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. ABSTRACT : s 3 .

REVIEW OF SOME
SHEAR STRENGTH THEORIES FOR RECTANGULAR

%

REINFORCED CONCREPE BEAMS N

Mostsfa Shirdast . : /
All types of shear failure are preceded by
cracking in the concrete inclined 'i;o main axis of the mem- -
ber with the exception of hoﬂzonﬁal ¢hear in a compressien
flange. If shear cracks form. a beam may fail imme'diately
by shear i.e. dlagonal tension failure-or after an 1ncrease'

in load in which case it may fail by shear-compress1on, 7

bending or some other mode. _ l f )

On the basis of researches carried out concern-~ .
ing the shear s‘trength of concrete beams, it appears that
4:an11ned cgacking due to shear 'does not terminate the work
of a beam if there is sufficient web reinforcement, and !:he o

. main tensile reinforcement‘ is well anchered‘be'yond the
support. Beams, even -witP inclined cracks'wi‘ll be able

to withstand further loading, until ‘theyu__ reach the dia-

gonal splitting strength‘ limit due to what can be -called,

14

arch behaviour. @

s
In this paper, mostly, we have atteimpted to ze-
. cover the best sdlution to preveﬁt the failure o:t;i‘beamsﬁ,

due to shear,

o
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\&' CHAPTER 1 SR R

. - \ X AN
1.1 Qbjective -
&

S

This report is prepared with the intention of pre-

™

senting the readers certain facts about the behaviour of

— rectangular concrete béams a§,they approach or reach their

shear capacities, Furfherﬁore, a gtudy was done‘pn certain
theories and/or studies relating to the matter and where
possible certain comments are made on the subject. However,
a detajled criticism and explanatlon as to errors and/or

) p0331ble omissions in the theorles (cla931cal or otherw1se) /
are beyond the scope of thls report. The main objective is
to establish thg existence of sexeral théories on shear. To
co?firm the fact fhat any or all of the theories may be
employed 'in the solution to recognized to be safe and in .
-according with the sfaqdards of design procedures. However,
besides presenting one with the exiéting formulas and summ-
aries of stuéies_and results Af tests done on concrete beams
;n shear, this_report also prétents the accuracy of several

methods and théorZeé compared to one another.

¢

3

It will become abvious that in all cases, the
desiéh pfocedureé and forpulas used to design for shear are \\
very_cbnservative. It will also %ecome apparent that many
‘of the ciéssfcal solutions‘neglect certain properties of
concrete:suéh as "aggregate‘ipterlock" arid in omitting these

properties render the classical formulas even'more safe than

g gt o
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Bt e,

el



4

4

aw

‘

o ' A ak
s

they need be. Yet, it ziil also become clear that such
safety;is a necessary thing consideriné the amount 6f un-

knowns when dealing with concrete as a building material.

The readeéer will see’'that how cld®e a design may/get.'fprmulas'

never go heyond a certain limit in ensuring a standard of-

safety. ' ‘ !

1.2 $hear Strength of Concrefe Beams

Extensive research work has.been carried out over
the past 20 years on tests and theoretical studies concerning
the shear strength of concrete beams. Much of the research

on shear has been devoted to the determination of shear

- cracking lbads. Fig. 1.1 shows the development of shear,

~

cracking and diagonal tension failures which these failunT

. N : .
in beams commonly referred to as "shear failures".

The factog% influencing shear strength and formLtion
of inglingdfcracks are numerous and complex. Many research
paperé have been written on the subject; By the nature o
the problem a ‘definitive conclusion is péacticéily'unattw
ainable regarding the—eorrect mechanism of inclined cracking
that results.from high shear. Bresler and Mac Gregor(!'5J7

have provided an excellent review andlsystematic,correlatign

of the basic concept.
L) ‘ /

/
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They noted that the influeﬁcing factors arer .

