theorytl

Fùest - ûêasüFêd ultinate Load

p - everage percent of tensiLe reinforcernent

r - side dimension of oquare Loaded area

Sv - vertical component of tensíIe force in slab relnforcing

T' - internal tensl}e fo¡'ce j.n sleb reÍnforcing

V * shear force

v * shear stress

Vu - ultlnate shear force

vu - ult mate shear stress

rúO - oenine deflection of the slab

g - engle of incllnatfon of shear reinforcene¡rt

0o - ratl-o of the ultlnate strengüh to the allowabLe fle:nrral

. strength as cornputed by the yteld llne thEory. (taken to

be 0.667.)



CHAPTEN, r 1

nnnopucrron

1.1 Backpror¡nd

The design of reinforced, concrete flat slabs r+ith respect

to shear ls based on a }Lnited amount of factual knowledgeo The

curent A.C.I. Code does not recognÍze shear relnforclng devJ.ces

and deslgn methods used 1n handling problems of excess shear at

colum¡ slab connections differ consíderably¡

The shear probJ-em has become even more pronounced with

modern architecture naklng more use of sIln colu¡ms and thin

floon slabs wlthout drop panels or colunn capitals. The struc-

tural systen has practical advantages also; the overall amor¡nt

of naterial is reduced and forming becomes easLer and Less €xp€[-

give.

Thus Èhe sLab colurm connection Ís a critlcal area fon

design, High bending moments and shear forces are concenürated

there so thet tÀe eize of all rnain structural membens becone

governed þ the degree to which the strength at this point can

be developed and accura.tely predictede

Current specifications such as the Natj-onal Bullding Code

of Canada and the A.C.I" Code, gfve values of shear strengùh that

can be used for different percentagos of slab reinforcernent; but

fon connections 1n which the allovable shear stress is exceeded

the.designen 1s obliged to increase his nember slzes or use hi.s

own Judgemenù in naklng some t1rye of reinforced cormection,

Test programs reported by Elstner and Hognesta.d(f) itr

L956 and Johannes *o"(e) in 1961 conùain pilot investi.gatlons

into the effects of shear conneotons ùo relieve excess shear 1n
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colunur-slab connections. However both prograns were undertaken

to study the different varlables which affect shear strength and

to stu{y modes of failure so that equations now used to deternine

allowable shear could be Ímproved upono

L.2 0b.1ect

It ls the obJect of this thesls to investigate and compare

the behaviour in shear of reinforced, concreto slabs with and wlth-

out shear refnforcement. Existlng empirlcal approaches to deter-

roine the ultimate shearing capacity are applied and compared üo

the test resultso

1.3 Scope

The effects of eoncrete strength, flLexral capaclty,

eccentricity of load and co}.¡¡nn size have been documented ln the

reports by Elstner and Hognestad(r) an¿ by Johann"" Mou,(2) No

attempt has been made to present a complete and detailed revlew

of, thelr flndings buü reference fs nade to those aspects whlch

are pertinent to this investigationo '

To compane the shear connectors the tests were divíded

fnto tr¡o seriesn The slabs j:l each serLes were identlcal except

for the shear reLnforcing device.

Two slabs were tested r"r'ithout shear relnforcement and two

sl-abs were tested with a concentration of tengile reinfoncement

ecross the colwr¡a" Six specimens were rnade to test some speclal

t¡ryes of shear reinforcement"

The test specÍmens were alL square slabs wlth colu¡m stubs

at the centres and with simpJ.e supports at the edges" Thg &rrañgê-

rnent approximates a flat sLab extending fron the column to the

points of contraflexureo



All specimens ùested,were 3 f1." square and 3å inches thlck
with a 6 1n. square corr.urun sùub roaded axialry. The specirnens

wera necessarily srnarl because consideration hs.d to be glven to

raboratory sp&ce, loading capacity and neteriar quantitles,



CHAPTER II
REVIshl!F Ð(ISTING RESEARCH ANp DESIGN SPEC]FICATIoNS

2.1 General

I'lany attenpts have been made to fonnulate a general theory

of failure that w'11J- predict the strength of concrote under dlff-
erent co¡:nbÍnations of stress' Dospf"to the numereus failurs theories

that have been advanced, a conpletely ratj-onal approach to the pro-

blen of uLtimate stress in concrete still does not e¡clstn The

problem becomes even more pronounced when considering the complex-

lty of the mechanisms of failure of different struetural components¡

It 1s evident then that a method for predictlng the ultlmate ehear

strength. of reinforced concrete slab-colunn connections can onþ

be found by applying emplrical approaches to the results of l-abora-

tory tests. A discussion of e>dstÍng bpecÍfications and research

J-s given below"

2.2 Existine Research

Elstner and Hognestad(f) t,', 195ó reported on tests of thlrty-
elght 6 ft. squere slabs which were loaded through a coLr¡m stub at

the centne and siurpþ supported at the four edgesu

t) trre

could

As a result of the test prognan, 1t was concluded that¡

uLtirnate shear strength of slabs wíthout shear reinforcement

be e:çressed as

Itvu â 333 I O"Ot+6

TgbdJre
and for slabs wlth

øo

reinforcement, as

q"p46 I (q,r-O.050)
þo

f9
(r)

(c\

shear

3)2 I
ft"

where g, = Arrf, sin 0

uÆry
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(By observing cquation ( 2) ft ls seen that the shear reinforcenenü

was not totalþ effeetive.)

