
CONCRETE LIBRARY OF JSCE NO. 29, JUNE 1997

STUDY ON PRACTICAL DESIGN METHOD FOR SHEAR OF REINFORCED
CONCRETE SLABS LOADED NEAR FREE EDGE

(Translation from Proceedings of JSCE, No.532/V-30, February 1996)

/

/.':':<»:‘:<»>>>1-:~~:-r->'- -~--"-‘-"~:-:-:41:-: . . .:21:I:>.1:I:'<-:1 11:1: -<':':Y:».1Y:1$:¥:i§>r '7:‘.'2<§‘93~1;i§;‘;3,.....,....,7,.,._,,,, ,,
.’e=1r2=2.;;:¢s;1:21;I.<'14*.<¢<;:f;I;1»¢:1:-¢:21%?“.K. ‘ 5:.. .;;,=,-:;:;:;;-=;-:1;=:=,{:=;:§:!@5:;:t;; ,:1;1;;;;:,;;:;:;1;t;1:f:1:== ‘-:-‘11:3:P131:;>121;13:1:?:?:?:?5‘?:?‘¢.':"?t'ilt?:‘$?1" “"<1;l<>irs-i="51.-.~.=~.*.w.;=;¢=--;-;- we ~ --;;;;zg;. 554

s/ /~
-. .-.'.~.g.-.t<;.-¢;.~.i;-,<: :».;-1|:-:-:;:g:» -'--:-‘-*e:-:"-- §IEl§$i"E131-"E’¥¥3?“E3l21I1"-‘sitfiiizizl.

:-:~:-=4-:<.¢.».;,;_;.,,,.-.3. la.»-.;_;.;,,~.;.;1.1.3->1-.<,;:-1 , ;1;:;‘,-£;1:I;I:i‘;:1:1:;i1:1-Y:-:§fiF'?‘ -.~:c-at-:1:<:<:-!>~:I:I.;:I:Z§:{:§S1[;;!{IEI;~ 111721-‘.111-.":I;1:l:.':l'1,%-’ /’‘ ‘5;I"»;?‘>: .—' ~ y’ =1 I *5-5.132 ;>I:i$:l:1.~§:I-.‘;:4:§:§:§'rs:5:{=3.5:;:§:;e;;r;*;_: _=;;»;=:1;.;:5:5:1:>:;=¢.a:=s=;:jt;:;;;:1:,;;: I " 5:3;-:P112111.¢:§:§§:;§:;11‘3\'-'-‘:-:7 -=-a=;1_r¢1;' :1;1:1§:¢=1\r="¢;1;¢:32i'
‘Y

.-2;-'~-‘I:|=:-:':‘:1:»;'. .-»-=.-1-'W»:-:~:»¢.-:.~.<_>~,- t n>-;.:.:.;.:-;-;';~:-:-:-:-'1-..- 1-. »-~;-‘.»: :;-:4~:\:-:‘»:--'.\:/.‘,- 1',',.';',‘;‘.‘.','.".'-'V .- -I.’/~‘.'<v __~..-.-1;_ - 1-_<.-.-.-.;,;.;.;;.;.; .~.».~.‘.;.,-;.»:-.»:-;»v:-: -: "- -;~-:-">1"-/‘>1 .-1‘:-:~:->2-: ~¢--=-:-:¢~ :'2-$11:~:-:1:~:-:~:':‘:<§!~‘ $1/~ -1-:5‘:-:-;'-1»-2:»__._,_,,,:;s,;:;:¢a:::;¢:<;=;:3;;s_,.,, :;:;:=:;:-‘ ’:=:§1;:;<1=.¢:1_.._.,..., _ ~ ,4:gi:}:rzg:;:1:;:¢::;5:;::1111:;;r;.;;,\.-.;;j.11:j;:;ai 5:;‘r¢-;1¢=.1-..ie1:=;f:=->ité€;e;>1:K;;:¢:;;;e%z§:235- ’-":¢:-:;.':§:;.1:->
<:-:12-:<:-:-:~:;',i;:-;t¢¢¢;->:l;A:-2:" .-':-".4 -2;:;;;;;;.1_;-;‘:-;A>:4:v -- -List-:I;1sci:-:~:~:~r'1'¢'1-1-1;r-,;¢:;r:;=;;i;.-,::::~-:¢-3511- -:y:5;:;:;:51.;:;1;:¢.;* :v.~:>:_>'¢_:;,g¢.;£:;:;y;>:;:>;:5§g¢:~.§-:§;><5< 3:-:;:4;-:<1-_~:~:~:~:-::':-:-1-:<L-:.:-:-1\'.‘:<:-:»:’:-.=.:--~ :-2.»: -l-1-:::< ' -- ~'~"~ - ‘ .-:;;I~/~4,-.1.-.;.;.;+;.;4;s;-;.:=-:< <~ xi:-:~:-:-:\:»:4:»--*:-:<»:~:::----'--:»:-:<: _.;.;2;.-.;.;i.~‘.-:‘ ,- -.;.;-.:-;-:~.~:':-:e:;:; :;t;:;;;;:;:;:;.:‘»'-\-a»;~:-:~:-~;;:;;;;¢:;:~';;_:g:-~,;.?..~.~:-:;_:;:;:;:;:;:;:_. " r :5:§:§:j:{:}:§;§:§:{:]¢§$. _

