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ULTIMATE STRENGTH IN DIAGONAL SPI}i NG OF REINFORCED
o CONCRETE THIN WALL

o .

“

research carried out on

’ K reinfofced—concrete beams and especia}.ly ori deep beams [6,7), .
.‘Lt appears that inclined cracking due to shear does not
o A tepnmate the work of a beam if there is sufficient web re-
' ' mfoxcement, and the main tensile reinforcement is well:
P

T anchored beyox}d the support. Beams, éven with inclined
: : cracks will be able to withstand further loading, until they

: reach the diagonal splittﬂ%g strength limit due to what - .

can be ca]:led',-arch behaviour. = -

74

Lo R We have attempted in this thes:ls to; dzvelop a
formula which will allow the estimation of the’ atrength attqr

diagonal splitting has occurred, and provide the. neccg.w ,‘-‘ ;

-

. web remforcement. 'l'he amount of web xeinforemnt xuquired

k3

for the above ultimate oondition i.s, in moqt casea, Ien ) '_' -
‘than that required v according to the traditipnal, nhm théqzy !
_ and present requirements fdr doep bem (ACI-313-71. ’SGct:Lou e

R .9). But, in the other cases. more neb re.tutormnt il 5 y
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'NOTATIONS

Shear span, distance between concentrat
and concentrated reaction at support,

“e - M i

Shear span as defined in Fig. 2.4. ‘ ,

)
»
]

§ . a = Effeégige ihclined§§plitting span, as defined in
. Fig. a1, . .

By

1

L]

Shear span as defined in Fig.2.4.

Area of tension relnforcement, sq. in.

Area of shear reinforcement parallel to the main
tension reinforcement. - N

Area of shear reinforcement perpendicular to
; ; main relnforcement within a distance a e ff or a,,
;"‘ X : Sq - 1n Y

>
]

. N~ 7 ' e
A = Area of shear reinforcement perpendicular to main
reinforcement within a distance s, sq. in.

'Area of shear reinforcement parallel to the main
tension relnforcement within a distance sz,sq.in.'

Wldth of compression face of’member.

vy ' »

?ﬂ; . bw‘ = Web w1dth o E ' \ I

d d = Distance from extreme compression fiber to centroid | ;i
‘'of tension reinforcement. ) , PO
! /
- DSC = Diagonal splitting crack -

Ultimate compressive strength of COnc:ete, psi.

Square root of ultimate cumpreasivu strangth of
concrete. " ¢ ’f , ' : \V .
wioom .

Compressive strength of concrete under. coﬁbined v
bi-dlrectional c-m-ression and tension. I A

.
]

Tensile strength ¢ f«boncrete .under combined bi+ -
directional tension and oompression. ) )

: f£,, = Strength of concrete qndax cnnbined bi-dirsdtion-
: al. tens{pn , . oL R

.\ , ) .- SR o
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Strength of conctete under combined bi-direction-
al compression.

Yield strength of reinforcement.
Total'depth of beam.

Porée in tension reinforcement.

Total span.
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Clear span measured face-to—face of supports.
Left-hand side of the load.
~Applied load mpment at a section.
Concentrated load;ng force.
Rightryand side of the -load.

Shear reinforcement spacing in a direction
to the longitudinal reinforcement.

Shear reinforcement spacing in a direction
dicular to ‘the longitudinal reinforcement.

. Diagonal splitting force.

Bond stress

v

Shear stress -

- ‘Nominal permissible shear

concrete.

Principal tension stress
Nominal total design shear stress.

Shear £Qrce

- Shear force it the moment of diagonal splitting.
* part 6f thc shear force taken by -thé horizontal

wab xeinfoteunent.
ibtal shnax fotce at section.
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CHAPTER 1
INTRODUCTION .

- ;

.

\

The problem of determining the;shearing strength of
reinforced congcrete beams has received a great deal éfu
éttention in the technical literature. A large number of
laboratory lnvestigatlons have been reported both in the
Norxth Amerxcan contxnent and overseas, and'empirlcal methods
have been proposed for pred;cting the shearlng strength of
beams with wab reinforcemen@, as for example, the formulas )
proposed by AQI-318-71 (Section 11.9) fpg‘deep beams,'which
we found to be dangerous to follow in certain cases. How-

ever, the complexity ‘of the problem is so great that aﬁ yet,

no adequate analytical solution of ﬁhe problem has bee«

——developed;comparable to the simplified flexural ultimate.
' strength design method being now used by ACI-318-71.

1.1 STRENGTH LIMITS OF REINFORCED
' CONCRETE BEAMS

3 | .

Strength limits of beams in general. can be dafined

1

by limit deformation or by material failuxe. Rainforced
!

concrete beams are” mmde of tno matariall ~:cteel and qohb(

crete. Fallure of. the composinq mataxials ainuluneously




1 1.1  Main Modes of Crackxng Failure :
‘””‘of Eoncrete in Beams . : -

x .

o - _ ~_

{ -

7 . vove

'i} '_ Three main modés of cracking failure of concrete y

1n beams can be identified as illustrated in Figure 1.1. They
- %o ¢ . -
are defined as follows: '

ot N .

AY

N .

Mode 1 - Uni-axial tensxon stresses and cracking

d perpendlcular to the stress.
; ™ ; oY - ’ 1‘ )
3 o ! Mofle 2‘- Uni-axial compression stresses and crack- t
g?. S o ”ﬂng*parallel to the-stress. )

At ¢ 4
N 4
. B ’
¢ . ’ \

Mode 3 -~ Bi-directional tension and compression
- f/ ‘ - stresses leading to cracking, perpendi-
> cular to the tension stress, and valid = -

- . - - ’ . 1

S B for "shear" or "moment and shear" loaded

Zones of thé beam.

I . ) .

The knowledge of combined bi~directional strength

of concrete is essential for proper evaluation of the crack-

gyg strength limits of beams. N

On _the basis of“ptevious research’ [6,7], it appears
.t be adequately accnrate for practical design purposes to 3f
a8luma thq combined strength of concrete in the bi-direction-

al stres: condition. as a. lineag function; as presented in
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" Pig. 1.1 - Basic pausés' of failure of ’con;:rete: (i) uni-:
axial tension stress, (ii) uni-axial compression stresses,:
(iii) bi-directional tension and compression stresses.
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‘ . " 1.1.2. Strength Limits for Réinforced .
o Concrete Beams - - '\ : ) .
?) r . . T ) ¢ . . . .

A > o *
Siv e . ] . - * ]

L ‘ In- general; we cam—gaw 1dent1fy the following

.
[

AT C strength limits_“ for reinforifed concrete beams: * - :
. ;{ ‘ . - { ' . i a
Strength Limit No. 1 - First .flexural cracking (equal

. . .
*s - [4}

to ultimate failure as in the

casé of a concrete beam with
L no, or with.very little tensile

\
f

. reinforcement.) :

N . o - )

.
.

Strength Limit No.. ZQ;— Inclined cracking under moment

[

- i

. ’ and shear due to beam work.
, ‘ >
sg;:eng‘th I.imi‘/t)No. 3 - Diagonal splitting due to arch’

p
«
B .

work.

Str;nqth Ii:lmit N;:. 4 = Ultimate flexural failure due to
' ' ° yield (or rupture) of tensile re-
'J.nfox:cement or ‘crushing of concrete
in cqmgression.

i

,\‘ g
ate 2,

:q:almsmnqth Linit R’o. 4, s by now, qui.te well de~-
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»

.ed zones of the beam. They.o;iginaily begin as vertical.

. . w'

: .
fined and verified by tests.

1.2 SEQUENCE OF APPEARANCE OF CRACKS

The first cracks to appear are usually the flexural

{

‘cracks (cracking Mode 1 _ard reaching the maximum tensile

strength.) They tend to deve p vertically. They define.

."”T‘-’ *
Strength Limit No. /1. B o f T

- <

Next to -appear will be cracks in shear-moment load-

e

(up to the main'reinforcement level) but develoﬁ further at.

an’ angle (up to 45° in the middle porticn Of the bean).

"

" These cracks define Strength Limit No. 2.

“

—i

.

These cracks have been conventibnally called shear 6
cracks, however, they are appearing due to the bi*axial

Q
compression and tension stress conditioﬂ”?c:acking Mode 3)

.created 1n(§ﬁé’beam by ,the bond batween stegl and- conc:gte. 'lﬁﬁﬂ

There are-no such cracks in haams vith unbonded reinforce~

4
~y

ment.

The last cracks which may appaax ‘in Beams, in &roas
of igh s/hbn,\are the spi.xm'ma caacxs, St.rength x.:.uitw
No. - These are diagqnal cracks extending in ghp ditgphioﬂ

‘,t!

from the support to the load. agp;iqatipn pﬂint. '!hiy"*’g

| Iai
'\ iy




o . compresBion and tension (c{;éking Mode 3?. gr‘ur;xi-axial com-
‘ " \pre %ioi; strength (cracking Made 2). These cracks may 7,
;j ‘ o | " )‘appeér :@n%eams with unbonded, as wellas bonded’r\;infofce'-
', {' ;"‘ament'.“:. Q'I';le: appearance of these SPLITTING CRAC!{S means "tr{e'

‘ultimate failure of beams which, do not have sufficient web

: | " reinforcement. One ‘o\f\ the aimé of our test program was
';' . s', < to d_evelc;p a method of caiculating the splitting s£rength ,

f’ H " “and providing web reinforcement in such an amount that dia- .