2) A concentration of tension reinforcerænt dÍ-rectly over a colu¡nn

ùid not increase the shear capacity but did lessen the straing in

the tensfon reinforcemento

In 1958 Lin, Scordelis and May(3) pre"ented a report on

shear strength in reinforced and pre-stressed Ilft sIabs. It was

observed. that the equatÍons of Elstner and Hognestact for reinforced

flat plates gave good co-relation rdth test results"

Johanne" ¡to"(2) in 196I reported tests of forty-three 6 fþ"

square slabs whlch were similar to the test specÍmens of Elstner

ancl Hognestado His report contaíns studies into the effects of

concentration of tensile reinforcement in narrow bands across the

column and the effectlveness of s¡.ecial types of shear reÍnforce-

ment o

From these tests some of

terest to this report are:

1) The ultjmate shear strength

accuracy by the formuJ.a

\ = 15(1-o"o?s ila) '
bd

the import:rnt conclusions of fn-

of slabs is predicted wlth good

5,25 þo E (¡)

ar¡d for slabs with shear reinforcement, as

r = (6,23-L"r2 r/a)ud WÇ I Avfv sln s (l)
(Forrnula, (4) should only be applied for ratios of r/d Less than

2"5 ")
2) Concentration of flexrral reinforc'elænt in'namow band,s across

the column did not lncrease the shea.r strengt,h. However such con-



. centratÍons increase<l the load at which yíelding began in the ten-

sion reinforcernent.

3) Anchorage of shear reinforcement seemed to be problematlcal.

2.3 Design Specifieations

' The Umited knowledge available regarding the mechanism of

f,a1Iure in shear of slabs 1s clearly reflected j-n the various

speclfications. Quite different nrles are applled to detemine the

critical shear or inclined tensile stressr ffid the allowable strosses
{

differ considerably.

The current Canadian National Building Code(8) (f960) stf-
pulates that the shear stress should be computed by

vÊI $)
jbd

in whleh b is ühe periphery at a distance d beyond the loaded area,

The shear stress computed by equation (5) is Umited to

a) O"O3f cc 3-OO psi if more than fifty percent of the tensi-le

reLnforiement nequíred for the bending passes through the peripheryo

b) O.Oz5ftc 85 psi when twenty-five percent of the tensÍIe rein-

. foreement passes through the perlphery.
( rll,

The current A.c"I. Cod.e(7) (tglÐ stipulates that the crit-

ical section for shea.r as a measure of diagonal tenslon shall be

perpendicular to the plane of the slab and located at a distance

d/2 or¡ù fron the periphery of the concentrated load or reaction

arêâ.e The norninal shear stress shall be cornputed ry

v=I (o)F
in'wtrich V and b" ane taken at a sectíon d/2 out from the'Ioaded



area. The shear stress, Yr so computed shall not exceed 2 fr"
unress shear reinforeement is provided, in which case v shall not

exceed 3 ft". The r¡se of shear reinforcement consistlng of bars,

rods or w-lres shall not be considered effectlve 1n members r+ith a

ühickness less than IO in.

In Gerurany a completely different approach to the design

problem of shear Ín srabs has been practÍeed" rn determlnlng

shear as well as flLexrrql, stress, sÌab strips of certaín widths

ere assumed. The widths given for shear computatlons are different

from those Ín moment, and the uidths also vary vlith the posÍtion

of load on the srab. The Gerrman specification DïN ro45 of L9l+j

gfves the followÍng forrnrrla for the effective slab lridth 1n shear

h;r / 2s and bz=L/3 $-'á.'") Q)

where s ls the thíclaness of a road-distributing layer on top of the

slab and I is the span of the s1ab. The larger of the values \
and b2 can be used.

- The Norwegian Standard Specifícation of 1939 assìmed the

shear{-ng stress to be evenly distributed aror:¡ad the l-oaded ares

at a distance of 2d/) from the periphery. It is however, nlee

necessar1r to consider a strip of the slab of a cerbain spectfied

H'idth as a beayn and check the shea.ring stress in this beam stripo

In the Britfsh Code of Practlce (CPI14) the shear stresges

flat slabs are computed at a ùistance ðt2 fron the periphery

the loaded areao

A reporb pr-lblished by A.C.I.-A"S"CoE. Conrnittee 325Ur)

was. based prirnarily on the work of Joherures Moê" After review'ing

his and other test programs they nade the follorring recorønend.atlons;

in

of
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f-) The concentration of tensile reinforcement over columns 1n slab

deslgn should be encouraged since it increases the slab stiffneso,

and deereases the deflection and slab reinforcing strain.

,2) Witlr very litt1e test results available no desígn procedure

coufd be reconmendod for shear reinforcernent, however anchorage

of the relnforcement seerned to LiJ¡it the effectlveness.



CHAP1TER I]I

TXPER T},ENTAL PROGRA},Í

3.1 Description of Tes.t S1abs

the ten test slatjs were divided into two groups. AII spêei-

mens were 3 f1..2 lno square with an overall thíckness of 3å in,
The colu¡nn stub 1n each case was ó 1n. square,and 8 ln" high refn-

forced w'ith four No. 4 bars. The slab reinforcement was in the

fonn of mats welded at the e>cLreme edges.

êo Group I
The five sLabs of this series are shoun in fÍgures (3s l+t

5, 6 &,?)" S1abs I, 2u 4 and ! were reinforced with thlrteen Non

J bans spaced at 3 in" c-c in each dírection.

SIab I was not furnished, r+ith any type of shean rei.nforclng

deviceo A deiai-I i.s glven in figure (!)"