. °... 5135515512-25555551533‘ -7‘1"‘=?¢‘=‘é‘€:‘"‘§11:‘;?;:§.'§:};f:;ff?;§§j:§. .\.::==::.;=.;>;.:-'.-;,,=-= ;-;-:;:-‘-'-,;=;,.; » . _ > I$51,;Jl-3‘L'§9T"'f93}l1§4*#5I3‘3§§’6I;1:§.g-I;{5;1§:§3;:j7j1I- ¢;:=:;:;=.:= -.-‘.»r£r-.r'1:=;:1=:¢=:z'$43"-2:-.<;-:1 :é2»1:2I;=:‘_»_,<=3<>:E:1-E-1:->;r‘r'r£i:=:»1;:;:;:,;*;:;:;;;:;:;;;.;)---;;;;;.;.~:._._,-.;;;:;,;;,_-' ' \:':9.5§-\ .. . . _ , »; ,1;1--:1-1-,;.’;:~_.-/V‘ ;=l:-:<.-:-:-:-.;:;: :/;~:-;~:;:~;l;-:~:-;;:,, - ,;:;.;:,;.;;.;;.;._.-,;;.;.; ;:;;;2-.=;=;:;g;;;1.» ,, . 1 " » 1» 41"’. .1-I-5;‘:-:1:?$I@‘.'-i;1:1:1I?'E%3-'-' .§'1,;;:?:.:5:£::<i:-1:. c¥"'¢‘1“.~i-31,; :;1;‘-=>f>*=*
. ' ~»—¢»:¢E$¢E=-=-i""Ei.=¢- £>‘IF?s’< ""-=’-‘~1-"§=ia¢5i£r§-.. - ’ .I' ‘ 1" r :: .7 " ""' ‘ ' " 5: \.5£3i5£?-.» » ,;.~ :».-1+ .- . _ _. -- - . . ;-1 4 ».;.,;.'is ,. -‘('8III‘>§:(>'-3|_j>’—}?’I‘::;:{n‘)‘9_;4'$,¢'>'(“9“:»I1*1‘i‘;i_\:.;\_-1:-2'.-\'-I‘Z\.<;r;>: ii>},:.‘ ;-ii‘§e= ;:‘1;‘1; 5'61?’ j}§>I1i‘~Ii' ' "-i,:~T§‘/.‘I' "=’~i1:~;- .‘1.§1E’:I51".' - ' ' “ ‘<31?.. .. .. .. . . . . - - - -= = . 1 ~ - .-: ;l;-;->1.»->=;~;';. ">:<:¢:1¢:~:r~.’@,-2-:4: -’m:§+.6_-’:-I-*4?‘F111-13-1*. -1

- - I I .1‘ »::%:‘~:=2¥:i1‘e-s1ii2%:!1=""i-- ' -- -- i- '_ » .-.l:-:-:. .- - . ~ ) <§~:-:5-:~:;<: -1.4:»:/-;-:4-.\§,J1»:-:1-:~:-.-';<6.4.- .» .-11:1:-:-:.~'.. --:;:;-~¢->16. -A = ,-:-.-;-.‘;:;:‘-;F;~:‘ - - - -- -- ':~-:-1»:--.~:-1».-~:' ~_:;>_';:~‘::5§; ;;;;.~_.;. ~.;.;. aw 4 ,1-.;,;:,w-; -,-‘» .1;-:<€f@,;.>;:-1,-, _~-.v;'1-.{~.1».'f-‘.- .1. . - .- ~ a _;;§;;,§;;§;-_ §;:;:;:;:%,/2&9-gr: ‘/.:;I;I;=-‘§‘- -:I."I<'v _:1;<~:$>,:-y:.4 »:.
1». ---».-;-; . . ' =' - -- . 2/ ~: -'~>t~!-I -'1‘l'¥:1:-1'10:-.'!‘.<"I-I5-I 1:111:-5'-I-:-:~.-/+:4r;1~1-1-.--.- - -. . . . .-1:111:21

j' ' . I ,. E1}IE1{r;i%EIE§jE»E{5f5{'{-12:1115".'5-EE111¢l€_:j:1‘j'f.‘i'?j=§:Ei ' " - .- .' " I" ' - -. §"’4§’:$§E’4EI?»E;§j1E3}:i:3§:5:5:§:§£éi:I;1I=5.:;1:13.3.5.;‘;j:~;§:§:}'§:§:§:E1§:?-- 5. _ _; -- - . _' :§:§:§;§:§;;
- ' . _ I=.-£<i;;,;{.;-3..-§E3§:5: - - = -- -, -I -' '= -- _= =>'J~1§gE§l\1;;5%15:3:1;;;-=1<'h§;;1§£;gE;¥;;£-355.1:;,;;;;;;;;;5:;;§:€1E¢EgE;=3,; -- -- .. __j -- j -- = 5:;:i=3=5;i=E, ’<=!,=;:,’4:;.-.'»;. »‘"/< .3-5:5.

- ' " -- ;.a£=%=.=Ee%1?;~l>.;'-.§fi..$1-if;r2‘=<s°:=:=<§?“,,at-:;:~:;.~::%:2:z§ = . . . " - = .- I . ‘ = = := -' -- .- .. ' = E=E1E=§“:€¢*.- .' 'lsags;§;§;:_-¢s4$i4.-1;>=5:;;<;;;;:~;;; :;:;.;:;:;~.;-1 - - - _ _ _ .- =; _ _ -_ -- = -- ;1;;;=;¢;I?:i-‘1"."1‘1'5:?">I3f:1-21115.1:L<'::ii:1;¥§"' = = '. -' '- =- ;=:1:;:;-§:=:e§:4' '~1"‘1.=:1:=~§$>j:_:¢>+j.».=>1<=" ' .;-;:;;r;;:;.;r;r;1;1:=1- . . , ' '-zgzgi;;;l;:;1¢1;:i-i-v\-;::-‘;:;:\;.;;I_l_l;1;1i;%§3;- . . _. . ' - ' ' .= - -. .v \?h$"“‘"-"$i§{t§553‘$§?:?:1:Fl:1:1:1:?<§§:l<I:1:I$$:' " -' I ; - ' _- ' " = '- :I:1:-:;;;:§:';;;:];;‘H1;r;r§:§rE1§:Er'E§*§r131'11- 3 - . . V r>==¢;a;:;:;a;:;;;-;=_= a.~i;1;.;;2¢=a-,_-4 ,- - - - _' - _ E -- 1.1 " 3' 2 311;; I II. _.I ; _' _; ,=¥sEE2=1:z:1=:=;1&:&;~es,">1:::s'::z:;zi::z::<z:zi€E.V . . ,- ‘ -'-:-:-:;:;:;.,.,;;',,-;<;-;-;;-;v $3b:<:-»'- 1:1 - . ' ' -' - . .. : : ' '- Y V. .~:-:»:—1.-"‘I;!:;‘!:';<;~=:<1’:-11»:-I-=-H-1;<i:i;I:?:-. -' -- - - . . .- - Y -1-1:;-Iii-1*‘-I:-‘:1:-:1:25»--a"$-.- "-"1 W/~:-”":+:'1»:4I~:':+:-‘A
' . . 1 1;;-.‘»{ j<"“">=~';-1-“='=1‘-==:"="1@§?l$E1E¢%¢§i§'-'i==_ - - - - = = I. .1 ' ‘ Y ': » ‘ 4:‘-‘51E¢=1E1313r5=31§>‘:-?<I=¢:1;1;3‘..1-I -= -- -- -» I " ' ' Y €i=:=54‘iE1?>§=:=-':="‘§ --'7"? »¢'E1:'¢{1il§1E1E=?5v. . v , .;:=.§;=-.152; -==.:=, - " - - V V =- - - - - ' "' I I ~ » I " " -- - 1- -- .- .' » - ~ 1 :' '==<E==;'»'¥<;:E:fi;I:§=£-is-éI:€11:»x=%€%=:!s:1:1~‘:i:1:1:=:=-.V .w:t:.~;r="~sr"‘=1YI§E§r5:£=£=§£3E535I‘Er?§'€§;E=55E=55@E53j3551£13155‘ rs V ~~ -2' ii ii 2 -V 1 1 .':;’.z..?$».-..§aei§Ez%Es?i%i*?' "-- = " P ?I~=%§:'*""“"