[ . -

© 1

a

K

1. The proportions &nd shape of the beam. X
’ e 2. The structural restraints-and the iﬁﬁerao@iqn
. of the beam with other components in the system.
3. The amount and arrangehent of tensioQNand
cgmpression reinforcement.
’ ° ‘ ‘ & o
k. The size and spacing of transverse or inclined
~ relnforcemgnt.
5., The ‘degree of prestressing, if any. »
! 6. The‘%oad distribution &nd loading history.
‘ 3. The properlies of concrete ang steel. _"
. . T
Z ’ 8. The concrete placement and curing.
!
i o 9. The énviroment history.
~p / N . .
|
- ,
-~ . - /
( .
\ ’ hY
. o ) , |
| N
+ RS
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1.3 . Theoretical Concept of Shear Strength . . _ e
. — c -

. “Lét's consider & reinforced concréte beamr as shown o ~\\f
o/ - imPig. 1.2 which has two symmetrical point loads. For
’ this particular type of loading, the maximum moment and

'maximm shear both occur at the location of the load

?1g.'1.3,(and their réitiq isgig- = a (1.65 %ﬁe-ehear span).
; ‘ o S

Thera 15, in generg ’ both»bending moment and &

shear force at each cross Bettion along tée shear span.

For an element A Fig. 1.2a situsted at the neutral axis “ S 4

no bendéng stress will ocguf qnd the element 18 in o state

] of pure shear. Hence this magnitude‘and direction of the

. principal étresges may be-obtained from the conditions of + .
eduiiibrium. "Fig. 1.2b shows that such an element will :

develop unit diegonal tensile and compressive stresses of

-

eﬁearing stresses exist. For an element at B, it will

have a compressive stress fo in addition to shear. Such a

— i i il et

I o " magnitude V on a plane 45° with the planes where only the ) /
stress produces diagonal compression as shown in Fig. 1.2¢

E t When Fig. 1.2¢ is combined with the shear effect of Fig.

i : 1.2b to obtain the total stress, the disgonal tension on

T /A section m=m is reduced and the diagonal compression on

ot

;s -
pection n-n is intreased. ILikewise, an element at C will

' carry-a ténsion stress as well as a shear. Such a stress

a
' Ed




T

- ‘ A :
produces diagonal tensions as shown in Fig. 1.2d. When
- . [
" Fig. 1.2d is combined with the shear effect of Fig. 1.2b

to obtain the total stress, the diagonal tension on section

Rt

n-m is ipcreaseﬁ and the dfagonal compression on section

. n-n is reduced. The combined diagonal stresses are not
maximum on section m-m and n-f, tension being maximum on‘a
stegpér plane than m-m when the.horizontal direct stress ‘is

tension or on a flatfer plane when the horizontal direct

5 . . ' .t L .
stress is compression, ‘Its diagrams are shown at Fig. 1.3,

P

- It'is now necessary to derive expressions for the
ariation -of vertical shear stress on:the cross-section of

a reinforced concrete beam. v

-, B

_ Consider a rectangular reinforced concrete beam
which has a Widthfb..height'h. and depth d frtmljﬁéwéxtfeme
fiber in compression to the center of gravity of the teﬁsion
steel. This section is shown in Fig. 1.4a with the com-.

s press1on area above the neutral axis cross - ﬁitched. We
Wlll take as a rigid body the portlon “"of the ‘bean (i,e.

abcd), lying between the cross sections dx. apart Fig.'l.lec,

The horizontal force equilibrium on this body is: _
L

~ . -

Yy bdx=0y-Cy - 1.1

Where: A = unit horizontal shear stress on a plane at

Y aa distance y from the neutral axis

Ci C2— result of the unlfbrm&y varylng compre351ve
—~ gtress

. AN s




s
v .
- v

5 !

A ! | 1
]

', =“§/(fci+fc1y) b (}d -y) /\i
Eogy (/AL ‘ 1

¢

3£, (1+Y/kd) (xd - y) o

\

3 £, bkd (1—y7kd2) T ’

Y

bending’moment on section’ 1-1

1

£ 34
equilibx\éml‘ gives: - “

By letting: M

moment erm of internal couple,

M =3 r_.kKab. 3d
1 2 1.4 _-J

- 7

8o £o17 My /sppa? S _ 1.5

- .
. ! / Q .