SIab 2 was provided with a 9 in" x 9 1n" x 3/S in" steeL

plate designed to dlstribute the load from the coLr¡¡rr ovetr a larger

area of, slabo The plate v¡as cast into the concrete, its top sur-

face flush with the concrete surface as shctu¡n Ín figure (4)" The

column steel was continuous through four I in" diameter holes Ln

the p1ate.

SIab 3 was not furtríshed with any shear reinforcement but

the tensile steel spacing was changed to prouide a concentration

of 50 percent of the tenslle reinforcement 1n the periphery of the

coLr¡nn as shown in figure (5)" This rvas used beeause of, the N.B"C"

specifícation, which provides for an Íncrease in shear Etress when

l0 percent of the tensile reinforcement pa.sses through the coh¡nn

períphery.
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srab 4 was reinforced with a shearhead of the type shovrn 1n

figure (6) and plate (r). rt was marìe of à itr" reinfcncing rod.

weLded fnto a sturdy grid. such'devices have been used in frat
plate floor slabs to some e:<bent i-n canada and the united states..

, Slab I was reinforced for shear with a system of bent up

bars as shown in figure (?) and ptate (2). Such a metrroi ls pop-

ular rriüh some deslgners and especlally so in European countriesn

The design procedr:re for such a device is outlined in t'shearhead 
.

Reinforcement for FIat P1ate Floorstr by the Porbland, Cement Aseocla-

tion.

The five slabs of this series are shown in figures (3¡ B¡

9, trO & 1I)o The reinforcing steel in stab lA was the same as ln
srab l- but in slabs A, 3à, /+A and jA were stiffened r,sith four ercbra

No. 3 bars as shown in the figures mentioned above. .

Slab 2A was prouÍded with a 9*:r3/S in" steel plate rest5-ng

on the slab as shown in figure (8)"

Slab lA did not have a special reinforcing devíce but was

funnished with the more heauily reinforced slab of this series as

shown fn figure (p),

SIab 4A na.¿ the shearhead identicaL to slab 4 but.with the

stiffer mat of this serieso See figure (fO¡"

SIab 5A had bent bars sjmilar to slab 5o The embedment of

the bent bars was ercbended in this case as shcr¡n in figure (11)

to overcome any tendency of a bond failure.

3.2 Mat,erials

. High early strength Portår¡d

test prograno The concrete nl:<bure

compresslve strength of 30OO psi at

cement was us ed throughout the

was designed to give a nini:num

seven da¡rs" The water cement
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ratio v¡as 0.5? and the cement factor was 6.'l sacks per cubic yard

of concrete. TLre maximum size of aggregate was å irr. The relative

proportions by weight of cenænt, sand and gravel were approximately

Iz3¿3. This produced a 2|in, ¡o 3È ln. slump.

Two sta¡rdard 6 in. x 12 in. cylinders were cast rrlth each

test slab" The cylinders were ctr.red in the sarne nanner as the slabs

and tested on the same day as the corresponöng sIab. A typical

gtress strain cur:\re for a 6 xL2 in. cyli,nder is shoun in figure (2)"

An average modulus of elasticity of approximat ely 2,6 x 10ó was

found.

Interrnediate grade deformed reinforcing bars were uged

throughout the tests. A typlcal stress-straln curve for a No. 3

bar ls shoun in figure (f)"

i.i Fabrieation

Each slab was cast on a sheet of $ in. p.Lyrvood. vrith wooden

qide forrns " Reinforcir¡q ,bars were spot welcled at the outside edges

to form a sturdy mat, Tle wire was not used because Ít r.¡as felt

that the spacing could nob be controlled accu¡ately" The tension

reinforcement was supported on 3/8 in. chairs at four points along

the botüom bars" A photograph of the reinforced slab Just prior

to casting ib shovrn ln plate (4) 
"

Two batches of concrete nixed in a 3 cubic foot n-ixer were

neceesary to cast each slab" The forns were placed on two vÍbra-

tor beams and vibrated. e>cLerna1ly. The colu¡nn stub was poured

separateþ, approximateJ.y eight hours after the slab pour when the

conbrete had reached its lnitial set.
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Foms were stripped twenLy-four hours after casting" The

specirnens were cured for six days under da.urp burlap and 1eft to
air dry until testing aü seven to nlne days. The slabs were white-

washed on the bottonr so that cracks could be observed more clear1y.

3.4 Supoort Frarne.

To approximate the condj.tions existing in contj-nuous struc-

tures a slurple support at the perlmeter of the test slabs was usêd.

The loadirlg frame was serf contained and consj-süed of a welded 3

ft. square support frame fabricated fro¡n f2 inch channel sectiono

Four 3 x 3 x ä 1tr. angles connected this frame to two I in" wlde

flange sectlons against whieh the Jacking was doneo Detairs qf

the fra¡re are shown in plate (3), A one inch strip of white pine

was grued to the supporb 
.frane to allou¡ sone flexibirity of the

supporbs and help insure a uniform bearing at the start of each

test". the slab corners were arlowed to defrect upward in each GEB€o

The freme was locaüed over a pit in the raboratory floor eo that

the underside of the srabs was accessibre and initial. cracking

could be observed,

3.5 Instrumentation and Testing

In each test concrete st,rains were measured w.ith six SR-[

type A-J strain gaugefr" Gauge locations are shcú¡n on the detail

draw:Í-ng for each s1abo

C6-1,41-B metafll¡n gauges were used on the reinforcing bars

shoÏ¡n in the appropriato figrres" Standard, practice was used

nounting all gaugeso

AS

1n
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The Budd Digital St,rain recorder was used for the first

four tests. Due to a malfunction inthe s¡ætemthe fuII range of

reádlngs could not be obtained and the manually operated Baldwin

SR-4 strain indicatore vlere used to complebe the testing program,

Deflectlons were measured with three 0'0Ol- ín. ciial gauges

at the quarLer polnts of the slab and tfre cofr¡m centre"

Load,s were appliecÌ with a 2OO,OO0 pound hydrauli e Jack and

the load readings were taken from a strain inciicator connected to

a Baldwin SR-4 load ceII. The slabs were lqaded in 2OOO pound

lncrenents to JOTOOO pounds ar¡d then in 5OOO pound increnents to

failure. Sfrains and deflections vrere taken after ea,eh increment.