: T ) gonal splitting will not cause Q,i:he beam to fail before the _L
:: . : maximbm ultimate,. flexuxial strength is reached'. I ' " -
¢ T “In the following éhéptéers, ,véélare attempting to )
, '+ 'develop’such formulas. 8 e o T ) v

-
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-tion of - the total araa of webcreinfogcement required.

CHAPTER 2 =

9" 1

- . -INCLINED CRACKING STRENGTH LIMITS +

A definition“of the strength limits for a reinforced oo
concrete beam is presented hereunder; leading to the develop~
merit of formulas allowingithe calculation of the ultimate

T 4

capacity of the beam at diagonal splitting, and the estima- !

“ , ‘
We shall not discuss here Strength Limit No. 1, dealing

with first flexural cracking, which is rather well-known, but

-

limit ourselves to Strength Lihit No. 2, describing 45° in- 3

clinegd cracking, conventionally called shear cracks, and_ to 3?
Strength Limit No. 3, dealing with diagonal splitting‘at . ( 1ﬁ€

- ‘ * 3 ' :“ ’3‘%
arch action. f ' R

N ' ' N 1.

A\l N -

* o - B

v * { e
4

‘2.1 STRENGTH LIMIT NO.'2 - ' _

INCLINED CRACKING .

. ) -
: Inclined gracking described as Strength Limit No. 2, :
is {llustrated by?84 .and B5 cracks, in Figure 2.1. It : :'l'
takes place because of the so-called beam work, and the p;é;ence :
of bohd'bgtwgen the fiexu£;1 reinforcement and the surround- . | Ey-
-‘éﬁg concrete. . . 'k . ' G

° ‘ 4 ." N :j‘
. What\'we conventionally cdll shear stress: '

.
.o - e A4 ' g

i

(2.1) L
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aonoto,k:mroacmmr‘ C(VENTUAL luNBONDED PEINFORCEMENT }
. ’ u SPUTTING ‘ll N - . . ‘
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: Coa \. . . ,
. X v 4 1 = " . - | .
. e s & & & m -
A ) " sono-swear | Fiexural cracks | spLitTInG coack , .
- SPUTTING | : . ‘
- Fig. 2. l-- Generalized crack propagation in the beam with DR
- bonded or unbonded reinforcement. F,~Fy - flexural ‘verti~ - -
. cal cracks, B4~Bs - inclined cracks due. to the-bond and L
' beam work, Sg-Sy - diagonal spl:.tting cracks due to;arch A

worky Nos. 1,2,3,etc., show the order of crack appearance.

oy

R

B

. . e . : T~ ‘zv-w-L.“ M

o - Fig. 2 2 - Defini;:ion gftgi-diréﬁtibnal gmsq‘“
; .~ "at inclined cracking o e 3Y s
I ment of beam, .(ii) crou-uctim (ﬁil t;mc;iin
'~ ' ‘due to bond.‘ o R F *
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. . . - v
R u = 'z-—)ra—' (2-2)

ENLa A
.
i 3

Mainly, the bond resistance u?odx as déscf&bed in Figure 2.2

evokes in the beam ‘a bi-girectional stress condition of
‘ ¢

Vv = -V ='_S— , _ (2.3)

By substituting in formula (2.3) for u we can show that
g ; . . ) 4
N . : . .
\\ vz v ' i -

~
.

which is the conventionally called.shear streip{fﬂhtlﬁmbves

. .the dependence of the shear stress v on  the 'bond stress u.

In the case of a beam WIth unbonded reinforcement,

v

theze is no bond resistance (u = 0) which means also that

= ® - =
: AR v, =0
P

and inclined cracks cannot be expected at all. Thus, the C
[ - s

presence of bond between reinforcement and concrete evokes bi- ' .

ﬂ;féétional‘ipélined«éﬁiesses‘of Ve = -Ve which are additive

ftd7the flexﬁral normal stresses due to'the moment. On the

v

- neutral axis -where the flexural stresses are equal to zero,

5 }»the ztrength of the. ‘Yoan is governed only by the bi-direction-

al equal utxesaes of v = -V, inclined under 45



. N - g " * . (:g. . 3.
when these stresses reach their strength limit, as

defined earlier in Figure 1.2 as

0

i \ " o~ ° ' .
: . fsc 9fto .

the -beam will be sixbjécted to 45° inclined z;racking desc;:ib-

ed as Strength Limit No. 2-(cracking Mode 3, Figure 1.1).

iy ‘» .

v

.o i v '\

Lo ) A beam with unbonded reinforcement, from the very: Ao W
f - , v N A g - )

beginning, works as a tied arch, p;gizj.:d,ed that: the main e

flexural reinforcement is well anchored beyond .the support.

Sy »
a

¥ ) ‘ Tests.. {'6 7] prove that a beam with bonded reinforce-

ment well anchored beyond the support, works at- the txed arch T

1

: scheme, after the appearance of 45° inclined cracks, until

. they reach the diagonal splitting Stréngth Limit No. 3, as

i
-

defined later.

Hence, it appears tha 45° inclined cracking could
be accepted in the design practice the same .way as flexural
cracking is. An additional argument in favor is ‘the fact

}

that inclined cracking ﬁshly occurs after flexural crgck:l;xg.ff';,

As in the case of flexural cracking, also An the
case of Inclined Cracking, it would be uneconomical to elin-

inate inclined.cracks by means og"additional réinfbr@méng,' SRR

~ ’ e“ A

Tests show [6 7] that at the mment: of crnckingg

‘the strain in concrete: is in tha ordar qu

,“



R e = 0.0001 to 0.00015 in/in

., which means that the accompany?ng stress in steel will be

e -~

T

"fs = ¢E = (.0001 to .00015) 30 x 10° = 3000 psi - 4000 psi

@
A S

which is not much at all (only 5-10% of £) -
1 ' " .

”

For example, 1% of web reinforcement stressed to

»

“.7 7 £, = 3000 psi, in the case of concrete with a bi-

directional strength of f . = 300 psi, the increase in crack-

. ~ < .
ing resistance due to that web reinforcement ‘would be only of

- B ’ ‘ ~

. the order of 10%, which may be negligible.

-

. : \
' ) ' we should rather accept theAex1stence of 45° in-

'clined cracks, hut ensure addltional load~carry1ng capacity I
beyond the flexural and the 45° inclined cracking Stage5f

and reach a higher strength limit at arch work - Strength

Limit No. 3, bexng discussed next.

2.2 STRENGTS LINIT NO. 3 - DIAGOWAL : S o
SPLITIING DUE TO ARCH WORKR - oo o

Diagonal splmtting due to arch actxon coulq-be best .
visualized in a beam® doaded at one or two poxnts. The work- |

1ng condit;on in such a beam is illustrated in Figure 2.3.
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' Because of the geometry of the suppordcsegment (between load
and support) of the beam, streams of compression stresses

b 4 will be curvilinear and wi}l be accompanied by simul-

ct
taneous tangential tensile stresses %t c*
{

! . this stress condition may lead to diagonal splitting.

In the limit state,

0
[

appears possible for practical design purposes,

rﬂ_"*»..r-

I
e . to assume a simplified rectangular stress block in the support-

2R load segment of the beam, as shown in Figure 2.4. The above

S assumption is cémparable to a similar design practice assum-
- s (Y

ing a rectangular stress block for the flexural compress:.on

e

zone.

4

'Referring} to Figure Z.A,Obi-directional stresses
s depend on the geometry of the support-segment and can be
~ - defined for a beam without web reinforcement as ’

4 . ' <

ct % BE * °°%¢ = R - @9

.~ w | £, Ha, al ' o
o . - = 2" (2.7)
, O , Ii':c Vh -~ h? . . :

— .- The diagonal splitting will occur when the concrete
in ‘the middle portion of the support-load segment reaches
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£f,.o — the limit /strengt;h for concrete in bi-directional ten-

sion and compi'ession. Assuning a‘linear strength function -

describing biaxial strength of concrete, as presented in

Figure 1.2, and applying formula (2.7)

. ﬁ.
& B
, ftc = o 3 (2.8
‘ S4B
to h?

¥

The corresponding maximum load, in temrms of a limit

shear force va, will be:

o, fiasb .

. Vg = £ ab = py > o (2.9)
.4 22
ft0  n?

\
-
L I

. ( L

Formulas i~2.8)and(2.9)app1y to beams with no web reipforcement

In the case of a beam with web reinforcement,
1

i:oms‘ponding formulas can be written as:

H

c

LY

.

the

)

D St 4 T T DS S et A et T st B b ) T
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o

B

¥

where ph

A
sh . ,
Bn and o,

!
M .
. ‘.