~ ,;, ~. :-.-.~.;:-; - V. .. 1 ' » » ';@.~'»f.1-"t~_(-;-.i,g75:I:-1-I-Iv;-:~‘<'1>13-‘I 1- ;- -:¢:<., " " -- : . . " :?:I;!:‘:;-:»I;:f_.-ea-31.; ¢ -.y4.- .-:-' ;.;. -.,.;.__;.;.;.;-;<-;.-;;V;;:..¢ ;. ., - - -- -- , ., ~:;:=.=;r~;' F-1‘.~:I:-it-:~:~‘.—."1—11*1‘,';II-1‘-' -- -- .. :~:<:~.':;-H .- .. 1 ' ' ~ -;!:-;':':‘:‘,:~;'¢1:-;"£-1'-':~:':.' $";;:~1:-x-> _ -:_.;:V 1";- ;.v . _. .:_1:;:;",:-11-1:‘.=;.~__.:..A: - \- -:- .; - . ;- _ ~ ;' » 1'.:'-¢:-v.;',:;:;q:";_-I-I-511-.; .- .. '1 .;=;1<;::,;;-;_;;,,,> _ = , , :;'..;:;‘¢:-:;.¢.;.;r;;<;;:;:;:;;.;.;:-»%%§, _. ~ ,;;;..5
»-‘;;¢~ ;- :1 . . "-I-1-‘:15 =11".-:1 -:1:"'" - - 5 . .- ' ‘~I1=1.'j:{E<.. .'--:=:1_-21;:-1; 1- .. -: 1--=1ZF:§:§:;Z§€;5;i;!:i§;<.-.. .' .' , ;. , ':»-11I:=s:f;1¥<<I;>;l;i; ~-1"- :1-"1 ' '€?1:5f1=1.-_i;;.,.: _ -‘-.;.~.-;=:.;:1;1<'-'_ ' -- ;-; ' _ ;.;~__ ~ I: _ __ ;- -";- 1.‘ , , ; 5:'5.l',“'5i3:'5;3':5.=%{:§:§: 1 '1' I- --,-:;:;<;;;:
321-‘ :1. " " 1"?-1111' -" " I ' 1.1".-;$-';==»\lf:‘»:- - :1: 1'522%2?:1:I:15:11tif-:=:=$:£:%€=§2i:-1-.~. . ' ~‘.IIi~I7.'I '15-1'11"’.-i; L I. I -I -" -" .ii1:'»'1V '- .' ":'1'-51 . ' ' " §;§:\'§F‘.{Z;f;1&}:?;§3¢:§iIE§-_ ff" :1:1 1*i:1.i-.—:-:':1--.':-;?f:§1l5:13§il‘ -' 1'1. l55§P1I:1‘1;-‘1.-€":-.1r'1T:?!=‘l5iiI5t'5“r, . -.,_:-'15:;1.r;1=.3;_;". J I - ' ~ . .1 :, _.':§:3-.;:$:;:?¢',:;=;1:=:-1 ;:2:_':5'E:§f:;:5:—r1-jr;?.;‘rj§'6§rE»‘»§;rEr5<,:;<1I§51 "=I= -- ;¢;I:1:1;'I»;'.>1:1:>;1..1;.f:‘:_$.E’_i1‘5§i'ir5i

" I‘ 2% i%%2’.%2i2‘r:%‘1¥§:i;<;- 1 :~ . - ‘ %=.§:=*2E=i=:=2?;%:&:.:i~T’ ’ = .I::-'::-. , ;' 1 I;I;I;‘;§;';%_”,Y:—;3j.:I-IE111'-Z5315§>‘g1;fi-;ZfI$I:i- -:1}.-:1.5;:/.;:;:;:;:;:;. ‘;=-.‘-:5: '~ .:;<,i;I:I:I;§;<.i.-;<;-.,;;5:-§:‘:_:.:;.;:;.;:;:;1;1;I:?:¢:a:-1 -1:.5::.:;‘;=:,:;:,:-:::;:';.;I@;1_=';:;-.{I;‘;.-11255:1, 1:’-,1,‘I;I:f~;?:I:'I:¢;?I':f I :-.1:1:f:E=if.»J:/‘>1-<5:Lia:.1-'-~:,=:-:>;.;-'“ » = .1 Iii;-: .~ ' = = ::1<,$;t'!~:;I:EI@f.'f:;t;:}:i;1;I5.E!5:1§¢:1:Ii€§ --I'I;'»;!:1:!'l:i:§11:P» 3:1?‘=:l'l:1;?iii"?¥;%$;1-I¥¢I:=:1:i:=:1:%%1i§E§‘ _.;"-11;:%;111j:2._:g,;'y_fig;-,;:_.~;;.;;:_:a;;:;:;";-;:;;a;:- 1 .;:;:'¢;-:_»:,-:;:,-' >521::1":1_7:3;l'_,':5:’:"i,_g:;'':;;;;. , 1*" . 1.; ;:i'1fP " , _ -s . , it ~ 1 .'>I:1E;E5:<iaE%ie. 1‘ ':‘.*'1Z1%-5';€!EfrEi'1'=:15IEfiII'E1I="%E"E':=3E=?é1E$i%-i I‘:-*¢",-:i-"i1’='I.-- ~.-, » » .» . . j ’ ;. -' ; ‘;. __ = 1» = », , g:;:<,t,:;I¢I-.;¢=:-:1;>9:-3,:-153'a;.1.;;g.;.gn 5,; :» 1.3311:-5-}<f-:~7v:~_ .3;---;;t—.-:.;.-..!»>- >11‘;--;.»,,:+..::,:,::_:.:~:<>:'.¢-:»--:-:-:4 " ;’ * (1;1».--,;- 1' l:'=-‘>1:-r=>:‘-I

Hitoshi FURUUCHI Yoshihiro TAKAHASHI Yoshio KAKUTA

The punching shear capacity of reinforced concrete slabs decreases when a load is applied near the
free edge. In the JSCE Standard Specification for Design and Construction of Concrete Structures,
loss in capacity is taken into account by shortening the peripheral length of the cross section
designed to resist punching shear. On the basis of experiments on simply supported slabs with a free
edge this study reveals that the JSCE method does not adequately take into account the effect of the
free edge. A new method of evaluating the ultimate shear capacity in such cases is discussed and
two practical design methods are proposed; one entailing shortening the peripheral length of the
design cross section while at the same time reducing the punching shear capacity per unit length of
the design cross section, and the other assuming a slab as the beam with an effective Width and
applying the beam shear equation to the slab.