Plate (3) shows the test assembly and instrumenüatíon"

After failure, each slab was removed from the loading frarne

and the crack pattern observed and' photographedn It was then

placed back on the frame and loacled to observe the mat or membrane,

strength of the reinforcing steeì-. The faih:re cone was pushed out

v¡ith the Jack and the reinforcing bars cut wj.th ar¡ oly-acetylene

torch so that the faÍlure plane could be erçosedo
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CHAPTM V

Ð(PffiÏ],ENTAL RESUI.,TS

lr.1 General Behavior

The slabs were designe<i by the elastic nethod for an aLlow-

able load of 15 klps. The ulùi¡nate froxurar capacÍty as computed

by the Yteld Line Theo""(l) was found üo be -6p t<ips. Load-deflection

profiles and centre deflection curves are shol.¡n Ín figures (IZ, Ljo

14 & 15). Silnilar plots r¿ere mad.e of steel ancl concrete strains

to help analyse the test resuLts. Pertinent data for the ultirnate

strength analysÍs are given j-n Table 1. Comparisons to equationa

Lo 2, 3p l¡ and 5 are given in Tables 2 and 3"

AII slabs were loaded to ultfunate failure whlch occurred

by a final punch out of the column stub through the slabo In eaeh

case the sequence of events was generally as follows;

f-) The fi-rst visible flemral crack appeared at approxinaüely one-

hal-f, the ultimaùe load" They first formed at the centres and spread

to the edges"

2) Lf 75 to 85 percent of the ultinate load Lift 1n the corners was

evident although not measured and the yield line patterns were

distinguishable" Vertical cracks appeared randonly along the edges

of the s1ab.

3) At u1tÍ¡nate load the column stub punched. through vioJ-ently" The

Ioad near failure was difficult to 'naintainn

4) The failure cone varl-ed. Ín size and shape depend.ing on the type

of shear devÍce used.o Upon release of the loadn noti-ceable rebowrd

occurred i.n each case.
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5) The straÍn measurements taken on the column stub verlfied the

fact that the load Ïras concentrated at the corners noar thc slab

surface.

The strains recorded in the tensÍIe relnforce¡rent of the

. speclmens are not belfeved to be exact meaeures of tenslle straln i

- 1n the bars for the foll-o,ring reasons¡

&o The bending action of the slab íntroduces a bendi-ng stress Ln

the bars. Since the garrges are located on the botto¡:rs of the bars,

their strain readings are slightly greater than the avera¡re stralns

in the bars"

bo The cracking of the concrete in the tensile zone of the slab

introduces slight stress concentrations in the ba,rs at the crack

zones o

These unpredictable and unneasureable occurances were no,t. consldered

in the evaluation of the resultso

l+"2 Individual Behavior

SIaþ No" I (No Snear Reinforcenent)

Initial hair Iíne cracks'n¡ero observed at a load of 20 kips"

Â distinguishable yield pattern had developed at 35 kips. Ffna1

faílure occurred aL l+5 klps The failure pIáne sloped alvay from

' the colurnn stub at about l¡! degrees" See plate (6),

Djfficulty was encountered i-n running this first test" The

loading apparatus unexpectedly interfered urith the centrally located

deflection dial and lts readings were of no value. The Budd Digital

strain recorder f,ailed to read the strain gauges on the tension

reinforcement beyond. an axiatly applied load of 15 kips" This test

was run at load lncreme¡rts of 5 kips and 1t rvas decj-ded to change
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1n the subsequent tests to load a! 2 kip incremenbs to 30 klps and

then at 5 kip increments to faj-lure.

Sla.b No. e (Arnueaaed 9 in. x 9 in . x 3/8 in. steel plate)

Initlal craeking r^¡as observed at an applied load of 25 kLps

and exbended toward the slab edges as load was applied. Failure

occurred at 40 kips and the steel plate punched. through the slab"

No bending was apparent in'the steel p1ate, but at high load spal,l-

lng was seen to develop at the steel plate-slab Ínterface. The

failure surface sloped atray from the bottom edge of üre plate at

an angle of approximately 20 to 30 degrees ê.s shor.m ln plate (?).

SIab No" J (Concentration of Tensile Reinforcenent)

No apparent cracks could be seen untll the applled load had

reached 25 kips" Final failure occurred at 40 kips and the f,ailure

plane sloped away from the colu-tn stub at approximately l+5 degrees.

Severe spalllng at the colurgn slab interface began after the applied

loa.d had reached l0 kÍps " This observation was unique to this test

and is shown in plate (8).