The corresponding maximum load in terms of a limit

.

shear force Va is

N

Va = ftc bazﬂl'j!",

6000

n,,J
tcv

If the beam contains sufflclent web reinforcement: reach
of Strength Limit No. 3, as defined in formulas (2.5) to (2"12) .‘ ;

does not mean the end of the working capability of t:he beam.
7 o

Having sufficient web reipforcement, able to take

over the whole splitting force v , and té restrict 'the' w:idth’ .

of the splitting crack, the beam wi.ll be able to work further

until it reaches vu\ the ultimate shear foroa t.hat" will

accompany“t;e ultimate flexural failure In whi.ch cm, wa

. will have a’diagonally cracked support-load negment with t:he

concrete working under diagonal uni-axial énwrossian Only.

and with no resistance against the tangentinl tenlicn Mﬂ




o
N

The ultimate capacity, after diagonal splitting has

occurred, can be computed from the following formulas:

1) Portion of the reaction force provided by the

. vertical web reinforcement (A_ )

o

n

VvV, = cosh I A .
v . i=l SVl’

fyi (2.13)

.

.

"2} Portion of the reaction force provided by the =

A.hoi'vizontal web reinforcement (Ash)

(2.14)

t

. 3) The summation of’vv and 'Vﬁ gives the ultimate
reaction force which could be carried at’ the

support, refer to Figure 2.4 ' =)

u

v
a

. . . . n
Vo © vy +" Vh = ,ccfu/ iEl A

svi fyi

~

n

4+ sina ifi.ashi fy]} (2.15)

. In the ffillowing Chapter, we are discussing the

. 'flti'qqgth tests carried 'Out on panels designed in such a way

2‘.: 'l:hit the ;‘ach of ulé_ix'aate flexural strength would be simul-
t\ahﬁb;\ilm:wlth‘ diagonal splitting, as‘'described above.

. . . !

.

»
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R L CHAPTER 3

: . . ) . RESFARCH PROGRAM . . R ¢

Precast modular thin-wall panels are being used in a | =

N

o .~ variety of building projects to minimize construction time,

. labor and material consumption., Some of the p@smble ways

.

% . " as to their use are shown in Figures 3,1(a) to ().
| :

; The same panel being used for floor&s" apd walls, has '

1
RS
A e AL e S

S . to be designed to be able to thhstand the different loadlng

.
N

DS

Iy Ol Tt

o \ _situations includmg high 'shear, moment and torsmn, depend-— -

4

S .. ing upon its location :u{the structure. ‘ Lo

* < .
I B oo™

. I .
‘ * The unique féature .of these panels ig the very thin . .9
1 ! ¥ - ' . 3
ot ) - 1.5 inch concrete slab re;nforced with a wire mesh. An g

*
~
-

%
<

LR O VR NUE R

;o .. . . « :
“§ inch (or more) deep reinforced rib on the perimeter is

=T
1

e N provided for t.he rigidity of the whole element and the erect—-

., _ed structure. Dntailed drawings for the panels are shown in el

Appendix l;., The shape of the rib on the long side, was i X TH

L - , chosen to provide a. shear key for a side connection. The

: . panels could be connected by welding, in whlch case, inserts ‘. ‘(‘": &

- ‘ ‘are provided, or by having the main flexural reinforcement o

. »protruding to the outaide and cast in sxtu concrete, thus

A a -3

e ‘ SN "creat:ing a monolithic connection (Figure 3.1(g)). . o

- . n PR
- %

v . 'rhe panela may work as bearing walls when placed . C 2

e " B . in. t'ha lont diracti.on and suppart one or more concentrated R

- a . N
. . > \ S .
Al N < . R
.
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s

loads from the walls above. .mhe wall panel in such a cagse . |
& N -
© will be actlng as a deep beam, and may be subjected to
3 very high diagonal splitting stresses. The fact that the ' ‘ﬁ“

R . thin slab is the web of the beam, presents an excellent

‘ ' opportunity to study the,propagatipn gfxcracks, and inclined-

_ ’splitting stresses. Both are highli‘apparent in such a thin
. v : ! \
. web.

-
€.

3.1. EXPERIMENTAL PROGRAM
- ‘ ]

°

an 8

different types. Details of the test programme are givenwih

Table 3.1.

some were loaded at

, . and second - the reinforcement. The basic features Qf'the‘



R

y ¢

R G ek Tk

BT R RN R SR L AR N R

£e

N . - . L - N - . 1
. R L
4 I3
-
. .

:
: {

W‘ - ¢ . - .

YA
{
L
A

i o
S

Y

wr xR
SRy

A

Wﬂ,,.. ) . f 2 0 -
L : ol @ O T T
w = ) t ) ! !
\ zl ||| | @) ©| D
wlolo©lo] ©f ©] ©| ©
xol=|~|~| ~ — -
g ® o) in ; 25
U Up 4 8 O © e
a2 2 m| ® © o 2
o ////,m - = 4 5 - : - A.\- :|.O‘ ’ ’ ’ - ) : ..., . Mhyn.»_nw“.
I "o - i ’ - ‘ . N '
C w N , 9 7 ) L ’ ‘ . ’ °
by Zlojafa] o ' N oo ¥ « e
S 37 i ) = : e
- . - .m .:_, , I
. | and - -—
S o LT e
. e ’ '
LI (OF g
. . ™M N—.a” - ) : - w .,m.w‘.u,....‘g..“w‘_a\wm._w*%m ;
R E Dm M \h“ﬁ\‘ . A.. N LN b
. S ¥4z . V.o I
] 1 o [ O
S U R P
. . ) ,,. .,./,//;// - R s ) M\\ . .,‘

4.
&,

b ot
A

. e LR
s E
AT &} s St

¥
P
g



ESISEE
N
W

R A

applied at mid-span. The tensile reinforcement was provided

T4
o
~

BN LAY

in the bottom rib to provide flexural resistance. It con- i

bl n.y

'sisted of 2-#5 reinforcing bars. Steel anéles were welded

P2

to their ends to provide sufficient anchorage at the supports.

ki

T
[4

The upper rib contained a nominal reinforcement of 1-$2 and
;-#3. A special stirrup reinforcement consisting’of 2-#4
- « rebars was provided under the applied load to prevent local

4 . failure of the upper rib.

\ Panels 168-6 contained a 66-66 wire mesh as web rein-
| forcement, which is slightly heavier than what was p29vid§d

a in panel 168-5. It was provided to resist an ultimate di-

?r agonal splitting load in the range of 50 kips to 60 Kibs

é . , ’ applied at mid~-span. The tens@le reinforcement in the lower ,

] rib was 2-#6 rebars. The‘reiﬁforcemgnt in the upper rib was

( 1-#3 and 1154 rebars, and the stirrup reinforcement under

N M - 2"

the load was 2-#5. : : o 1

Panels 168-7 were the most heavily rainfbrded\ofp‘

all; they contained two 66-66 wire meshes, as web reinforce~ .

< - M + _v:“}.
a ment, the combination of which was to reqiat-an ultipatovdi-“jgfx

b agonal splitting force of over 130 kips applied at mid-apan;ﬁ'?ﬁfﬂ
The lower rib tensilexreinf6réément was 2-49.. The nominal |

, rebars in the upper rib were 1-43 and 1—#4, the . stirxupl*

E) » R -
7 .

o under the load were 4-#6.

«
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.their span to create two different support-segments of 4

different height-to-width ratios. These panels contained
one light wire mesh 146-1210 over the whole length of the e

web, plus en additional wire mesh 66-66 in the shorter .

support-segment. That segment is subject to a higher shear

force in this case, being equal to'2/3 of the applied load, 4
as compared to the 1onggr segment taking the remaining 1/3 ' ¥
of that load. .The wire mesh cémbination was provided to :

withstand an ultimate diagonal splitting force in the range 3

" of 50 kips to 60 kips. The tensile rebars in the lower rib

were 2-#6, the rebars in the upper rib were 1-#2 and 1-#3 , £

and the stirrups under the load were 2-#4.

* Panels 168-9 were also to be loaded at 1/3 span.

They contained one wire mesh 66—66 over the whole length of
the web, plus an additional heavier wire mesh 66-11 in the g

shortér (1/3 span) support segment. The combination was ‘ﬁfg

pr\oviy ed to withstand an ultimate diagonal splitting load o ‘(?:

in the gpafige 'f 70 kips to 80 {ips. The lower rib’ tensile | %
. rabars: were 1-#6 and 1-#8, the rebars in the upper rib were g

1-43 and 1-84 and tha stﬁ(rups under the load were 5-#4.

Panels 168-10 were similar to panels 168-8, as to )

: the sizes of the wire meshes and reinforcing bars they gt
contlined. Except t.hqt, panel 168-10 had two internal ribs .
':"_5 inchai daep, one at 1/6 of the span and the other at 5/6 of

R
-

w"tpm‘- ‘1.




o

rigidity to the web-slab, as well as to contain a fairly sub-

stantial additional web reinforcement (1-#2 in each rib);-The

panels were designed to be able to w1thstand a load in the

éiange of 60 kips to 70 kips applxed at 1/3 span.

 in ﬂ.:’:“,'l,y AT
.
4

Panels 168-11 were alsd to be loaded at 1/3 span.