Key Words: reinforced concrete slabs, punching shear, free edges, critical section, beam shear,
design
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1 . INTRODUCTION

In RC slabs subjected to concentrated loading
and in RC footings that directly support a load
transferred from a column, there is a possibility
of punching shear failure, a failure similar to
beam shear failure or flexural failure due to the
development of yielding lines. Punching shear
failure is a particular brittle failure in which the
loaded concrete falls out in the shape of a
pyramid. It is known that this behavior and
resistance to it is complex, and that shear
capacity falls as the load approaches a free edge.
The JSCE's Standard Specification for the
Design and Construction of Concrete Structures
[1] gives design equations for the punching shear
capacity of planar members. In these equations,
punching shear capacity is ensured by reducing
the length of the design cross section when the
loading point is near the free edge of a slab.
However, it was been pointed out that this
method does not adequately take into account the
effect of the free edge on shear punching [2].

Fig. 1 Effective width of one- way slab

In this study, the JSCE method is re-evaluated based on experimental results of punching shear on
one-wayRC slabs with the purpose of proposing a new and practical design method for such cases.

2 ..TSCE DESIGN METHODFOR SLABS

2.1 Design Flexural Capacity of Planar Members

In the JSCE Standard Specification, the bending moment of a planar member is in principle
evaluated by linear analysis, but the use of plastic analysis by the theory of yield lines or the strip
method is also permitted. Simply supported one-way slabs subjected to a concentrated load can be
designed as beam with an effective width, as shown in Fig.l. This method is based on a bending
momentdistribution given by elastic theory. The effective width be may be computed from Eqs.(i)
and (2).

when

where

CS:

c<
12x(l-x/l),

L2x(l-*//),

b e =v+2Ax(l-x/l)

be =c+v+12x(l-x/l)

(1)
(2)

c : distance from edge of distributed load to the free edge of slab
x : distance from the center of distributed load to nearest support of the slab
/ : span of slab
v : width of distributed load

2 .2 Design Shear Capacity of Planar Members

For a planar member subjected to transverse shear, the examination of shear as a linear member and
the examination of punching shear should be made according to the JSCE Standard Specification.
However, a method of taking a definite effective width as a linear member is not given for planar
member.For the examination of punching shear, the provision below is provided.
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2 .3 Design punching shear capacity of planar members

Whena concentrated load is applied to a localized area of a planar membersuch as an RC slab, the
design punching shear capacity is determined by Eq.(3).

V pcd - fa Pp Pr fpcd Upd/Yb (3)

where, fpcd = 019V/'* (Mja«) (4)

& =VlOO/d (</:c/w) when j8d >15, pd istakenas 15

/3p =iJlQQp when ^ >15, /3p istakenas 15

/3r =l+l/(l+0.25w/J)

/ \d : design compressive strength of concrete
u : peripheral length of loaded area
up : peripheral length of the design cross

section at a point d 1 2 from the
loaded area

d, p : effective depth and reinforcement
ratio defined as average values of
reinforcement in the two directions

yb : member factor ( 1.3 ingeneral )

Equation (3) was derived by the modifying the
equation for the shear capacity of beams to make it
suitable for punching shear according to
experimental results on RC slabs [3] and footings
[4]. The average ratio of experimental to calculated
values of punching shear capacity is 1.033 and the
ratio of the standard deviation to the average is
0.159 [5].

Whenthe load acts in the vicinity of a free edge or
opening in the member, it is according for by
reducing the peripheral length of the design
cross section up, thus reducing the punching
shear capacity. The method of this reduction in
up is determined as given in the GEB/FIP
Model Code 1978 [6] , in which the value of up
is taken as the smallest value of cases 1 to 3 as
shown in Fig.2.

In the CEB/FIP Model Code 1990 [7] , case 3
is removed and the location of the design cross
section is modified to be 2d from the loaded
area. Then the peripheral length of the design
cross section is taken as the shorter of cases 1
and2.

In other countries, the location of the design
cross section is set as d/2 and 1.5d from the
loaded area in the ACI318 building code [8]
and the Euro-code [9] , respectively.

(MPa )

(Where separate from free edge

case 1

(Where close to free edge )

F ree edge F ree edge
JL

case 2 da

case 3

Fig. 2 Design cross section

Load

b w

di k

"S" "5"

d\

Fig.3 Specimen
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3 . OUTLINE OF PUNCHING SHEAR EXPERIMENTS

An outline of experimental results used in this study follows. The specimens were reinforced
concrete slabs simply supported on two opposite sides, as shown in Fig.3. The main test parameters
were the size of the slabs ( width, span, and thickness ) and loading conditions ( location and
distribution area ) as shown in Table.1. This table also shows the compressive strength of the
concrete, the yield strength of the reinforcing bars, and the ultimate load on the specimens.
Concrete strength ranged from 21.8 to 37.3 MPa. The reinforcing bars were hot-rolled deformed
bars with a nominal yield point of 345 MPa and diameters of 10 and 13 mm. The ends of
longitudinal bars are anchored by hooks and the transverse bars are anchored by connect on to the
outermost longitudinal bars. The specimens were supported by round steel bars held between steel
plates of thickness 1cm and width 10cm, and the four corners of the specimens were free to rise.
Steel plates of thickness of 3 cm were used as loading pads on the specimens.

The failure modes are shown in Table 1; these were determined by observation after the specimens
failed. Punching shear failure, a shear failure similar to beam shear failure, a combination of these
failure modes, and flexural failure due to developed yield lines were observed, as shown in Fig.4.
For the combined type of shear failure, a punched concrete section of pyramid shape was partially
removed at the free edge and diagonal cracks were observed on the side of the slab. The shear
failure similar to beam shear failure was observed in slabs of comparatively small width. In case of
the slabs with small shear span, it seems that the failure mode was a sheaf-compression failure as
observed in deep beams.

Table 1 Details of Specimens and Experimental Results

N o .