SIab No, 4 (Shearhead)

First cracking appeared at 20 kips and failure occurred at

45 kips, The ¡ield pattern was weII definecl, spreading from points

directly under the coh¡nn corners toward the slab edgeso The final

failure was a violent punch out, nob through the shearheadn but

beyond it as shown in plate (9). The failure slope was at approx-

inately 20 to lO degrees and began at the top tie of the shearhead"

SIab No, 5 (Truss Bars)

Hair llne cracks first appeared at ar¡ applied load of 14

kips and by the time failure occuryed at h7 kips a sonewhat ran-

dom crack pattern had fonred as shorrrn in plate (fO¡. The failure
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plane sloped from the column faces at approximatel¡r l¡! degrees,

passing through the diagonal porbicn of the truss bars. Sec plate

(rr).
SIab No. IA (No Shear Reinforcement) /

SIab L{ v¡as the same as Slab I and the behavior was si¡r.i-

lar. Final failure occur::ecl at /+O kips and the failure plane

sloped al 45 deqrees to the plane of the sla.b. After failure,

Ioad v¡as again applied and the specimen wss ab)le to support an

applied force of I klps.

SIab No. A (9 in. x Ç in.' x 3/S in. steel plate)

Initial cracking formed at a load of 28 kips, The yield

pattern vras very irregular" Faj-lure occurred at a load of 52

klps ld-th a prurch out of the plate" The failure plane sloped at

approxirnately Ð to 30 degrees fron the edge of the plate' the

strength of the f ailed specimen l^,'A.s measìr.red to be I kips o

Slab No. JA (Concentration of Tensile Reinforcement)

First cracking occurred al 26 kips. The yield pattern

beca¡ne clearly distinguishable aL 35 kips and faiLure r.¡as at an

applied load of 45 kipso The failrre plane was irregular as shown

Ín plate (fe¡, sloping a+, 45 degrees on two opposite sideg and

approximately 20 degrees on the other sides

Slab No" 4A (Sfrearhead in Stiffer Slab)

First cracking rnras noticed at 24 kips. Failure occurred

at 51 kips and the failure plane formed beyond, the shea^rhead gt

an angl-e of 20 to 30 degrees with the slab surface"
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SIab No. 5A (Tmss Bars in Stiffer Slab)

Initlal cracking v¡as observed at 24 kips. Failure occurred

at 44 kips and the faÍlure cone sloped aL l+5 degrees, pass j-ng

through the dia.gonal of the truss bars. After faj-Iure the speci-

¡r,en sould still w'ithstand an applied .load of 1? kips 
"

l+"3 Analysis ancl .Compaxison of Elcperimental Restr-lts

Load deflection profiles and load deflection graphs are

sholln 1n figures (tZ, t3, 1l¡ and l5). The load-deflection graphs

seem to indicate that fu1I yieldings of the specimens under load

never occurredo In the elastic range, slabs I-A anri 5 deflected

noticeably more than srabs 2s 3s and 4" It is seen that the con-

centration of tensile reinforcement, the steel ¡ítate and the shear-

head reduced the deflection' The exbra tensile reinforcernent of

slabs A" 3A, 4A and !A caused these specimens to behave similarily

over alÌ ranges of load"

The distribution

detennlned for the slabs

stress on the column stub surfaces vras

Group I and Slab IA. ftru gatges were

of

of

attached. to the stub on one face only, I in" above the slab as

shown Ín plate (4). Figure (16) sfrows the stress distributlon

at an applied load of 24 kÍps. The stress concentrations were

evident in all slabs through all ranges of load and did not tend

to redistribute near faiLure as ¡ao"(e) indicatecl ln his reporto

The slabs r+ith a shear reinforcing derrice had higher stresg con-

centrations than the slabs without such reinforceinent" It was

ncrbed that the gteel plate caused the highest corner concentrationso

In.practice euch stress concentrations could cause local spâ]Iing

in co}¡¡nn corners directly under a flat plate slab whi-ch has an

lnitlally hlgh ard.al lqad.
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Tensile reinforcement strains in slab IA ancl 3 were of

particular interest when cornpared. The concentration of tensile

steel in slab l, aì,though reducing the deflection, did not, reduce

the strain in the tensi-Ie reinforcement. The strese was congistent-

Iy higher by approxinately I2TOOO psi in the reinforcement und.er

the column stub of slab 3 thar¡ in slab IA. The concentration thus

did not reduce the steel strains "" 
Mo"(2) "ta Elstner-Hognestad(I)

found in their tests" It is felt that, the concentration of ten-

sile reinforsement only causes a. concentration of stress"

In no case did. the shear rei¡forcing devices lessen the

strains on the tensile reinforcemento In each case the tensile

stresses in the colt¡nn stub area were ralsed above the stresses

for¡r¡d in a slab without a shear reinforcemento

lrlhen deflection has occurred under load, parb of the load

1s carrled through exLension forces in the plane of the slab by

tensile reinforcementn The resistance ls known as ¡ne¡nbrarte âction

Lth increasing d.eflection. *ou(z) develoþed the

following equation for membrane action by assuning it equal to tho

total ve¡tÍcal component of the forces in the'tensile reinforcement;

Sv = 4T 2wo v¡here T = pydf" (s)

a-r

He estimatu¿ tt"t at maximr:m d.eflectíon, this resistar'¡ce was never

larger than 6 percent of the ultfunate load for the specimens of

his test prograno

Table I gives values of resistance oþtaíned for the speci-

mens of Group IA after failuren In all cases the percentage of

rrltfinate load resisted by the membrar¡e action of the reinforcing
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mat was approxjjnately 20 percent, well above that predicted by

ì,foers equation. Consideration of course nust be given to the

fact the d,eflection just prior to fa.ilure was smaller than that

Jr:st after fallure, but Ít is felt that the membrane action pre-

dicted by equation 6 is conservative"

slab 5A with the truss bar reinforcement, resisted I? kips

after failureo This load is actually higher than the original

design load. Good a¡¡chorage of the truss bars in the compression

zone of the slab added to the menbrane resistance. In practice,

this type of shear device would probably prevent a total collapse

if, a. local shear failure occurred"

Strain gauges r¡ere attached i-n two locations on the diagonal

bars of the shearheads in slabs 4 and 44. One gauge was placed in

the corner area of the shearhead and the other near ite centre.