EMEEY

They contained one wire mesh 66-1q{p over the whole length of
. ' the web, plus an additional heavier piece of wire mesh 66-11
' | in the shorter (1/3 span) support-segmenf. ‘Thesé panels had
S two 6 inches-deep internal ribs at 1/6 and 5/6 of the span,
the rebars inside them were '1-#3 and 1-;4, regpectively. The
i - wire meshes and rebara’cambination was provided to withstand .
a diagonal sphtting load-in the range of %0 kips to 90 kips.
_The lower rib tensile reinforcement was 1-#6 and 1-#8, the v

rebars in the ﬁpper-rib were 1-#3 and 1—04, and. the stirrups

under the 1oad were 5-#4. The 168-11 series are comparable to
] s

L the 168-~9 series of panels. - ' :

-
/

-

3.2 FABRICATION | | Lo

- . ‘ k)

- The production of panels was made byﬂFRANCON(iBGG) . ff

LTEE, a local pﬁecasting £irm. * . ‘
’ o ) _ s

The reiﬁfo:cing cages were assémbled pxibr.éb»plaéa45
sent into the forms. The steel assembly was securaly held in

the proper location 1naidef the form. Lifting mserts we:c

pzovxded for handling puxposes (rig. 3,2). L 'F:°ﬁ,3.kjfﬁ‘;y

N
] - i A

——r
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] The paneis were cast in a form made of plywood with

%

epoxy coating to give a smooth surface. The casting of all
- a ‘%
the panels was done in a single form./at the rate of one

W foer & ™

<

LERR s

zénel per day. All panels were air cuyred. ; K . -

'~

i "Wy gt
o) a{‘f?‘f&’f*ﬁ.&
,

3.3 CONTROL SPECIMENS Fo .

3.3.1 Concrete

5
=N
s

)
3,

Three 6 in % 12 in. ¢ylinder-specimens were taken

for every panel type. They were cured under the same con- . -

v

L N e
S

- ditions as the panels. The cylinders were tgsted in com-
pression. The\Eﬁcordad ultimate strangths of concrete £,
were between 4050 psi and 5306 psi for the various panelwq o
types, as shown in Table 3.2.° Also, stress-atrain curves

[

were drawn for some samples (see Pigures in Appendix D).

3.3.2 Reinforcing Steel
; K (}\

.t * N .

Three 18 inches long samples from every kind of re-:

R L W
inforcing bars and wire meshes used were thsted. Thé gtress-

strain curves were automatically drawn by the testing nppara-

-«

. tus, and the &yerage yielad stresses fﬁ, ‘are given in Tablo 3 3.?3'

'3.4 TEST PROCEDURE AND msmwm&:mu



TABLE 32-

0 ‘1\? -

CONCRETE

\COMPRESSIVE STRESSES 1. AS OBTAINED

FROM TEST CYLINDERS.

474

4067

CILINDERS ' | SAMPLE * | [SAMPLE *2 | sampLE #3 | sampLes ¢
FOR PAMEL | ¢ e oa IE . | AVERAGE C e
i £, esi: |£, vpsi|E, esi e i
coB4 5942 €072
. 5070
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ates on top of the supports, 80 as to load at the centre

gravity of the section. and thus ayoid heavy torsion.
1d heay

],
I

The load w;s applled by meand of a hydraullc cylinder
- O
through a load cell a roller, a stlffened loadxng bean,

a wooden fiber plate the length of whikh varied for differents

loads. The exact load was measured by means of a calibraﬁed

-
t

electronic load cell. ’ ‘ \

¢ ) - ’ - \
\.
The compress;ve stresses in the web of the panels |
'were recorded. Electric strain gages were used.\ They were\
3

fixed to the back' of the\pane;3 by means of epoxy(Inter- ., \»

A

technology Type GA 2). The strain gages exe located on th

Flgs. 3. 4(a) and 3 4(b).

B . L3S
.

The tensile strains were also measuxed. They were

’r

read on'6 inch bases between the points shown on Figa. 3. S(a),
)

3.5(b) and 3.5(c - Small square meg;l bases were punched
" and glue“c’l with epo ‘on each of those po.’mta to permit :seadinq
wiw Specxally rigged dial gage of 0\.0001 in. accuracy.

- N

Vertical (y~axis) ai:d horizoﬂéej(z?exié) cﬁsphee— e

-

ments were measured hy épeciafiy devaloped p:acaiihxatad Qlc
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,..

L were made on the points shown in Figs. 3.6(a) and 3;6(b).

T T

. - To facilitdte the recording of cracks and visual

iy s,

7 T Haa

observation of .the panel behavior during testing, ‘the sur- . ¥

1

v .
k)
*

faces of the panel were brushed‘cleEn and a 1 ft square

Ao "

grid was drawn on the outside surface. .

R LA A
PR LN ’E‘l:. A

: Each panel was very accurately p031tioned in the: .

test frame. The allowable tolerances were t 1/16 inch.

3

P ARS N
t
-

- : All the strain gages and the electric displacement
3 - reading devices were connected to a data acquisition system

which would automatically‘take.three readings and oﬁé cali-

)

bratlon readlng at each "load increment and store them on a
F -

magnetlc tape. ?he whole operation was performed within 10

seconds, thus nullifying the effect of #y drop in the load.

]
A strain gage indicator was connected to the load

.cell, which was pre-calibrated. Calibration tables for

load increments of 2 kips and 2.5 kips were used. The gage&

1nd1cator would be set at 1ts equlvalent reading for evdry

3 - de51red load increment and the load would then be applied
A . to balc:fe that readlng. , ‘ ..
s e : . .

At each load incremect. readings for all electric

devices and strain gages were taken, . and the panel was check~

ed for cracks which in the event of their occurrence wérﬁ

painted on the panel surface.
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c o ' . .
# tensile strain readings .were taken.
N !

Th @ﬁénels were loaded oniy once from zZero and up to

n

failure. After failure occurréd, the load was relieved -

< mb,
R R

and the crack pattern sketched. Also, photograph documenfa- - . .-

tion of the cracked panel was taken (sep the photographg’ in

Appendix E). ‘ i '
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CHAPTER 4 -
. ' TEST OBSERVAT]:ONS;AND RESULTS
The following observations were made during tests:

I . I~ ’ L}%‘
1) Displacemfnts in the vertical (y-axis) and Aaﬂ

horizontal (z-axis) directions (Figs. 3.6 (a) and 3.6 (b)).
f; ' . o
> 2) Tensile strains, (Figs. 3.5(19,3.5(h) and 3.5 (c).

Cracks- and their development pattern, (Figs.

Appendix C).

Mode and location of failure.

4)

2

5) Failure loads (Table 5.1).

#y1 . OBSERVATIONS COMMON TO ALL TEST PANELS '~ .

L -

*

. . From Table 4.1, it is seen that the greateét'de-

flectioné both horizontal and vertiéal'occurred at the

load points as had been expected. There were horizontal

restraints on the panel at the region of application of

= <

&he load, the top right cornex and at the supports.

N

N

, v . . The maximum tensile straihs were observed in.the
: regioﬁéxpf diagonal splitting crack néar”the support and
\\

te the lééding area. That impliea that the web reinforce-

]
i

ment was under maximum.stress in those regions.

This condition han be explainad by supaxpouitiom o! tha
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‘

bond imposed stresses and the shear stresses. -

5

4.2 OBSERVATIONS CONCERNING. PANBLS
ADED AT MIDSPAN

i

The flexural crpcks 'ax.speared at the early stages
of loading. They first appeared at the bottom tension zZone
at mid-span directly l_n?der the load, slightly above the
lower rib, i.e., in the 1.5 inch web. Then, as‘the load
was increased, the flexural cracks propagated vertically
upwards towards the compression zone under the load. They
stiopped propagating any further at around 45% to 50% of
the ultimate loads. If there was no flexural tensile re- .
inforcement in the bottom rib, the panel would have failed ?

LA

under tension due to beam action. !

The first’;f inclined cracks started to appear later,

after the appeargnce of the flexural cracks.” The inclined
T

cracks appeared adjacent to the flexnral cracks, and they
{

were running upwards at an angle.\ :
. /

T4

As the load increased, the existing cracks developed
further and new inclined cracks appeared adjacent to the

older ones. The sequence of appearance of new inclined

.

cracks was from md-span, under the load. ‘and towards the

, -

‘'supports, on both sides. . e

At around 75% to 80% of the ultimte loagd, a

sudden diagonal splitting crack’ shewed up r\mninq from




©

the support to the load. Subsequently, another diagonal

o ' splitting crack appeared on the second half.of the
‘ ‘panel . 'me' _&ppearance of ‘t.he diagonal splitting crack was
o simultaﬁeodsly audible and visible. x

) o At this stage, the panel 'would have been consider-
- -ed as having exhausted its capacity to carfy any more load
'if there had bee;) insufficient webrreinforcemefxt. The wire
mesh web reinforcement takes over the splitting force and
as the ]:oad--yas further sincreased, the diagonal splitting
cracks were wfdéning. 1t could be ngted from the tensile
strain readings at that stage and on, that the wire mesh
Qctoss the diagonal splitting cracks was yieiding until it
snapped. This meant that the ultimate splitting strength
'~' ' ila? been reached. 1In fact‘, in most of the cases,_t the con-
crete ’atouhd the failure zone was chipping off, a:nd the
sna‘p'p:ed wire could be seen. Details of crack propagation —

’

are presented in the figures.ixi Append{x C.