S p e c im e n S p a n W id th ffi g h t E ffe ctiv e D e p th L o a d ed A re a
E D 2 R e in fo rc em e n t R a tio 3 4 5 F a ilu r e *

N a m e D b w h d i d 2 V ; V 3 a e P i P 2 f y . f c P B M o d e

(c m (c m ) ( c m ( c m ) c m c m (c m (c m ) c m % (% ) (M P a ( M P a ) k N )

1 H 5 6 - 0 5 5 0 .0 3 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 5 .0 1 .6 7 1 .9 1 4 0 0 3 1 .0 1 0 8 B M

2 H 5 6 - 0 6 5 0 .0 3 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 2 9 .3 9 8 B M

3 H 5 6 - 0 7 5 0 .0 5 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 2 5 .0 1 .6 7 1 .9 1 4 0 0 2 9 .9 1 6 8 P S

4 H 5 6 - 0 8 5 0 .0 5 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 7 .5 1 .6 7 1 .9 1 4 0 0 2 9 .9 1 4 1 P S

5 H 5 6 - 0 9 5 0 .0 5 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 3 0 .3 1 0 2 P S

6 H 5 6 -1 0 5 0 .0 7 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 3 5 .0 1 .6 7 1 .9 1 4 0 0 3 3 .0 1 8 3 P S

7 H 5 6 -l l 5 0 .0 7 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 2 2 .5 1 .6 7 1 .9 1 4 0 0 3 3 .0 1 5 2 P S

8 H 5 6 -1 2 5 0 .0 7 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 3 3 .0 1 1 0 P S

9 H 5 6 -1 3 5 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 5 0 .0 1 .6 7 1 .9 1 4 0 0 3 1 .7 1 9 9 P S

1 0 H 5 6 -1 4 5 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 4 0 .0 1 .6 7 1 .9 1 4 0 0 2 8 .6 1 7 4 P S

l l H 5 6 -1 5 5 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 3 0 .0 1 .6 7 1 .9 1 4 0 0 2 6 .9 1 8 0 P S

1 2 H 5 6 -1 6 5 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 2 0 .0 1 .6 7 1 .9 1 4 0 0 2 8 .2 1 6 0 P S

1 3 H 5 6 -1 7 5 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 2 5 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 3 1 .1 1 2 9 P S

1 4 H 5 6 -1 8 1 0 0 .0 5 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 2 5 .0 1 .6 7 1 .9 1 4 0 0 3 1 .0 8 5 B M

1 5 H 5 6 -1 9 1 0 0 .0 5 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 2 8 .4 8 2 P S

1 6 H 5 6 -2 0 1 0 0 .0 7 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 3 5 .0 1 .6 7 1 .9 1 4 0 0 3 0 .1 1 2 4 B M

1 7 H 5 6 -2 1 1 0 0 .0 7 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 3 7 .3 9 3 P S

1 8 H 5 6 -2 2 1 0 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 5 0 .0 1 .6 7 1 .9 1 4 0 0 3 2 .0 1 7 5 P S

1 9 H 5 6 -2 3 1 0 0 .0 1 0 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 2 7 .2 8 8 P S

2 0 H 5 6 -2 4 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 7 0 .0 1 .6 7 1 .9 1 4 0 0 3 4 .5 2 1 4 P S

2 1 H 5 6 -2 5 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 5 5 .0 1 .6 7 1 .9 1 4 0 0 3 0 .4 1 8 4 P S

2 2 H 5 6 -2 6 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 4 0 .0 1 .6 7 1 .9 1 4 0 0 2 9 .0 1 7 4 P S

2 3 H 5 6 -2 7 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 2 5 .0 1 .6 7 1 .9 1 4 0 0 3 1 .5 1 4 0 P S

2 4 H 5 6 -2 8 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 0 0 2 7 .2 9 6 P S

2 5 H 5 6 -2 9 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 4 0 .0 1 .1 3 1 .2 0 4 0 0 3 6 .5 4 3 1 P S

2 6 H 5 6 -3 0 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 2 5 .0 1 .1 3 1 .2 0 4 0 0 3 1 .6 3 4 9 P S

2 7 H 5 6 -3 1 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .1 3 1 .2 0 4 0 0 2 9 .7 1 9 6 P S

2 8 H 5 7 -6 1 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 7 0 .0 1 .1 0 1 .1 6 3 9 9 3 0 .1 4 7 0 P S

2 9 H 5 7 -6 2 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 6 0 .0 1 .1 0 1 .1 6 3 9 9 3 1 .5 5 0 3 P S

3 0 H 5 7 -6 3 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 4 5 .0 1 .1 0 1 .1 6 3 9 9 3 0 .7 4 4 4 P S

3 1 H 5 7 -6 4 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 3 0 .0 1 .1 0 1 .1 6 3 9 9 3 0 .1 3 7 2 P S



3 2 H 5 7 -6 5 1 0 0 .0 1 4 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 5 .0 1 .1 0 1 .1 6 3 9 9 3 0 .5 2 7 0 P S

3 3 H 5 7 -6 6 1 0 0 .0 1 2 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 6 0 .0 1 .1 0 1 .1 6 3 9 9 3 3 .5 4 7 8 P S

3 4 H 5 7 -6 7 1 0 0 .0 1 2 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 4 5 .0 1 .1 0 1 .1 6 3 9 9 3 4 .8 4 5 8 P S

3 5 H 5 7 -6 8 1 0 0 .0 1 2 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 3 0 .0 1 .1 0 1 .1 6 3 9 9 3 5 .9 4 1 8 P B

3 6 H 5 7 -6 9 1 0 0 .0 1 2 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 5 .0 1 .1 0 1 .1 6 3 9 9 3 2 .3 2 5 5 P B

3 7 H 5 7 -7 0 1 0 0 .0 9 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 4 5 .0 1 .1 0 1 .1 6 3 9 9 3 0 .1 4 0 5 P S

3 8 H 5 7 -7 1 1 0 0 .0 9 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 3 0 .0 1 .1 0 1 .1 6 3 9 9 3 1 .9 3 7 8 P B

3 9 H 5 7 -7 2 1 0 0 .0 9 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 5 .0 1 .1 0 1 .1 6 3 9 9 3 4 .9 2 9 6 P B

4 0 H 5 7 -7 3 1 0 0 .0 6 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 3 0 .0 1 .1 0 1 .1 6 3 9 9 2 8 .0 2 8 2 B S

4 1 H 5 7 -7 4 1 0 0 .0 6 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 5 .0 1 .1 0 1 .1 6 3 9 9 3 5 .1 1 5 7 B S