By substituing into Eq. 1.4 gives
f ¢ ;

y2 , , . .

: Cy =My, [ 1 - /(kd)z] | 1.6

gimilarly /} - .
- ) 2 . - N

. c, =\ Mz/jd 1 -\S /(kd)2] 1.7

substituing Eqs. 1.6 and 1.7 into eq. 1.1 gives

C 2y (o) 1-—3—]
Yy dx bjd (kd)z
v 2
.~_—~[1-—-—3’——— 1.8
. 2 *
bjd " (kd) )
, The variation of the vertical shemr stress U& in
& , . .
o , this equation is valid above tq; negtral.axis for any value
\ v of y from o to Kd; y is the distance to a point in the o
. /A - Q;
be

-
.
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' : s g
. concrete where it is effective in carrying bending stress.

be at neutral axis y=o. N (i

G bjd

.and vertical shear stressés,.equal tensile stresses exist

' the same equation for the nominhl shearing btress: .

. The fact:that this formula is s8till universally used today . *

a cl

AN

As. it is seen, proceeding from<the extreme compression fiber

to the neutral axis, the differential horizontal fqrcé Cz-C1
N a ! -
increases to a maximum. Thus the maximqm shear stress will

L

V= ...__..Y___.. , * 1.9
This-Variation’ié'sho“mliﬁﬁ\Fig. 1.k 4.
s TR Cv -

’ e )
_A major contribution to the understanding of

reinforced concrete members in shear was made by Morsch
between years 1902 and 1910: He pointed out that shear ot
failures are the, result of Principal tensile s}reéses and

that, even in a staie of pure shear, with equal horizontal

52t ab "

on planes at 45° to the neutral axis. He also. developed
— .

, r

t

v . . o
\'1} = —-—-—.-———- 4t
Co bjd . -

veokead owm L e

A g

(with the minor change of omitting "j*) shows the enormous / .
S . ' ‘ .
ipfluence sqme of the early poineers have had an modern &

.

desigqxpractice. The importance of eq. 1.1, is such that
os

r look is justified. At any point'in an isotropic,
homogeneous concrete beam the principle tehbile stresa «
v ot

»

. [ I L) Ay o —p— " " e - hadriae 7
AT I e M L A LE o /
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o

T max), can be’felated to the shear stress v, and flexural-

' -
stress ft' at that point by the equation:

» . ) ) _5 ‘ }
£, (max) = 3f, -+ [(3£.)%+ v2 - 1,10
t b t : t . [N ’ '

N
Y

-
-

> Although equat®on 1.9 is not an accurate failure
criteriom for ‘conerete, mosi. texts on reinferced concrete
B - 3 \ . . .n ¢’
adopt it, with an explanation of its approximate appli-

\ ¢
cability. It is then argued that in the region hilgh

Av,kgt is relatlvely all, and thus f'(max) or t e diagonal

ten81on stress :;gzgy%oxlmaxely equal to v. Thekefore
ng

, the nominal she stress as expressed by equat 1.9,
1 . . W
can only be used as an indication of the diagonal tension
I - T
-+ 8tress and not as a quantity equal to it. . .

[}

In the development of the expression for shearing

stress and in ite generalization as a measure oi agonal
, tension, the abll%ty of concrete to resist somelaegree
of ténsion 1s first neglected and then acknowledged.—

. Such an 1ncon51sfeacy suggests a basic’ weaknessﬁln Eq. 1.9

[Ref. l&] ¢ C
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. __|.Neutral .
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9

R =P/2

’ 'I.‘2=O.7ft h |
.7ft t2=0'5f't

Pig. 1.2 - SIMPLY S}JPPORTED REINFORCED CONCRET -
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L .
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- . (Loading Diagram)
. R , |
: - P/2
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s f 1 N
-P/2 - o
(Shear Poice Diegrem) *