4.3 SPECIFIC OBSERVATIONS X

4.3.1 Panel 168-5~2

3

v <o ; !

The drack pattern conformed to the general trend,
. . .
. . (cogpare the figure in Appendix C and the phatograph in

S Appendix E) . The f,i’rst diagonal splitting crack (DSC) was-
| cbserved at 24 ‘kipk on the right-hand side (RHS) support-



. " . i N ‘ -

segment of the panel. Then it was followed by the second
DSC on the left-hand side (LHS) support-segment at 30 kips.

Failure occurred at 42 kips, along the second crack. In-

cidentally,the left side of the panel was supported on the
pin support arrangement, i.e., with ho freedom of hérizon-

tal movement. - : ' ., . .

4.3.2 ‘Panel 168-5-3 -
T

, L

The crack pattern conformed to the general trend, .

(compare the flgure in Appendix C and the photograph in

’ Appendix E) .
segment of the panel between 25 kips and 30 kips. The

The first DSC appeared on the RHS support- .

» - second DSC followed at 30 k:.ps and 40 kips on the ELHS éupport:
segment and aﬁ/thlrd DSC occurred adjacent to the second at -

45 kips. Failure ults.mately occuzred at the second psC -

at 53kips. c L : o

4.3.3 Panel 168-6-2

TN

crack pattern conformed to the.general -trenad,

{

(compare the figure in Appendix C and the photoqraph in

Appendix E). The first DSC appeared at 30 kips on the RHS

support-segment. The second DSC appeared at 35 kips, .on
_the LHS ‘support-isegment and it ran between points E-F on

the ten&ion ,line. This:.crack widened suddenly at 50 kips

and failuie occurred at the second DSC at 60 );ips ‘



.3.4 Panel 168-6-3

Ay { |

i ' '

) . The crack pattern conformed to the general trend, /—\\)
, (compare the figure in .Appendix C and the photograph in !

. / Appendix E) . Two DSC appeared at 35 kips on the LHS and ’

¢

- , ® §
/ . RHS support—segments. Then the RHS DSC kept on widening

¢

°

up to failure at 55 kips.’ /) o

.

4.3:5 Panel 168-7-1%

P

. This panel contained exceptionally heavy web rein-
‘forceme\nt;{, ' The crack patt;xn conformed to thé géneral. trend,
.{compare the figure in Appenl'd‘ix C and the photograph in
-Appendix E). A point to note fras the absence of inclined”

///.cracks from a wide area at the middle of the panel. That _'-
could be explained by thef use of a. 32P" lor;g bearing plate
covering all that area under the load, where only wertical
flexural cracks appear. The first DSC appeared at 40 kips
on éhe LHS support-segment, followed by the second DSC at
50 kips.. *rB(;th(JDSC's kept ‘on running towards the load, as

" the load was increased. Théy kept. on widening until failure
oqéuxredvﬁt 95 kips at tﬁg right-hand side DSC.

g

4.3.6 Panel 168-7-2 . g

’

-
! . . ’ 1. S

O

"Lt ’ AN
i :i‘he crack pattern conformed sL{-.<> the §enera1 trend,

LAY

. (compare “the figure in Apperidix C and the photograph in

., Appendix E).. To note here also, was the absence of inclined

o craéka..frém a wide ‘areq at the middle of the panei.'




" The first DSC aép.eared at 60 kips on’the,pﬁé 'supp‘ort:-

segment,followed by a loudly anfiounced second ﬁsi;'on the) RHS
at 65 kips. The DSC's were still. propagating until failure

" occurred at the RHS support-segment DSC at 110 kips.

i

4.3.7 Panel 168-8-1

B

That panél was 1oaded Tat 1/3 spaﬁ The crack pattern

C

Appendi C and the pho o, raph in Appendix E) . The first Dsc
appeared at 25 kips ‘throtigh point N on the tRHS suppo;t-
segment. The second DSC appeaxed at 45 kips on the LHS..

Yielding was heard and observedrat 43 kips. . K Failure occurr-

. ' . * d ™
‘ed at 60 kips simultanecusly in compression under the load

due to beam action ‘and yieldingﬂ of the weli"i:einforcemegt

[
across the splitting crack at the LHS support-segment.

4.3.8 Panel 168-8-2

>

Tﬁe crack pattern confor;ue\d o the ger?é‘ral trend, y
(compare the figure in App‘endik C and the photograph in'¢ ’
. Appendix E). The first DSC appeared :it-;_ 21.5 kf;igg_,gon the !
RHS support-segment. The second .DSC,_ appeared at "3;.:’.5‘ kips
‘on the LHS support—segment. Yie,ldi’ﬁcj'l\maa observed. at the”
LHS diagonal splitting ¢rack at 67.5 kips when comprension

flexural failure occurrgd.




B " 4.3.9° Panel 168-9-1 . - \..
. N LY "

o ot K ) \ ¥
X

. . ¢
. . - The crack pattern conformed to the general trend,
’ 1]

(compare the figur‘é in Appendix C and the photograph in

| ; o Apéendix E) . ‘I'he firet DSC 'appeared at 30 ”kips’ on the RHS -
e support—-segment followed by a second DSC at 40 kips oh the e
' LHS support-segment, which in turn, wasl followed by ~a o
o third nsc on the LHS suonrt-segment at 50 kips. ..At this

- . point, éxcessive ‘horxzontal deflection (in the z-axis) .

| was Observedjand extra bracmg of the loading arrangeme‘ht .
; was )equired Failure occurred at 63 k:.ps at the third DSC"

, | . on_ the RHS slxpport-segment. It i"s suspected that the above

° ‘ ‘

« displacement occurred due to improper ahgnmént or in-’

. sufficient horizontal bracing, which mght have contnbuted :

,{ " to earlier fai,lure. ' - , ’
;7‘" N ' . _ . 8 ‘ - N -
. . 4.3.)0 panel 168-9-3 L S "

S t‘ T _ B V. : : B .
L . The crack pattern conformed to the general trend, )
‘\. 4 * L d
o S (compare the figure in Appendix Cc and the photograph iy O

¥ R Appendix E).  The- first DSC ocdurred at 45 ki-ps 4¥ the<LHS . R

[ -

3 - aupport-segment, £ollowed by the second Dsc at 55 kips on
the RHS suppo‘rt-aegment.w This second craq}t kept on propa-

I : gating and widening until failure occurred at 87 kJ.ps. o o '}

L3 - o . .
8 ‘ ‘ . R
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= © 4.3.11 paflel 168-10-1 - IR A

- T o, 4% "

I . .. Whe crack pattern conformed to the general trend,

LN

(coﬁparqe the flgure J_n Appendlx c and the photograph in

Appendlk é3 - The first DSC occurred at 40 klpem:h?the RHS
. .

support-gegment. The second DSC eppoafed at*42.5 kips on
§

* the LHS support-segment. - Yielding of the first crack was

s

oQgerved at 50 kips and it’ kept on wldening unti;»fallure

o

@

pccurred at’ 60 klps. ’ A w

4

. . ‘ . \ . , A \ﬂ . - .. .
W ST Ul R

4.3.12 Panel 168-10-2% o ‘
T - ' L ’ T .:7 .6‘ : -

ﬂTﬂe&drack-pattErn conférmed to éhe ééneral trend, -
R K B
‘ (compare the flgure 1n Appendlx C and the photograph in

Appendlx E) ! “The flrst DSC appeared at 40 kips on the RHS
. . . . b

N t v % »
support-segﬁént. The second DSC appeared at 50. kips on the

LHS support-segment Yx%voing at the Eirst DSC was: from

'hexeon observed7 ‘and until fallure 9ccurred at 57.5 kips.

: - "<, A Co
t 4.3.13 ?anel 168-11-1 S . R

- . a

’ 4 P

;( ‘The crack pattefﬁ conformed to. the general txend,
(compare the figure in A;pendix C and the pﬁotograph in
Appéndlx E). The first DSC appeared at 35 kips ‘at the RBS

}support-seament. The* second at 55 kips a; the Lns support-

> segment, and the third at 70 kipe at the RﬂS~sdppoxt—

@™
segment, which kept on
.pccprned_e; 90 kips.