.4 2 H 5 7 -7 5 1 0 0 .0 3 0 .0 2 0 .0 1 8 .0 1 7 .0 1 0 .0 1 0 .0 5 0 .0 1 5 .0 1 .1 0 1 .1 6 3 9 9 3 1 .5 1 6 0 B S

4 3 G 5 7 -4 1 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .0 1 4 .0 5 0 .0 7 0 .0 1 .7 0 1 .9 4 4 1 9 3 1 .2 1 9 0 P S

4 4 G 5 7 -4 2 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .0 1 4 .0 5 0 .0 5 5 .0 1 .7 0 1 .9 4 4 1 9 3 3 .7 1 6 4 P S

4 5 G 5 7 -4 3 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .0 1 4 .0 5 0 .0 4 0 .0 1 .7 0 1 .9 4 4 1 9 3 3 .4 1 8 0 P S

4 6 G 5 7 -4 4 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .0 1 4 .0 5 0 .0 2 5 .0 1 .7 0 1 .9 4 4 1 9 2 8 .4 1 3 8 P S

4 7 G 5 7 -4 5 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .0 1 4 .0 5 0 .0 1 0 .0 1 .7 0 1 .9 4 4 1 9 3 2 .6 1 0 2 P S

4 8 G 5 7 - 4 6 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 4 .0 7 .0 5 0 .0 7 0 .0 1 .7 0 1 .9 4 4 1 9 3 1 .6 1 8 8 P S

4 9 G 5 7 - 4 7 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 4 .0 7 .0 5 0 .0 5 5 .0 1 .7 0 1 .9 4 4 1 9 2 6 .6 1 6 5 P S

5 0 G 5 7 - 4 8 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 4 .0 7 .0 5 0 .0 4 0 .0 1 .7 0 1 .9 4 4 1 9 2 7 .7 1 5 4 P S

5 1 G 5 7 - 4 9 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 4 .0 7 .0 5 0 .0 2 5 .0 1 .7 0 1 .9 4 4 1 9 2 4 .4 1 4 9 P S

5 2 G 5 7 - 5 0 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 4 .0 7 .0 5 0 .0 1 0 .0 1 .7 0 1 .9 4 4 1 9 2 7 .1 8 9 P S

5 3 G 5 7 - 8 1 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 6 5 .0 7 0 .0 1 .7 0 1 .9 4 4 1 9 2 4 .2 1 5 7 P S

5 4 G 5 7 - 8 2 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 6 5 .0 5 5 .0 1 .7 0 1 .9 4 4 1 9 2 8 .7 1 4 7 P S

5 5 G 5 7 - 8 3 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 6 5 .0 4 0 .0 1 .7 0 1 .9 4 4 1 9 2 6 .7 1 5 2 P S

5 6 0 5 7 - 8 4 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 6 5 .0 2 5 .0 1 .7 0 1 .9 4 4 1 9 2 7 .0 1 2 3 P S

5 7 G 5 7 - 8 5 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 0 .0 1 0 .0 6 5 .0 1 0 .0 1 .7 0 1 .9 4 4 1 9 2 6 .9 8 2 P S

5 8 G 5 8 - 0 1 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .5 7 .5 5 0 .0 7 0 .0 1 .6 7 1 .9 1 4 1 2 3 2 .0 1 5 4 P S

5 9 G 5 8 - 0 2 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .5 7 .5 5 0 .0 5 5 .0 1 .6 7 1 .9 1 4 1 2 3 3 .1 1 3 4 P S

6 0 G 5 8 - 0 3 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .5 7 .5 5 0 .0 4 0 .0 1 .6 7 1 .9 1 4 1 2 3 0 .7 1 4 4 P S

6 1 G 5 8 - 0 4 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .5 7 .5 5 0 .0 2 5 .0 1 .6 7 1 .9 1 4 1 2 3 5 .5 1 3 5 P S

6 2 G 5 8 - 0 5 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 7 .5 7 .5 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 1 2 3 0 .5 8 5 P S

6 3 G 5 8 - 0 6 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 5 .0 1 5 .0 5 0 .0 7 0 .0 1 .6 7 1 .9 1 4 1 2 3 1 .2 1 7 9 P S

6 4 G 5 8 - 0 7 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 5 .0 1 5 .0 5 0 .0 5 5 .0 1 .6 7 1 .9 1 4 1 2 3 2 .2 1 8 6 P S

6 5 G 5 8 - 0 8 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 5 .0 1 5 .0 5 0 .0 4 0 .0 1 .6 7 1 .9 1 4 1 2 3 0 .8 1 8 7 P S

6 6 G 5 8 -0 9 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 5 .0 1 5 .0 5 0 .0 2 5 .0 1 .6 7 1 .9 1 4 1 2 3 6 .0 1 5 7 P S

6 7 G 5 8 -1 0 1 0 0 .0 1 4 0 .0 1 0 .0 8 .0 7 .0 1 5 .0 1 5 .0 5 0 .0 1 0 .0 1 .6 7 1 .9 1 4 1 2 3 1 .2 9 6 P S

6 8 0 5 8 -l l 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 7 0 .0 1 .0 3 1 .1 2 4 1 2 3 1 .7 3 0 6 P S

6 9 G 5 8 -1 2 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 5 5 .0 1 .0 3 1 .1 2 4 1 2 3 2 .7 2 9 4 P S

7 0 G 5 8 -1 3 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 4 0 .0 1 ,0 3 1 .1 2 4 1 2 3 4 .2 2 8 1 P S

7 1 G 5 8 -1 4 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 2 5 .0 1 .0 3 1 .1 2 4 1 2 3 2 .8 2 2 3 P S

7 2 G 5 8 -1 5 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 2 0 .0 1 .0 3 1 .1 2 4 1 2 3 2 .7 1 8 7 P S

7 3 G 5 8 -1 6 1 0 0 .0 1 4 0 .0 1 5 .0 1 3 .0 1 2 .0 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .0 3 1 .1 2 4 1 2 3 0 .9 1 4 3 P S

7 4 G 5 8 -1 7 1 0 0 .0 1 4 0 .0 1 5 .0 1 2 .9 l l .7 1 0 .0 1 0 .0 5 0 .0 7 0 .0 1 .8 4 1 .0 0 4 3 0 3 6 .3 3 1 2 P S

7 5 G 5 8 -1 8 1 0 0 .0 1 4 0 .0 1 5 .0 1 2 .9 l l .7 1 0 .0 1 0 .0 5 0 .0 5 5 .0 1 .8 4 1 .0 0 4 3 0 3 3 .6 3 0 6 P S