’ (Bending Moment Diagram)
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Pig. 1.3 ~ SHEAR AND BENDING .MOMENT DIAGRAMS
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e . :  CHAPTER 2
BEAMS WITHOUT WEB-REINFORCEMENT
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2.1 Shear Failure of Beams Without Shear Reinforcement .
% R . . \

- # . b . .
Because designing a beam}without web reinforcement

L is not a Common design, studies have been carried out

[ L
‘ [Ref: 14) concerning'the ultimate load behaviour of beams.

r

* It was found that the study of beams without shear reinfbrcé—‘~

, . hment is significant and relevant to beams with shear rein-

i

* forcement.

£

As already we know the shear failure in' some cases -.
occurs nearly immediately after first shear cracks, while in.

other cases it will ‘resist upto higher load prior to failure,

It is becauée if the load capacity of beam is equad,or less
i ' than the load initiating the shear gracking, failure occurs
‘ simultaneously with cracking. But if the load carrying

capacity of a beam is greater than load initiating the shear:

cracking, an jncrease of load can be supported beyond initial

*

shear cracking. .
. ‘g '
' Some of the failure are considered hereunder‘in

<

o

™ briefly. Toe S

: 2.1.1 Diagonal Tension

This kind of failure happens when shear cracking

takes place. .A shemr crack starts as inclined continuation

(]

of an earlier flexural crack and extends to comperessive gone.

. . and backwaﬁd% beyond and below of the origional flexural

acrack, and it will initiate the collaps when this crack ex-

‘ ’

tends through compresive zone while at the other end at level .,

i

| "+ of main reinforcement it extends by tearing acﬁ?on.[Figs. 1.1




-

-and 2.1] This kind of failure because of its‘tensile nature

cases i generally By flexural not b&_shear.

.2.1.3 Flexural Failure . S - | o

fore it is‘sasy to incorporate.the ultimate cause- of failure

is called "Diagonal Tension" and is sudden, fig.(z,ua. Ref-
erences 4,5,7,8 is used to study the failure, thg“ultiﬁate
load should be considered equal to the load causing the in-

itial shear cracking. - : T_ .

2~n 1. 2 S!!sar Comgresgj on.. .
)

In Fig.2.4b a shear-compress1on fallure has Dbeen

~

plotted. If the load res1stance of a beam is greater than
the shear cracking load but less than the flexural capacity,

failure occurs by shear-compression, Failure in all other

i

A‘flexural failure takes place by crushing of the ‘v /o

concrete in-the. compressAon zone of a beam either before or
after the’ yleldlng of the tensile reinforcement, and occa-

sionally by breaking of the tensile .reinforcement. There-

o EIPIN o L St AR b

in the definition of‘}lexural failure [Ref. 5], which is

defined as: “A beam ig said to have failed in flexure if. it !

fails'by cfhshiﬁg of the concrete or fraéturs”ofiiﬁé rein- ] v v
’fofcemeht as a result of bending stresses“. ) }
N 4 / . ]

te g

2 1 4.Inter-relatlon between fallures

e .

Researches’show [8] that there is an inter4re1ation
between dlagOnal-tens1on. shear-compr9891on and flexure, which

can be expressed graphlqally by plotting M, agalnt a/d.
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S

As we discussed earlier if the load resistance of
/ a beam is less than the zequired to ini'f:ia‘te_ shear cracking,
failure by diagonal tension occui‘s immediately after the

. ?‘ormation of a shear crack. Failure by shear-compression
occurs if the’load resistance is greater than shear crack- ,
ing but less than flexural capacity. In all ofher “cases

failure would be because of flexure.,

L) \\
L
0 .Theé above have besn expressed mathematically [?]
. 1) If fo—g—@V y there is no shear cracking and Mf= Mu
. ‘- " . .
2)/1f Ms-g—g v QMf. -g—. Shear cracking occurs and
failure is in diagonal tension with Vu = V
: ' ) v da 4 gne : £ 1o
) 3) If gMS. = <Mee . Shear cracking occurs and fail
ure is in shear - compression with M, = Ms

‘where M g = ultimate shear-compression moment.