+

i

) - ’ N ¥ ) .
. 4.3.14 Panel 163—-].1- \ - e oL
N /_ " s N ¥ e : ‘ } !
)f The crack pattern conformed to the general trénd,

(compare the figure Appendix C and the hotograph 1n -

LAY

Appendix*Eé The fi st %;C OCCurred at 35 klps at the‘LHS
suﬂpbxt-Segment The second DSC ocourred at 70 kips at the
nys support—segment.\ The first"DSC kept Ah yielding, pro-

paqatiyg'and widening until failure at 85 k}ps. .
- Ty . 'ﬂ Mt
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C CHAPTER 5 7%
. DISCUSSION OF TEST RESULTS AND CONCLUSIONS C i
Table 5.1 shows the values of the ultimate load-~ N

" carrying-capacities obtained from the tests.

g ) o

A computational analysis‘]gs performed, to determine - - ..

: . 3 b
the ultimate load-carrying capacities of the support-load-

segment-blocks fofvéknels 168-5 to 168-11.

’ Formula (2.15)was applied considering, as effective . ’ f%
gnly; the web reinforcement located within the distance :s
a,¢¢ O+ within the distance 'af (comp&?é Figure 2.4). The \ ”;
.Yie;d atfeaées fyi of the reinforcing bars and wire mg;heé, ;é
as obtained from the tesis, were used (Table 3.3). E
(Tablée S.i’spd 5.3 show a summary of all the calcu- | ;%
latiohs. » ’ o - "-%g
, ) | ‘~«

an These calculations were compared to ﬁhe des1gn N j
practice for deep ‘beams, recommended by the American Concrete . ;Ej
Institute (ACI). ! _ ’ o
"; By applying the requirementsfof ACI~- 318—71 Sectxon RN f?
11 9, we have to check the allowable concrete shear strength 4*;
:vb g&aingﬁACI %qu?tioq {(11.22): B ' V. 1%“{:

Mu' v d
=, (3 Sw- 2a5 —-3)(1 9/?7 + 2500\9 S

v My
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_ | CHAPTER 5
' DISCUSSION OF TEST RESULTS AND CONd(USIONS
Table 5.1 shows the values of the ultimate load-

. carrying capacities obtained from the tests.

o

A computational. analysis was performed, to determine
the ultimate load-carrying capacities of the support-load-
‘segment-blocks for panels 168-5 to 168-11. RN

"'

Formula(2.15)was’ applied 6onsidering, as effectivq
% - “onlg, thé web reinforcement located within the distan¢ei-4 . s

B ) ' B¢ QU within t@e distance a; (compare Figure 2.43. The
yield stresses fyi - of the reinforcing bars and wire meshes, .

as obtained from the tests, were used }éable 3.3).

‘. : n

Tables 5.2 and 5.3 show a summary of all the calcu-

L

lations.

.These calculations'ﬁere compared to the design -
' _'practice for deep beams, recommended by the American ispcrete

. ’Inst\i.tute (ACI). .
' . v
By'applying the requirements of ACI-318-71, Section

11 9. we have to check the allowable concrete shear strength

‘1f N using ACI Equation (11 22):- ﬁ

-0
. L
LN . ‘ o . L

M - M

D | Vg = (3,5-2.5 gig) (L.OVET + 2500 o, -

,,,,
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- In our case, we have to consider the section for maxi- -

mum moment at mid-distance between the center line of the con-

. « .

centrated load to the center line of the support, i.e. a/2 3

-

(see Fig. 2.4).

Accordingly, T v% = 2
\ccordingly, ¥ vd- —-—2d4d° R \ .

. /’/ ; A . N 4,,2:)!7
In’ this casé, A(fl\ Equationy (11.22) describing concrete strength :‘Z
capacity in shear can be written as follows: \é
. s , . ft‘;

. e
M »

v

, . a . 24
, Ve = (3,? - 2.'5 —7-5) (1.9ch‘.’_-\r 2500 by 7 »(5.1?
Now, we can define the maximum ultimate shear T'treéé
' 4 o b

allowable by ACI practice on the basis of Equation/ (11124) :

Y

: . - : / , \ !
- L £ ’
SUD L N 11— T (v -v )b
B A__‘_I_ (= d ) + Avh( d ) = u_c'"w._ .
. 8 12 82 .12 fy .
congsidering that ggr all samples : s ,
o L, = 88in »
N a4 = 47 in ,

. ’ - bw = 1.5 .in ‘ L B .

f.y = 60,000 psi max allowed by ACI

. A i

W

’




therefore *
- Va
b
A
N f
g
)
(1+=0) /12
o
(11-3-‘1) /12

v
u

+

¢

yield stress in steel as:

= 1.872 < 2

< 8/f7
e
- -3
= 2.5x10
]
0.24
= 0.76

A

!..S(V“

= 4
v, + 9560 () + 30,400

.

-

»

- Yc)

€

ACI Eqﬂatiog (11.24) can be written as follows:

Avh‘
'5;—') _<_8/fr

I

c

Equation (5.2) c-an also be written in terms of -

N

N

the lz.mtatlon of .- v

,

Ta.ble 5 .4

u -

L3

C

A3

x Py
0.239 (%) + 0,760 (R

accordmg to the above-developed equationa.

Thls gives the y:.eld stress in the web reinforcement after
< 8/f" ' has been applied.

shows a snmary of t«he calculatinns

o

>
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'The comparison of P

<

Values Shows that applylng

our formula (2 15) when con91der1nq the web relnforcement

o

within aeff would tend to-overest1mate the ultimate load-

carrying capacity of the panels.

. -

formula 72 15) when cons;dering the web relnforcement within

ai'

-

c

The ultimate capacity values Pa

ere qenere}ly less than P

obtalned from our

"

-

test values, i.e., the

‘.

ultimate load-carxying capabi%y_wes,underestiméteé.

The comparison of ‘Py

[y

’
L

‘Values estimated according
o [ .

-+

values of P

to ACI-318-71 practice with the test u,“sﬁowedh

\ N . - . ¥
g . no szngle trend but overestihation, in some cases, and _ . s

underes;imation in others. i .
- 4 ' ‘ . . " . &
A - :

It should be ndted also, thay ACI equation (5.3). .
es very low tensiie»stresses-in the web‘reiﬂforcement;_ 'f" X
: SRR 7 compared -to actual yield observed during the testg. The

¢ i . e
.

proposed design formung herexn, assume a reach Qf yleld in

S , . the web re;nforcementm % , - "

- 4 ~
v .

o \ Table 5.6 gives strength values averaged .for each

- /- . aimilar a,ﬁh ‘ratio, i e., the ratio of the length—to—height‘ C T

L - .. of the diagonal splitting. support—segment. This table Y

‘ ’ includes only the reérita from the support~segmen§§ in ' C
:?(: '.: o which failnre had occurmed v‘f’ ’ - ) ' o

» . ' . N
.




® TABLE 56 -

COMPAR)SON OF P (test)l (caxcuua; ) - ‘VALUES’

-~
a»-

3
"h

R (test)| P
Kips.

CerR

R

(AC1)
kips.

R, (test)

R, (test).

:Pu (tQSt)

R @ets)

R (ap

R (ACh.

| 0.92

'63.8

66.8

60 |

096

.40

108,

Loo ¥ e5

1389

586

1061

0.85

“1.45

51,23 -

475

463"

80.3

1.03

.60

0.59

1.30

57.5

79.4

‘7!.9

0.72

1.06

0.80

11.46

1025

80

06! .

116

‘1,28

1.6

P

59

b.a7.

1.40

058

- L75

80

v

)

0.79

-1.08

de2.

R Y




- 4

Compariﬁg the results, we can.now derive the 'Kﬁl”

Jbllow1ng imporﬁant conclusions. 9"‘, L.
1) Until now, we do not have an adequate theory .
. g 4 -~
v & . defining the ultimate strengtl}* of a degp beam Lnder hlgh

]

g - shear, and’ also, descrlblng the ultimate splitting strength

&

in the vicinity of support. Available theories do not

correspond to real behaviour and test rébults.

.
“ »
¢

.

,7i32) ACI-318-71 Equations for ;eep beams,with all the
factors of safety lncorporated thereln, glve resylts whlch§ .
-do not always compare wlth‘tests‘and do qot cescrroe '

: " . i sufficientl§ the ultimate strength'of deep beams ip the~f -

3 o o vicinity of support. Those_equations provzde excessive

- safety ami thua ask for an excess:.ve amount of web reln- ' @

grcement for azx2/h ratios of 0. 90 to 1.15 and 1. 40 to \‘

[

'

. 1.55. For az/h rati.Os of 1.15 to 1. 46« am}/ of over 1.55y
"acr practice. leads to dangerous QVer—estlmatxon of the

carrying capacity of the web reinforcement This srtuah

'--9' ' ‘ ‘ ‘
‘ e tion should be corrected. / S ) { i

' t

T T L —_— h .
e .3),>' The diagonal splittﬁﬁq Etrength can be estimated ,
with suf?icient accuracy for design practice, on the basis /
of:tha'formulas proposed herein, assuming as effective,

the Web reinforcement only, in the regidn between the

facea oz the support pads and the Load—bearxng pads, i.e., -
within ‘i' Fig. 92”4 . 'The proposed formula for the ‘

1 ‘.‘.¢-,.\ o
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?' T ’ . ., calculation of strenoth expressed in terms of a shear

A3 B W

¢ . force ie ' ’ . . g .