7 6 G 5 8 -1 9 1 0 0 .0 1 4 0 .0 1 5 .0 1 2 .9 l l .7 1 0 .0 1 0 .0 5 0 .0 4 0 .0 1 .8 4 1 .0 0 4 3 0 2 8 .2 2 7 8 P S

7 7 G 5 8 -2 0 1 0 0 .0 1 4 0 .0 1 5 .0 1 2 .9 l l .7 1 0 .0 1 0 .0 5 0 .0 2 5 .0 1 .8 4 1 .0 0 4 3 0 3 1 .7 2 3 6 P S

7 8 G 5 8 -2 1 1 0 0 .0 1 4 0 .0 1 5 .0 1 2 .9 l l .7 1 0 .0 1 0 .0 5 0 .0 1 0 .0 1 .8 4 1 .0 0 4 3 0 3 0 .8 1 5 2 P S

7 9 G 6 0 -0 4 7 0 .0 9 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 4 5 .0 1 .5 5 1 .7 2 4 0 2 2 9 .2 3 0 2 P S

8 0 G 6 0 -0 7 7 0 .0 9 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 3 0 .0 1 .5 5 1 .7 2 4 0 2 2 9 .5 3 3 5 P S

8 1 G 6 0 -1 0 7 0 .0 9 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 3 0 .0 1 .5 5 1 .7 2 4 0 2 2 1 .8 2 5 8 P S

8 2 G 6 0 -1 3 7 0 .0 9 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 6 .0 1 .5 5 1 .7 2 4 0 2 2 8 .0 1 0 3 P S

8 3 G 6 0 -1 6 7 0 .0 1 5 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 7 .5 1 .5 5 1 .7 2 4 0 2 2 3 .6 5 0 B S

8 4 0 6 0 -1 9 7 0 .0 3 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 1 5 .0 1 .5 5 1 .7 2 4 0 2 2 3 .6 1 0 9 B S

8 5 G 6 0 -2 2 7 0 .0 4 5 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 2 2 .5 1 .5 5 1 .7 2 4 0 2 2 8 .5 1 6 2 B S

8 6 G 6 0 -2 5 7 0 .0 6 0 .0 1 5 .0 1 2 .9 l l .6 1 0 .0 1 0 .0 3 5 .0 3 0 .0 1 .5 5 1 .7 2 4 0 2 2 8 .5 2 3 0 P B

1) Shear span
2) Distance from Free edge to Loading Point
3) Yielding Point of Longitudinal Bar
4) Compressive Stregth of Concrete
5) Ultimate Load

* BM: Flexural Failure

PS : Punching Shear Failure
BS : Shear Failure similar to Beam Shear Failure

PB : Combination of Punching Shear and Beam Shear Failure
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Fig. 4 Failure mode

4 .DISCUSSION OF ULITIMATE CAPACITY OF RC SLABS

4.1 Evaluation of Flexural Capacity of RC Slabs

Four of a total of 86 slabs failed as a result of longitudinal bar yielding and the development of
yield lines. The flexural capacity of the slabs increased somewhat with large deformation after
yielding of the longitudinal bars. In these slabs, the flexural capacity was attributable to the full
width of the slabs, because the yield lines developed over the full width on the center line of the
slabs, including the loading point. The capacity of the slabs was computed for a point load, as the
effect of the loading area is negligibly small. The results are as follows.

H56-05 89.57kN(1.21)
H56-06 88.89 kN(1.10)
H56-18 74.67kN(1.14)
H56-20 104.1 kN(1.19)

The flexural capacity of specimen H56-20 is nearly equal to the punching shear capacity, but in
other specimens the flexural capacity is smaller than the punching shear capacity. The values shown
in parenthesis are the ratio of experimental to calculated values of flexural capacity. The calculated
values are on the safe side as compared with the test results. In general, it is known that the actual
ultimate flexural capacity is greater than that obtained from the mechanism of yield lines. Thus it
canbe said that results given above are appropriate.

4 .2 Punching Shear Capacity of Slabs LoadedNear Free Edge

It is known that punching shear capacity
decreases as an applied load approaches a free
edge [2]. Figure 5 shows the relationship
between loading position and shear capacity.
The lateral axis is ela, a parameter representing
the loading position in which a is the shear
span and e is the distance from the free edge to
the loading point. This figure plots the
experimental shear capacities multiplied by
V 30 / fc' to eliminate deviations in concrete
strength from 30 MPa. The solid line in this
figure is computed using Eq.(3) with the
member factor Tb set to 1.0 so as to
investigate agreement with the test results.
Cases 1 to 3 show the shortest design cross
section for each ela. It can be seen from this
figure that the experimental shear capacity
gradually falls as the value of ela becomes
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Fig.5 Effect of free edge on the punching
shear capacity
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smaller. The design cross section transfers from case 1 to case 3 when the distance from the end of
the load distribution to the free edge becomes smaller than five times of the effective depth,
according to the JSCE Standard Specification. Therefore, the evaluated punching shear capacity
changes discontinuously and gives safer values for loading points not so close to the free edge. On
the other hand, when the loading point is located very close to the free edge, the evaluated capacity
is smaller than the actual capacity in spite of the case 2 design cross section being used. It can thus
be said that the experimental values of punching shear differ from the ones evaluated when the
effect of the free edge is taken into account only by reducing the peripheral length of the design
cross section, and that a failure mode with a critical section such as case 3 could not be observed in
the experiments.

It would appear satisfactory, therefore, either case 1 or case 2 as the peripheral length of the design
cross section. Furthermore it may be concluded that shear strength per unit length of the design
cross section fpcd decreases due to the effect of free edges. Here the punching shear capacity is
assumed to be given by the following equations with a strength reduction coefficient a.