Figures (6) ar¡a (10) strow their location. The corner diagonat bar

wag consistently under much higher stress than the diagonal bar

loeated at the centre" In slab 4 at an applied load of 1ó kips,

the corrner bar was stressed to approxirûately ?2OO psi and, the cen-

tral bar to 4OOO psi. In slab 4A tfre "*" u*ugt was recognized"

However the stresses were smaller due to the ercbra tensile rein-

forcement " "The shearhead was eff ective in moving the peri-phery

of faflure beyond its influence, however no appreciable increase

ln strength was attained. The high corner stresses in the díagonal

bars sesn to indicate that high shear stresses were very much a

locaI condition of the colrrrnn corners .

the strain Ìras measured on the Aiagonis of the truss

bars in slab ! and. !4. At an applied load of 16 kips the stress
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at the gauge locations of slab ! was approximately 12000 psi,

substantially higher than in the shearhead at the same load. The

length of embeddment of the truss bars in the compression zone waEt

ó ln. more in slab 5A than slab !, as it was first thought that

the ultima.te faÍlure was precipitated. by a bond failure of the truss

bars. The strain readings were however so sinilar that this theory

was discounted. It is ûifficuÌt to expla-in the behauior of the

truss bar reinforcement. It was effective, in th¿.t its load, carry-

ing capacíty was developed, however the ulti-mate strenpghs of the

specimens were not e>cbend.ed.. A possible e>çIanation would be

that the concrete un<ler theltruss bar bencls v¡as crushed as the bar

'stresses increased, thus allovring t,he failure cone to develop even

though a high percentage of force vras resisted by the reínforcment.

This e>çlanation seems to be borne out by two observations" First,

the punch out failure was not as noi.sy or violent as in the other

tests and secondly the load carrying capaci-ty of the specimeri re-

,mained very high even after failure"

The construction of slab 2A was revised after the results

of slab 2 had been stucìied. The failure load of slab 2 r¿as 40

kips, 5 kips lower than for slab l ruhich had not been reinfæced

for shear" The plate in slab 2A was not ernbedded in the slab but

rested on its surfaceo .See figure (8)" The ultinate load in this-

case was 52 kips, 12.kÍps hie,her than for slab 2" The )/8 1-:n.

difference in shear area at the loaded section seens to be critical

for developing'the load caoacity" Timoshenko(6) 
"rqpfains 

that

the. shear near & Ioaded section does not follow the parabolic Iaw

but j,s concentrated very much at the top surface. This fact seens

to be borne out for a reinforced concrete slabn
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The strai-ns i-n the concrete slab were measured at various

locations. ïn all specimens the highest read.ings were taken in the

region of the colu¡nr area and the strains were proportionatery

sn'¿lIer ,as the di-sta¡rce from the colunn¡ increased. The shear dev-

lces tend to reduce the conrpression in the srab surface at lov¡

Ioads, but at high road.s no trend. was established from which con-

clusions could be drawn. The concrete surface át the colurnn in alt
specinens beca¡ne stressed ln conpression beyoncl r5oo psi at the

design load åf 12 kips,

tha.t the bend.ing ¡noments

In

at

actual flat plate flLoors it is possible

the colunrn location are such that the

alLowable compressive stress in the slab is e:<ceededo rn all caseg

e:<cept for the tv¡o srabs w'Íthout shear rej-nforcement, the highest

compressive stresses in the slabs wore found in the i¡rnediate

vicÍnity of the colunn corners at aIr range of appried load, The

two exceptions had higher moments at the centre of the corumn

stub and per^oendicular to it "

Tables 2 ar¡d J have the test results compared to equations

L, 21 31 4 and 5" The predicted values of ulti¡nate strength by

Elstner and. Hogne"tr¿(I) were hiqher than actuaìIy obtained by

tests for all slabs with some form of shear reinforcement. For

slabs with shear reinforcement in the diagonal tension zone, (4,

tA¡ 5 a¡rd 5A) the results ind.icate that it is not as effective as

the equatÍons predictu Close agreement between the calculated ar¡d

the test ultinat,e loads was found for slabs r,rithout a shear device

ín the diagonal tension zonec luioets equations ¡rield higher pre-

dicted útiäate loads for the slabs of Group I" However'for group
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1A the preclicted values are in good agreement with all but slab

5A, The factor of safety as determineci by the current A.C.I.

Code ranged. from 2.65 lo 3.t+0. As d'eLerm:ined by the N.B.C.¡ the

factors of safety were considerably higher, ranging froro 2.80 to

4"2O"

l+.1+ Sunrnary

Shearing stresses vlere found to be a 1ocal cond'ition of

the coh¡nn corner and slab surface. This effect seens to make

the proper placing of shear reinforcenent proble¡natic.

The shearheads of slabs 4 and /+{ caused the fail-ure plane

to pass around rather than through the shear reinforcemento A

study of the failures revealed no sÍ-gns of poor anchorage"

Bearing stressee seem to be an acute problem v¡ith truss

bar rej-nforcement in thin slabs. High bearing stresses on the con¡

crete r¡nder the bar bends probably result in the initial crushing

of the concrete and thus me.klng the reinforcement lneffectual

across the diagonal tension zoneo

The only apparent advantage to concentrating the tensile

reinforcenent withln the colt¡¡n periphery is to reduce the cle-

fleclion. However the steel strains i-n the tensile reinforcement

are increased and at high loa.d.s spaliing is noticeable at the

coh¡¡qn-s1ab interface'
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Tab1e 1

Description of tests and test results.