‘Because shear-compression equation cannot be "applied
at. very srqall_ value of a/d, (if a/d-vo thenv;l—wb) so there

is a limit which by Regan [Ref. 11] defines asvu41/6 f.bd
~ . ~~

, For an ultimate design of a beam at all valués of / :

(a/d'), the AC1-ASCE.,Committee [l&] use\@e‘“ shezirfcracking&iagonali
~ ) tension" equation which by decreasing the ratio of a/d"V

/ increases. It is recognized t e ultimate loads of
short beams can be considerabl& in éxcess of the shear cra-
N (Y " ' U
AR cking loads, just as it is predicted by the shear-compression

a theories.




2.2 General Categories of Failure

Experiences have shown[7] that the ratio of shear
span to effective depth (2/d) has a high significam influ-
énce in establis\}‘ling shear strength. And if the other____
‘factors to be kept constant, the variation in shear capacity
for a 2-point loaded symmetrical, simply sup.per rectémgular
beam could be ploted like in Fig.2.2. ’

From ‘this figure four general eategories of fail-

. ure may be identified.

) 1, Deep Beams: afd (1
2. Short Beams: ’ 1 {a/d {3
3, Intermediate Lené:th Beams 3 4a/a £6 .
4, Long Beamé ' 6 <a/d g

’ ' ¢
In deep beams, Flexural stresses are less impor-

tant than’ghear stresse;s. As shown in Fig. 2.3.% There
are- "\compressions and tensions along and dcross the
lihe- joinning the load point and the reaction point. After
appearance of inclined craé;king, the beam may transforms
into a tied-arch; which can fail in a number of ways (7],
wﬁich are indicated in Fig. 2.3 b.

‘ In short beams, an inclined crack is generally
resulte@ by flexural crack vs;hich extends into the compre-
sgion Zone from the tension surface of the beam along the®

reinforcement, and then beams inclined and extends toward

‘the nearest concentrated load, Fig. 2.4. When inclined .

cracking developed,failure \yill occur in one of. the

indicated modes : (1) Shear-tension failure, Fig.2.ha




~

or (2) Shear-compression failure, Fig. 2.4Db.

In intermediate length beams, inclined cracks
do not déveJ.Op before the beam fails in flexure:. Seve-
ral felxural cracks develop and crea‘te‘ the "'l:eeth" which
are beam segnénts between these inclined cracks as shown
in Fig. 2.5. Formation of ;anlined cracks and existance .
of "tooth" Wh::l.Ch acts as cantilever, reiaresents the

ultimate shear capacity of this kind of beams, this type

of failure is called “"diagonal tension failure" (7).

v

If the beam is .:c'elatively long, or if “the pre-
centage of tensile reinforcement is low,'i‘urther increase
in load will cause #ailure by crushing of the concrete
at or near the lodation'of maximum moment, tSlightly
inclined cracks may%be present in.addition to.th'e.fléxural
cracks at the séction of maximum bending moment, before
the failure otcur. So, the ultimate strength of such a
beam is independent from the size of the shear force and

Just depends on maximum bending moment capacity,

~
" -
. v - ,.S
- r
’
¢

\
N\
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It can be goncluded that qualitatively shear affects
the behavior of beams without web reinforcement through the
formation of a digonal tension crack. If a digonal tension .
orack does not form, the effect of shear is negl:!'.gible.
Collépse qf the t;eam may occur simultaneously with the
formation of the diagonal crt;ck. On the other hand, a beam
may be capable of reéisting loads in excess of those causing

the formation of the critical diagonal tension crack, and in

"such cases the ﬁnal collaﬂae is caused by shear-compression

-

or by some secondary cauae brought about by the presence of
the d'iagonal tension erack. Qua.ntita]:ively, sl'}ear limits -
the. ultimate strength of a bean if a diagonél tension orack ¢

forms \\'beat‘orc the ultimate load is reached.
"