ShearCapacity= pd fippr f u d (5)

where, fp =ax0.19^/c' (MPa)

fc ' : Concrete compressive strength from the tests (MPa)
a : Coefficient representing the decrease in shear strength per unit length of the

design cross section
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Fig.6 Decrease in shear strength per unit
length of the design cross section
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Fig.7 Punching shear capacity

Figure 6 shows the relation between aand e'/a , in which e' is the distance from the edge of the
loading area to the free edge, e-V2 1 2. The test results for all specimens that failed by punching
shear are plotted in this figure. The shear strength decreases gradually as e'/a becomes smaller and
the slabs have an ordinary punching shear capacity when the load is sufficiently far from a free edge.
However, they have a reduced shear strength when the load is close to a free edge. Furthermore,
when the load is very close to a free edge, the capacity decreases more rapidly due to the effect of
the reduction in peripheral length of the design cross section as well as the decrease in shear
strength per unit length of the design cross section. As other parameter, e'/h and others were

99-



examined; however these parameters appear to have almost no effect on the shear strength. The
following equation for a was obtained by linear regression analysis:

a =0.64 + 0.46 e'/a (6)

when a>1.0, a istakenas 1.0

where, e' : distance from an end of loaded area to a free edge

The relationship between experimental results and calculations when reduction coefficient Q! is
applied to punching shear capacity is shown in Fig.7. The average value of the ratio of experimental
to calculated values of shear capacity is 1.01 and the coefficient of variation is 9.1% for the 71
slabs.

4.3 Evaluation by Shear Capacity as a Beam

The reduction coefficient Oi derived in the preceding section can be used only for simply
supported one-wayslabs, so values of CK must be investigated experimentally for slabs with other
supporting conditions. Here, a method of evaluation based on beam shear capacity in place of the
method mentioned above. A wide slab fails by complete punching shear failure, but a slab with a
smaller width fails in the beam shear mode. In the preceding section, an intermediate type of failure
between punching shear failure and beam shear failure is treated as an imperfect punching failure.
Such a failure might also be considered an imperfect beam shear failure in which the full member
width is not effective. Thus, if the slab is considered as a beam adopting an effective is an important
problem. In the JSCE Standard Specification, the effective width is given for flexural capacity but
not explicitly stated for shear failure. In this study, the effective width used in determining the shear
capacity of a slab is assumed to be the same as for flexural capacity, as shown Fig.l. Equations (7)
and (8) are used to evaluate shear capacities. These equations are for ordinary beams and deep
beams, respectively, which are the basis of the JSCE equations.

Vc =0.20(^/c')1/3J-1/4(0.75+^-)M (V)aId

where, bw:widthofmember
d : effective depth (m)
Pw -100-4/(M)

As: area of tensile reinforcement

fc ' : compressive strength of concrete

The above equation is for a diagonal tension failure of RC beams without web reinforcement and
was derived through reevaluation of the effect of reinforcement ratio and the size effect by J. Niwa
etal[10].

0.24 fc|2/3 (1+ JplYl+ 3.33r id)
K Jc \ \jrw/\ ' /, j /Q\wd= , , ,,,2 M (8)

l+(aldy

where, r : width of plate at support

This equation is for the compression shear failure of deep beams based on a tied arch model
proposed by J. Niwa [11].
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The shear capacity of the RC slab as a beam is found
by selecting the larger value of Vcand Vwd.Generally,
specimens used in the study of beam shear capacity
are loaded symmetrically at two points. However, the
RC slabs used in this study were loaded at one point
and different widths of support and loading plates
were used. It is assumed that the shear span used to
compute the shear capacity of deep beams is as shown
in Fig.8. On this assumption, it can be shown that the
shear capacity increases as the loaded plate is made
wider. However, this is a provisional assumption and
it is necessary to reconsider how to modify the tied
arch mechanism to account for the size of the loaded
plate.

Those slabs in which the shear strength decreased due
to effect of the free edge (e'/a < 0.78) are considered
in the following discussion. Figures 9.1 and 9.2 show
the results for which the beam shear capacity obtained
by Eqs.(7) and (8) is smaller than the punching shear
capacity, respectively. In these figures, the punching
shear capacities in which the reduction coefficient Oi is not used are plotted with crosses for
reference. These results demonstrate that beam shear capacity calculated using the effective width
agrees well with the experimental results in comparison with the punching shear capacity. It seems
that the shear capacity can be ensured by assuming a slab as the beam with an effective width when
a load locates near the free edge.
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I

I
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*R B

ai, 0.2 : shear span

Fig. 8 Definition of shear span
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Fig.9.2 Shear Capacity as Deep Beams

4 .4 Proposal for Method of Evaluating Ultimate Capacity of RC Slabs

Fromthe results described above, the following methods of evaluating the ultimate capacity of RC
slabs can be proposed:

For the failure due to bending moment:
1) Ultimate flexural capacity computed by yield line theory
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For the shear failure:
2) Complete punching shear capacity using case 1 design cross section without considering the

effect of free edges
3) Punching shear capacity using case 1 or case 2 design cross section taking into account the

effect of free edges as a reduction coefficient
4) Beam shear capacity using the effective width as with flexural capacity, adapting the larger of

the capacities calculated by the equations for ordinary beams and for deep beams.

In method A, the smallest of 1), 2), and 3) is selected as the ultimate capacity of the RC slab. In
method B, the smallest of 1), 2), and 4) is selected. For all specimens, the results evaluated by
methods A and B are shown in Figs. 10.1 and 10.2. The average ratios of experimental shear
capacities to values calculated by methods A and B are 1.01 and 1.03, and the coefficients of
variation are 85% and 14.0 %, respectively. This demonstrates the validity of the evaluation of
RC slab shear capacity of by each method. The effective width of a slab used in method B is based
on elastic analysis and therefore has the advantage of being easily expand able to arbitrary support
conditions. Consequently, method B is recommended as a practical method for evaluating capacity.
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5 . CONCLUSION

The following conclusions result from this discussion of the shear capacity of one-wayRC slabs
subjected to loading near a free edge.

1) It is found from experimental results that the shear capacity of RC slabs falls as the load
approaches a free edge.

2) The punching shear capacity calculated by reducing the peripheral length of the design cross
section when the load is near the free edge according to the JSCE Standard Specification is smaller
than the test result when the load is very close to the free edge.

3) The shear capacity calculated using the design cross section of case 3 as shown in Fig.2, which is
applied when the distance from the edge of the loading area to the free edge is less than five times
the effective depth, does not agree with the experimental results either quantitatively or
qualitatively.
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4) By removing the design cross section of case 3 from the JSCE Standard Specification and by
introducing a reduction coefficient to account for the effect of loading close to a free edge, the
punching shear capacity of the slabs can be evaluated satisfactorily.

5) As another method of evaluating the shear capacity of a slab loaded near a free edge, the JSCE
design equations for an ordinary beam or a deep beam are applicable with a good accuracy by
taking an effective width of a slab same as the one taking in the flexural design.

6) A practical design method is proposed in which the capacity of RC slabs is determined as the
smallest v
alue of flexural capacity, beam shear capacity with an effective width, and punching shear capacity
using the design cross section of case 1.
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