}; Lt y . . '5\ S v ' . : , . o .

E .7 ’ " = . + = 2 ’ A | :f ‘ -{: " '

§. , ‘ \ Vu VY. Yh :cosa =y Vi :yi‘ .

4 o SO n ‘ )y . (2.15)
3 L \ o v . * sina ifll sni fyi.r; o

o

This formula descrlbes the ultimate diagonal splittinq
sEate in the suppoft—segment (see Fig.‘(z 4))'. It takes
1nto account’ dlfferent cases of az/h ratios and provides
an adjusted factor ok safety and web relnﬁorcement. (A

de51gn,&fample is’ presented in Appendix A). ) ' ~13‘

The horizontal web re

M £ ,:: ), . . , - Lo }u
effective in cdrrying the diagonal splitting force. '
¢ / * \, . . 4 ’ . . " . ’ ’ ' .
G L " While columms V, in Tables 5.2- and ' 5.3
P, - : . e

. remaln unchanged, the values.in oolumns V change accar

";;.‘ ’ 1ng to the region wi(hin‘which the vertical wbb rainforceméh

. L was considered to’ be effec¢ive. - . . Co

a

/ ’ . . 1 ‘ ¢ [ "_‘9

N\ AN
K . | . The above method of design does not apply to, haams

carrying a uniform load., - L s

L ,‘ e a’ N ‘e

. ; ', However, we feel that it is necnas?ry to- attes ‘u/’

» -

-

ot

"I 0.+ here, that'a ‘limited number of pgmels were- %ut&i’ “Hore ax~
3 periments wiould be required to check £nrther and solidity

oy

. 5

. . T A

e s .o A X ! “ . R
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2\1 ° 3 ‘ :) .' . .“ ) | . _ P ”iz-g
§ j ' " our findings befor'e making fina; recommendations for reris; 2@
: ~ ‘ . L3 3
%ﬁ ‘ ion of the present ACI practice, which in some cases, appears, fég
% . to be dangerogg.(Fig, 5.1). ~ : ‘ ;J . 2 .E
1 - ' : ' ' e . LR
? i ! Panels loaded at two pognts énd-wiéh different wire %;é
%. a mesth having new a»/h ‘ratiop, should be wegted Also, an l:ﬁﬁ
> CL ¥ ¥
%; S “analy51s could be further _deve oped, using : 3 finite elements’ i;
? . :- : - method. photoelastlc analysxs of compgr e modeis wculd e
; .also be requlred in order to better'ggﬁfhebtbe stress o

. ' pattern in the 1nc11ned sp11tting support-segment
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> APPENDIX A - i
« . ) : 2
. L DESIGN EXAMPLE -
% év . "
| _ S ] : ' ) A design example, using th[e data for Panel 168-9 -

is presented herein. J .o A

- , The three approaches dlsc\isseq in th:.s thesis are
" used. They are: e ' oo B

-
L)

. . ' : IR
- . 1)  Applying our, fomula (2. 15) and consxdenng the :

4
web reinforcement within a_ as effective.

_ - : ¥ eff

. '
It v - ) . . 3

. oo v X .
o 2)  Applying our formula (2.15) ‘and considering the .

o - a %
v

; o " web ,reinforcemept'wi‘thin a; as effective.
::’;'~ . " . l , . , * e ',WT—-_\‘\\ % .‘.4..../4\.,',.« A .
I N t 3) - Applyirg section (11.9) of ACI-318-71.

e . . ! -7 .
’
- N 5

ST © . Panel 168-9 -(Figure in Appendix B), bearing

A T plates 10" long, were used at . the suppox;t,\and 24" 1long

. under the lond. . ‘ )

e K

. & ‘ ’ ’ A ! ¢ M ‘.
f»}‘ ‘ ] . P ..: A w . ‘
SN Al.1l” SOLUTION.NO. lg . N ® o,
e : , o I P - '

COnsideriug the RHS suppert—-segment (fa:.lure side)

N



. ~
. . f

&& ) i ’ ' - 2 ' «
LTI 58.5. in (flg.l2.4,)

o L G R o S
+
o
-
T

TR
o
\
d
A .

cosa = 0.867.°

AR AR

& ' sina = 0.495 o )

M '
" ' .. - .‘,‘

E ¢ ' | .
§ ) \\ as obtained from the geometry of Rig. 2.4 by substituting .
h A the dimensions of the suppbrt—load gpent..- ' / o N
¢ . e T From Table 3.3: —— . v

l : ) fy‘ for 6/6 wire mesh =- 72,9 ksi ‘ S

%3

for

-

for “#4 rebar = 48.1 ksi o e

‘rebar

i\h B

. «-r ! n. ‘}\»
LT e Eoag g, demasge)

I

. .7 =7 A, =5 wire gage No. 6+ 1 4 r\bar& :

" . v, =0.867 [0.145 x 72.9 + 0.2 x 48.1] = 17.5 kipa

,
. : . n

e T V, =sima I Ag, £ (formula 2, 1@) .o 4".:,

s o . ‘ i=1 ){ : , T
22 . where ' i :. :

'y

iAsh = 6 wire gage ' No. 6+ 1 93 + i 4 rebars

2

B . . A

e v and&kglecting the tensﬂe tf.lexurthein orce-

S ‘ . & .
« . - . Iy . . .
) ¢ . wo ! l ‘ i . X \b K *' / ', . l‘ Ve "ﬂ' ) .

0 “~

'

L 5‘»0495[0 174x729+6‘&x55,2+ozx48.i;],.
' | o S . 14.1 kipa
PR P +vh-175+ 14:1~b16x1.p-

1
e



¢ - v

I L - . © d\}
.7’ - which can’ be produced by a concentrated load P a’ applied -
' N at % span, of 2387 % 31.6 = 99.7 kips..
_ Al.2 SOLUTION NO. 2° - ) =~ L
X ~ . . a ) LI _P . o ) C
< . - . . "
. . Considering the RHS support-segment (failure side) °
ST . and the web reinforcement within ay (Table 5.3):- .
: . ' .
3 .
~ 7T a; = 50in (figufe 2.4)° '
» - o
: . < Kcosu = 0.867 \
S ' +. 'sina= 0.495 o
4 . - £ C. .

. .. From Table 3.3: r% .

=~ . R

<

fy for .6/6 wire mesh = 72.9 ksi o ’
. i | . . ,‘ . X
. fy for #3 rebar d*\SS.Z ksi o : ’
£, for ' 44 xebar = = 48.1 ksi . o
¢ - n ® 7 b ' .
, Vg s cosa I AL £ (formula 2333)
. i ' . ; ' K A P
%here e ) Qi“aa ¢
:\ ~ . ) . . . ¢ - e . ’ ’ :
‘, _l&s&- 5 wir‘e,-fgage\t{o. 6 ‘ ‘ \’ S
Co v, = 0.867[0.145 x 72.9]-= 9.2 kips ... ° N
. . N n . R . . ) . 5
Vo T . 8ina 151 Asl;i fyi (fgrmula 2.14) o ’ .

‘. . . ) \ i .‘ R . - -
o o . - '/.
‘ ! . R -
nh .~ 6 wire gagg No. 6'a+ 1 43 + 1 #4 rebars * -
c o e, T and nggIget:bgg the tensile flexural reinforce-

-'j‘:‘z‘@:—\ '.'?’ i ' mnt' L T ' r ] 2 . K 5




o T RS AN G SIS Rt SR i 0 SRR e i
B - : b DT 5‘ TSR TS TR AY RREIP A
o 3 [N U ‘. [0 TR Shi NN
. . . .

A ' ) ' 2 - ‘ ..
" "= 0.495[0.174 x ‘12\.\9f'+‘ .11 x 55.2 +,0.2 x 48.1] =
: ; . ’ ) T :
: . \ .o T, = 14.1 kips
":1‘. : ) . ) .
, V.=V _+V =9.2+ 14,1

S

23.3 kips (formyla 2.15)

< 1 31467 ' PO .
L - . P 8 % span = - X 23.3 = 73.4 kips

i ' u ? arr 4 a ,

" ‘ ‘ : ~ Lo

él': ‘ . . Solution No. 2, is the design approach which we -~ ~
&, ‘ , . Lo . y
T o S are’;ecommending. ‘ . , r SR
4 a ‘ Al.3 SOLUTION NO. 3 ' ' i o | RS
. : . : RN ' ’ - ik
; , o Considering the same support—segment'ahg applying .= . .7
: - . .{j\‘ : . ' : .

Section (11.9) of ACI-318-71 (Table 5:4): - . .
" . - . l ’ ' ' . ‘ .‘ .“ "‘; l \

. a = 67in (Fig. 278) L

.
.
<
o

H

y N l.s i% ¢ ,-‘.f A "- .Q .v
%" A - o * a’ 47 in o2 - ..

- +
. . . . ) .
. ® <

5260 psi ' . o )

L)
il ]

o
[}

72.5 psi’ e - :

i : - » " A, =1 #8 + 1 #5 rebars” = el
N , o . N e q" bt ‘ y
. o : . A C N .