2.3 SHEAR STRENGTH OF BEAMS WITHOUT WEB REINFORCEMENT———

In order “to- daWomula from )vhich the ultimate S,
shear strength of a beam withoumb{!einforcement may be
predicated, 440 tests were studied by the ACI-ASCE Joint

committee on Sheer end Disgonal Tension /4 7. T

They indicated that shear capacity depends primarily .
on tpree variables, Viz., the precentage of longitudinal
reinforcement p, - the dimensid’nless quantity M/Vd, and the"

quality of concrete as expressed by the compressive strength -

/'/,
. B



e - -
.

G n

£! . Other variables do not have significant effects on

shear strength. , \

By a series of Mathematical relation and té know

v
V=K u ) .
Y a *
— j . N

‘and ft(max) = K, / £y

They got following equation, 7 1

. K
, Yy = z2_ 2.1
bd f! . '
c K, M ‘/f' K. M (f" .2
3 2_u c + [ (3 2 u C )+K§
Es Vu d‘/) Es Vu da

Which variables in this equation are non-dimen-
tional quantiti'es Vu / ( vd/f £7) and (m! /fé) /
( Espvud) . They got following equation upon using the

<

correct value of E ! - . ’

V. d

1.9 4 ésoop £ 3.5

u
Moy Te
‘Which has been accepted byuACI Code as the shear

(‘incli‘ned cra;:king) strength of a beam without W’eb»reinfcz:%-

A

cement,

> So strength of such ‘beam Vc becomes

T/c = (1.9 ‘/ i‘('; + 2500/

and its nominal stress: .

> . t N

v, d " N
M" ) bd (3.5 bd/ ]
u
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. ad b : :
which is in fact identical to ACI Code formula (11-4).
which states o ‘ \
. ] .,, .o~ V d ‘ . .
* . . . J___ .
L= 1.9 /£ + 2500 law i 43.5 £ 2.2
. Y , b

where V and M are design shear force and design moment

/\and LPu = Ba . For a rectangular sectlon b, = b. The
Vud o .
value of - shall not be taken greater than 1.0 except

. u
when axial cvmparession is ‘present, which has the effect of

limiting {/, at end near the point of inflection [4]

This analysis relates the nominal shearing’ stress, (/

'l/- V/bd , to the three _major varlables lchown to influence

it: :
* "y :
1. the nominal shearing stress g increases

with increasing concrete strength
2. 9 decreases with increasing M/Vd

3. ¢ increases with increasing /A
v oL

| Lightweigl*{t Concrete: This formula with a slight modifi-

- cation is valid for lightweight-concrete also. For "all-

" 1lightweight" concrete, -
- £V d ' ‘
- W_'u

-075[191/1"4-2500 e ] 2.3 .

and for “sand- J.J.ghtwelght" concrete, P -
V.d N
- w'u
Y, = 0. 85[1 9 /TL + 2500 S

Linear interpolation is permitted when partial sand

replacement is used,
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2.5 Comparison of Shear Cracking Theories ® '

-

The Morsch equation ( ;i..e. v= V/bjd) doesn't give
satisfactory agreement wi‘éh test data, ‘ut the other theories
like ACI. ASCE, eq.2.16, glve acceptable correlatlons with
/i;est result, ( 6, 8,12 ). Var;atlons between the other
/’/ theories in regard to mean value of . Vcaf‘k/ vtest correspond
to the fact that some give lower pounds to the scatiter of
results while others give mean value. In the ACI-ASCE . Coe
equation .the two 'parameters are linked in the same secondary
texm wi-th the result of if M/Vd is large ‘the influence of /2 ’
‘>1s negligible. Similarly if P is small this reduces the )
influence of M/V,d‘which is generally negligib]te in any
case of . M/Vd > 1. Briefly for all type of the beam except
shortest one the term 2500 P V3/M is n'egligibleb );41.
treatment of. relnforcemen't ratio pln ACI-ASCE gives