51 ab
No.

Type of
Skear
levice

f!,
e

Angle of
Runture

(oeþrees)

Center
Defln"

@35 kips
Þ'test
Ìr3.ps

Sfrength
after

Sallure

Ì MONE )i100 45 45

.a
L

PLATE
gxgxl/8 ino 20-30 4.307

{n-
4o

C1JT'ICEI'ITRA-
T IOT{

¿.c00 45 0.250 40

4 SHL;iF.litrAl 445i) 20*3o 0.2I2 45

5 TJ-ìi,I:S BARS /+] 00 45 0. J00 47

'tÀ
_i 1{ i\i Lìl;ii .l ir...ru 45, a\ ?,l/ìw ø )êV 40 I kips

,)Á ii,Á.TE
g:f,",jT,3/8 in. 2950 2O-3O 0. 360 I

ZL)tL
CCi.,iCE¡ITIìA-

iTOF
?.nfìn 45 0.225 45 9

*t' ,:,iili-:,ÊHEÌ\.D ri:100 20-30 .o.2?0 ñl otr

fiô .ì¡ÐIT.ìq lÀTl'l
¡:ti- uv !lt¿f,J

-;. r._.i:Õ 45 0.258 [¡4 1?.
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?est resul ts compared to equations (1) anci ( Z)

by Elstner and Hognestad.

Sl ab
llo"

ïype of
Shear
Ðevice

*r,
I c f

v
Þ

r es1
kips

P
cal- c

kÍps

D
îest

1)
ce-L c

I BIOI\iE 5000 5C ,000 45 41.0 J .10

PLATE
9X9Xl/8 Íno

i850 ll 40 ,6., 0"61

v CÙþICEJf TR.Ä-
TIOI{

4000 il 40 4r.5 0"gB

iL, SH-TARi{8,Â^D 4d,50 il 45 57.0 c" 79

r
J 4100 ll

^f7.il 63.0 o"T4

lÄ i'I03¡E 2800 It 4o ,O"U l. .1I

¿t1. PtÄTE
9i,9T,3/8 irin "oq 

aì n ç,.)
)L 5 5.0 o" 9B

?Â CONCEHTNÁ-
TÏO}I

5000 il '45 46.0 o"98

+.¡t l:iEARHEtiD 4 100 n
51 56.0 0. 91

)Ìt TÏìUSS ,:å]iS i500 n /¡4 62.5 0.70

'v
a\ u 333 , 0.046r') zþuar¿* ryr q

Y ^ ^Â1¡\ 'u 
- 3ii -L Q.Otç2) #uour,- rå tr + (q-n-o.o5c)

Á. f sí.n 0
;rh o'e ^ 

1t v: *q:rõ-Tffil--
l/u'*'C
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Table 3

Test resul-ts cornpared to equation ( I ) and ( + )

by l'.{oe and tc the a1lo',vable C,esign foads.

'l .,lr

ï'tro.

Type of
Íìh e ar
fevice

å c
ki ns

P.EESI
rll- t- Þ

D
cal c

ki ps

v "cest
DIr cal c

lü,Bn&o
Al 1 om.
kips

Facton
or

3af eÙ3r

I NONE 45 7Õ 'f)). L l"1J Li.7 4.2

?
--rT I rril
J -!r! -L a)

gy,gï,3/8 Ín" 3n5n 40 trA tr)'1 o ) t',.1 ?o

3 COI.{C ËNTRÀ-
T T t_rhl

40c0 4A 46.5 u.Õo 'l ,i a.\)

¿+ t+45o i' tr, 5C.3 ft On

5 TRUSS tsARS AFt1t 55.5 0.85

':i:)ìdE
,)Qr'^ LO 7a\ r\j 1oV I 

^?I¡\,J JU.U 4"0

?I\ FL/ì,TE
9X.9X3/B in. | )\) 5l-,5 1 .01 J.8

2^
J¿I COi'ri;.r,. ïRA*

'i ï 0Ìì¡
-¿^'-\n 45 qv") 1.12 ìa llLl-oç)

*ft Sil¿,ARHE,4,D 51 49. 1 1 .04

5A TRi.T:-iS B¡,1ìS ,)\)N 44 trÅ ,)
)'t o Í' 0 .81

Y3) : fts (r - 0.0?5å)
bd {- 5.25t1Æ.

41 s - {6.2i - 1.12å) ou'[Æ* 4..f, sin 0
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CHAPTM, V

SHEAR FAILURES IN SI-ABS

5.I Introducti on

While it is generally tecogu.zecl that the conrnonly r:sed

equati.ons for computing shearing stresses give only noninal stress

values of no physical significance, it should. also be realized

that present knov¡ledge of the actual behavior of s1abs, subJected

to concentrated load, is very Ii-mited. Elstner-Hognestad(I) and

*ou(z) felt that shearing strength of slabs is very much related

to the flo:nrral tehavior. The equations developed in both casee,

although enpirical, take i-nto account the flexrral behavior of the

slabs e

To properly study the failure r¡echanisms, Moe tested slabs

with square and circular holes in them at the criti-cal sectiono

His erçlanatÍon of the mechanism of shear failure can be stated

a^s follows s

1) Iilitial cracking develops at approximately !0 percent of the

ultimate load and e>cbends rapidly to the neutral axiso See figure

(u).
2) From the neutral axis cracks exbend rather slowly until only

a very narrow d,epth of conpressi-on zone renains intact at loads

near ultimateo

Ð .The 
ultirnate strength in shear is then governed by the strength

of this very narrolf compression zone above the top of the incU.ned

cracks o

4) 'The periphery of the loaded area is the critical zone for fail-

ure a¡d the verbical shearing strength of thís a.rea increases as

the lateral biaJcial conpression increaseso
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5.2 Evaluatlon of Test Results

In thls investigation, corresponrj.ing tensile and com-

pressive strains were recorcled at varÌous locations in the slabs

of a'ìI the test specinrens. The values of st,rain ruere transposed

to stress and diagraraatically plotted in an attenpt to approximate

the position of the noutral- axls.