A 'y B
5
b

o~ . To applj fbrmula—(q.l) i.e. ACI;Eduatibﬂ;(ll,22)r C

L

. s >, .
* Y ‘\. o v T e
. - . . * : .

R ~ /? . A \

' » By 19431 0 are
s . .., . Pw B d TTBxr <0016

- r
- ' B s

2:'}7"‘9‘)713 :’(‘ I S

5 . ’ .
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.
o
v
N
.
[
¢
A .
-

-
N
-
)
e [}
“
i
0
.

AR N S R
’ ”\c “‘3—'\ ' < o - ' ’ [ :
. _ N . *! ' N . - “ 3} 3w
23 - o R
o . ‘ L 68 - o ' . ol l‘n
. ' ; - e’ L)
¢ ¢ - £ ' J - o=
L‘.MT - : - -‘ ' .\/ l:\' w ’ ’ ‘1&"
T . v, a ‘ : 4 > ’ £
- *‘Thg\ tem = 3.5 - (2 .5-2'3')‘ = 1072 < 2.S~a . ‘ ‘o,“
PRSI PR ’ o . , ou
o ' v, = %.72[1.9 /ET + 2500 -2—2- (formulgy 5.1) ., -
."' .“ ’ . kN “ - . - ! 'I\
7 7 N . : ‘ , B
M . ‘,Vc = 1'72[137.8 s e zson X 0.6156] - 331 psi N W .
. o 0 . : 0.713 . — )
' . Io& N . b . " e . - ‘ . . 2 ‘ Y :;;
: ‘ '6»"13(:i = 435 psi > 331 psi - - . N ; 8
.o “ . T R ¢ > . ) T 3
Yherefore Q. ) R , Tl b . R
R ’ ‘ N T, c f £ " N ‘,,
. - 4 ' « ¢ -] \',:: -};!
,L\“ » R - ) ;\‘*
reiffercement within a, 7
. - oy ‘ ’t \ >
* R N : s A AT
e - o, 7 PR
;‘-( ° “,_ ““ ‘;
. . I ’ ) . ~e ) L
3 f‘ ‘ . {‘ : ;i
P . . . , .o ™. i .
Applying Formula 5.2, i.e., ACI Equation (11.24):
- ° ¢ ™ " .. LS .
..g\ ‘ ¢ ‘ . ‘ | 1' : ' o ' 4 ’ ./ : ’ '}:“ - ‘/) )Ir ] . ;
o Vy = 331 + 9560(0.00856) '+ 30400 (8009) = 686.4 psi -
> . - . ' ) " . / i * o
, . . o .
.'B/EY = 580 psi < 686.4 psi ' i . e b 13
e e L oa P o . P J“ e ) - : @ fe I
[ . R ’:’ . . ‘ i , ) ) ' - DN % mé“:‘
. _ 3 ) PR . N S , ! . B o0 "“_.;"{"
- Thereforée . A . e . S ¢ . et
) ’ ‘ . ‘. o, ° < - ’ ? Mo, n: v R
‘ L . Y / @ - ' ’ s e Lo S
. ) . V- = E ;o . . Lo -"",\ ! -
' | 580 psi. ) . ;o . {
o 4T - S : S Y
. Vu "",.‘Vu b“d = 580;x_ 1,.}51::,.%‘,#,‘4@.9 kips ., R . ) * p:%
. LY o, ) “ "

e o 31447 : e BT
b ~-p.»e§-\s ag. = STpyox 40,9 = 129.2 kigs G L0 L
) - _"’ u:;- '{yp‘ ‘ X . '_,: o ”", ?, . 14! .‘.A 1, .‘.-.4.
R : PRI f SRR DY
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ing formula (5.3)

*

To find the stress

o

the above computed force . V

i

~

.

’
N

.
Ly

N .
Apply

izntduced by

vy .-
. s .
a4 "
a 4. i "
l»w . A
.. K R
* + . - .
- L Yy -
. .
- - - M -
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o e e,
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APPENDIX B

' * . -DETAILED DRAWINGS .OF TEST PANELS . ‘ o
6 L. ,
T - J ~ The: detailed drawings of the testéd panels are o,
P N o e ) ) : . « b - . ' .
, . ' presented herein. \ . = -
N~ ‘ .. For the loaqiné condition of ea'ch panel type, see -

3 | Table 3.14 - - . / S,

' . N N {“ ’ [ NS ~ °

- ' . ) The hardboard bearing pads used at the supports, - o e
N . )_". - .‘ . . , . 7 .. .,.
L were 4 in x 10 in for all. panel types. - o

4

o . The hardboard b\eati‘hg_ tx}_::ads ?se under the ‘lcad W

- " ' '. vyefe 4..i’nchés wi-iie anjl tlie;‘ixz,)lqu .\zarieci fg)}" eaCh'. panei:%
?, L type, a;ccc:rdiqg‘to itg-ibad capagdity. .'rhése-'lenqths "éreg" | .

; , shown in'the respective figurds in '4’\‘19139“‘15-St e. . . ‘. -
2 ST . .‘.l": Pasels 168-10 and 168-11 had tiwv"ﬁ.‘dénrticag‘ - L.

2
K23

il
LY
i

v
i
L
]

, . : : : - &
Qia‘.fe ‘xibs 6 inches deep,.located at 1/6 and-5/6 '
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The numifers shown'on the crack patteriis répresent

gt
g

¥

e

ety
x
¥av,

478

the 1oa}is' .’in:kips, at 'whicﬁ',the'é.racks propag'étgd to ﬁl}g .

) . -~

points, defined.. '
. P 9 . \ . . .

y ~ ¥

The lettge_rs F, B and S 'mean, .£lexural ,_;..\i,nc{,ined

- and di.aéonal spli_ﬁii‘:j,x;g cracks ', r'especti;ré'ly; .(pom;;afe with

Figure 2.1). . ' L, .".‘ L

i) -
. . " . . . I, \
~ s . c . -

.

. ' ' The..bearing padsP shown under the’ lt_ia,ci and‘.th?
) . . o ) ) . [N o
supports are 4 inches wide.

. ) . <,
.
. . . . -

Photographs of the cracked panels ire alsc pretent- -
~—ee »\. " -, .o o ) ' ) .. s, . L.

ed in Appendik ‘E.
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R 3 APPENDIXD 44,

STRAIN AND DISPLACEMENT DIAGRAMS FOR: " . -
L pANEL\lsa -9-3 ‘ :

-

-
el

. v
A L .

* \& - ‘ ! D f

» .

Considering Panel 168-9 -3 as an examgle, gomparison |

’

\dlagrams of tensxon stralng, comp;essxon stralns and dis-

o
©

] placements in the horizontal ax15 are glven hereln.
‘ 2 .!M , . . , )

. ‘ . . ; .o “ . A B
.. The stress-strain dlagrmm of the test—cyllnders is U8 . .
- . given in Figure D.l . . ' . 4 S v
R t ~ . e ' - ~ By

. . « . . 8 - o Yo , . ot 1
- o , - L '
. ( . : [Ty o y

. . RS . In Fignreq D.2 and D.3, it is 1nterestfhg to note

e

»

- the sharp increase of Btrain, at failure, whxch«occurs at ;

\

. ‘ - the middle of the tension dxagonal (see Flgure 3. S(c))

.
- - . - .
’ [y

7 . , ‘u~. s

in Figures D 4 and D 5, note that a parallel sharp o

N O
s Rl “
P

Rl -y
o T iy

‘« increase in gtrain at the compresslon diagonals occurs -
7/

" (see Pigure 3*._4(b))~. S -

o ’ ( Figures D 6 to D 31 show the dlsplacement of the -~ B
A - panel in the hoxizOnbal lXiBJ uote that the maximum dis-

placamsnts waxa occurring. at the load—lxne and at the free ,:

- !unbraccd) corner of the panel (see Figuré 3. 6 (b))
) g |
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APPENDIX E

’ R e
. TEST PHOTOGRAPHS . o€

& ﬁ‘ -
\ - . -
5 - . - -
- - * $ . * .
. .

' Photographs of the test frame and of the failed -~

’ N '

.

; panels are presented herein. - - /

1y -

| Photographs E. /1 d E.® show 'a typical panel ‘in

: . - the test fgame. Note (the load cell which is placed between
. N o
| thé hydraulié cyllnde% and a stlffened wide flange beam. . = .

. Also note the 'displacement measuring dovices mounted n the.
standing clamped angles. The bolts holding the col of

the test frame were post-tenslonqd The 1eft-hgn< side

: N -
y - . pin support 1s \usxble in photograph E 2. :
Photographs E.3 to E.]l6 are fox the failed panels. ,‘ '

1l68-5 to 168-11, respect:.vely. .
' ), In photograph E.3, note the diagonal aplitg.’ng R
DA . * . b N
. ' . cracks D1 and p2. , ‘ , ‘ [
A . o , v S
In photograph E.li, note the sﬁépped wvires of
the web re:.nforcement at the diagonal splitting crack.

(6empare with- the fxgures in Appendix c) .
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