,

difference meanlng ‘than the other theories espe01a11y when

' it is very small, As/)tends to zerd the Peterson, Regan and ]
revised Smith wvalues of V/bd tends %o zero [4], while

ex . . .
ACI-ASCE equation givg v = 1,9 \/f! 2 /f(': which is called

<

(Simplified conservative Method)
& ’ : -

2.6 Classification of Strength Limits

Extensive research. work have been carried out

by Dr. Z.A. Zielinski, {1,2,3], to find the best solution

of preventing failure of beams, due to the load, He has

L.

clasaifiedjthe strength 1limits and the sequence of +the - o .

~

(

cracks. He hasg identified five sgtren h limits for

-~

. - R A -
reiforced concrete beams respectivelys -

TN

%
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4

First- flexural Crackingi

C .+ 2. Inclined Cracking; ‘ . B -
3. Diagonal Splitting due to arch work; ‘ .
4. Ultimate flekural failure; o

. . 4 .
5. Excessive deformation of beam.,

T &ﬂnd three types of craqks are representing the cracking

«

.gtrength limits of a beam, which are indicated in Fig.2.9.
¢ The‘flexural cracks are the first crgcks to appéhr, .
next inclined cracks apptar which are of group B in ghear

and moment loaded zone of beam, and last cracks will be

splitting cracks which may appeér in beams under high ‘ a

-

Shear, Fig.2.9.

2.7 Tnclined Cracking ) .. . .

“Acpording to Dn.Z.A; Zielinski, [1], thiszs type of

e i Bk i

. cracks which'conventionally are called shear cracks takes

dlace as a result of the work and the bond which ties the ' i
« - 3

reinforcement to the surrounding concrete, , !
He considers the beam after two.cracks'appear: . - . ;‘

]

3

assuning with a distance Ax, Fig.2.10. On the unit leng@h {;' o

dys there is bond stress U acting on the circumference of
:the'barsw;2which in the reéion o¥* the beam above -the bars,
causes thé appearance of bi-axial stresses inclined under

45°, and defined by . \ - L -

TV, = U/
. If we substitute bond stresses U @' V/§1 jd in this equation,

we géts ,

[y . . -

. Vg = V/bid = v ‘ 4 ’
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§ which ;i{é‘\just“ 5-%o0 8"pergént of f. .’

; g .

Ciléarly it shows thA dependenée of éhear st¥ess v on the

_ bond stress U. If the\rein&ceme_nt is unbonded so there

- is .no bond resistance (i.e. 'U=Q)., ¢
4
80, V= v, h

So in this case there wJﬁ‘ not be 1ncllned cracking.,
/

Briefly,- beam with unbz}ed reinforcement can not have

_inclined cracks, on the ontrary, existence ~ofﬂ'the bond,

cayses bi-directional -inclined stress comlition of v, =-vy

which are added to flexural normal: stress due to the rhoment,

. . ' s
and because flexural stress in the neutral axis is zero,

*

Ny = - Vy govern the strength of the beam.

"If thege reach their limit strength, as’

Tge " Ve =~ Vy ¥ 0.9 T4y L

. ! ~a,’

the 1»50, inclined cracking will appear. But if the main

e relnforceugnt ig well anchored beyond the suPport, can.

remam in Hood wcondition till reaching the dlagonal spllttlng .

a‘t arch sgheme, '
‘\
The tests which have been: carried out [1,2,3]

. show that the strain in concrete at the moment of cracklng

" is between € = 0.0001 %o ~0».00015 ' and the accompanying

stress in steel is hly

»

£, =€E = (0,003 to 0,00015) X 30 X 10° ‘
i ' 3000 to}”soo psi ~ |

n

y L]
So he found that it is no-b economical to_try to eliminate

;mclmed: cr'xcklng by means of relnforcerpent.