A reasonabl¡r accurate posi-tion for the neutral axis however

could not be located. At an¡r given applied load and at different

locations on the slab, the rnagn:itudes of the tensile stress could

in no way be co-related to the corresponding compressive stress in

the slab surface. The difficuJ-ty arose in trying to assune the

stress distribution in the compressj-on zone of the slabu The two-

way compressive stress also c.ortplicated such a co-relation"

However, v¡hen the test results were exanrined nore generally,

a definite trencl- in the behavj-or of the slab became apparento The

strains in the tensile reinforcsnent passing under the periphery

of the loaded grea, varied only slightly :-n eacrr case at a given

applied load" At a d:istance of ? in. from the loaded area the strains

in the same reinforcement ,were still of approxinately the sa¡ne

magnitude as at the loaded area" In the slab surfaces howevert

the highest st,rains Ì^Iere found at the colunur corners and face,

dimlnishing proporbionately as the dj.stanee from the loaded area

increased. A study of the test results indicated that. this trend

was established at very low applied load (S kips), which seemed

to eLiminate the possibility of a bond faiLurec
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Such uniforrn stress in the tensile reinforcement as conpared

to such varying stress on the slab sufface, seems to indicate that

although the slal:s were actíng in bending, they were also reacting

to the app}Íed load. very mucll as a tied arch would' resist ê coft-

centrated load at its centre. This ex.olanation is represented

schematica.lly in figure (fe¡.

If this rvas the case the fl-exral cracks in the slabs at

the critica't sectionr although advanced weII above the nerrtra]

axis at applied loads near ultinate, did not interfere with the

arching actj-on a¡rd Ùhus did not necessarily initiale final fail-

ure as indicated uy lto"(,2)o

Although too little informetion is available to completely

Justify the arching effect, the following observations of the test

specimens affer failure seem to indicate that the possibility

does exist;

1) The failure planes were alrnost horj-zontal and very close to the

slab surface at the critical section.

2) The failure planes I¡Iere curved in a. slightly concave manner oYer

theír full width"

Ð FIex¡raI cracks at the slab ed.ges in some cases exLendecl to the

slab surface, Í-ndicating tensile stresses over the complete depth

of the slab along the edgeso

The arching action possibly could erçlain the ineffectiveness

of the shear reinforcemento Although in the diagonal tension zonet

the shear reinforcernent l.¡as not actually in the region of maxi

stress. It Ís d.oubtful that the shear reinforcenent could be placed'
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properl)r and be of any value in increasing the shearinq strength.

It is suqqested that further experimentaL studies be under-

talten in or<Ìer to cleter¡nine the extent of the arching action in

resisting applied concentratecì loa.ds or reactions.



'-) 
":-

IrÍ8, 17 T¡'¡ i cal flexuraÌ ereck
in the holes of

pattern as observed
i,loef s tests.

Fig. l-B Schematic illustratÍon of the archÍng
ac tion.
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CI{APTE), VI

CONCLUSIONS

On the basis of test results reportccl herein, the following

conclusions are advanced:

t) 
. 
ttre use of shear reinforcj.ng d.evices in the diagonal tension

zone of thin reinforced concrete slabs cannot be consi<lered,

effective in raisS-ng the shearing strength.

2) Concentration of tensiie reinforcement across the column peri-

phery does not raise the ultimate shear capacity. It is

questionable if this practice has any advantage other than

red.ucing the deflection. Stress in the tensile reinforcement

concentration is increased, incücatíng that a concentration

of reinforcement only causes a concentration of stress"

Ð Shear stresses are concentrated in the vicinity of the column

corners ar¡d the slab surfaee" It is not distributed unifonnly

around the colur'rn peripher¡r or in a parabollc manner over the

d,epth of the comPress'ion zone

4) An arching action develops internally in a slab under corlcer-

trated loacl" Final failure j-s believed tÓ be initiated by

the high shearing stress of the arching actionr horizontal to,

and at the slab face, and not by the continuation of the flex-

ural- cracks lnto the compression zone:

5) The membrane strength of the tensile reinforcement after the

initÍa} shear failure of the concrete is approximately 20 per-

cent of the ultimate strength, For slabs ín nhich bent up

. 
bars were used, the reinforcjng steel will supporb the design

Ioad, even after the concrete has failed' in shearu



)l+

6) The equations developed b;r Moe and by Elstner-Hognestad for

slabs v¡ithout shear reinforcernent, predict values of ulti¡rnate

shear strength which are in goocl agreenent w'ith test results"

Howgver, for slabs v¡ith shear relnforcenent, the equations

yleId values for ultimate load whictr are higher than actuaJ-ly

found. J

7) Values for the factor of safety varied from'2.65 lo 3"40 when

the test results of the slabs w'ithout shear reinforcernent were

compared to the allowable shear capacity as computed by the

current A"C"I. Code.
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