Because we must assure the additlonal load carring
v .
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capa\city, beyogd fiexural .and inclined cracking, he believes
s'tha't‘ even a qu:'tte small amount of the Webk reinforcement
(smaller than on shear theory vis required) can satisfy us. ]

Shearing 'force Vg which can describg limit étrength
in inclined cracking and beam work is as follow. y#For beams

without web reinforcement

»

Vg = VC bjd = fscbad ~ 0,9 ftobjd
With web reinforcement .
- . . "3000 - -
Vo =0.9 £, bjd (1 +P r\lgo cog &)
, - As we see there are differences b&tween these
formulas and those recommended by ACI~ASCE, we will consider

these differences later. B

2.8 Diagonal Splitting Dup to Arch Work ' Y

For a beam with unbonded reinforcement three basic
schemes of arch work oan ‘lm)ec identified as in Fig. 2.11,
which relate to a3
i, Uniformly\lﬂoade& beam
- ii. One or two point loaded beam. This beam is

e i TN N OB A AR R A

subject of diagonal splitting. .
L] : ¢
iii., Three or more point loaded beam, v
4 . -
— According to Prof. 2.A., Zielinski [1 2 3:1 and °
rei‘errlng to Flg 2,12, bi- dlrectlonal stresses depend on the
hY
geometry of the support-segment and bendeflﬁed for a beem )
A i .
without web reinforcement as: / ' -
s e

M '
= . phcos | of = -fl-ﬁ 2.5

fop =




25,
a

hz

2
_ct 2
ftc

When the concrete in the middle of the support-.

. L]

. load reach ftc’ the diagﬁnal splitting occurs, According

v ’ ‘s . , ‘ 4
to (Ref\(1) and refer to Fig. 2.7 and equation 2,7 ¢
. ; S ,
f = fc .
’ te. £ a2 2.8.
c + -——g' .
» fto hz " ¢
. - P
then . Va = ftc'\géi

.
<
. s

for beam without web. reinforcemeé;\v//
» .
For a beam with web reinforcement the formulas change t

-

. . g
H ‘ v v Ty
for = ( - p ) . 2.(%
= bh( 1+ "¢ ' %
\.\/ 'ES h ' .-;
' te 7 e 6000 4 | 1
| ' 2 (1+
| - A i'1;c v Kl
_sh ' = 8V
Where . /4, = gy ma /[ - ba,
. )
S Then splitting force V, is ’ ‘;\\ ~
™~ r ' 6000 /2 ' '
. ) 2 i
. S
!

€ beam has sufficient weh, the work éapabili%y '
of &ﬁe'beambdoes not end here.

i

the ultimate flexural failure and causes diagonal cracked

Tt will work further until

it reaches the ultimate shear force. Then it aﬁcompany
i

o 8 \"ﬂfﬁ.

R
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1

'

support-load segment under diagonal uni-axial compression

only, while the web reinfdrcement carry all the tangent

spLitting‘ force., . - ’ o

-

C . By following formula, after diagonal splitting , .

(3

océured, we can calculate the ultimate capacity.

n
V, = cos 2 Agui L B ¢ 9] o |
: N i=1 - : .
- : R A
I, Portion of the reaction force which is carried

ov)

P

by vertical web reinforcement (A

Agng fys  (ID) . {

Mg

Vh = 8ini

-
=

[
[N

II. Portion of reaction force which is carried by
horizontal web reinforcement ( A

[

sh )

‘- Vo = v, t vy C (111) : .

e

Ultimate reaction force which could be carried . o
at the support. T

v
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. Losp of bond due to corack

(a) Shear - tension failure

LT

'(b) Shear - Compression failure

[

Rig. 2.4 - f&picéi shear failures in short
beanms 8/d = 1 to 3 (adapted from
Ref. 5) . ~*
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Pig. 2.5 - “"Diagonal tension failure" or "tooth.
cracking failure" on intermediate length
beams, a/d = 3 ‘to 6.

Fig. 2.6 ~ Redistribution of shear resistance -
, after formation of inc¢lined crack.

‘ (Ref-5)

‘ (lRef.S)
\\ N \
) ‘;G = aggregate interlock torce™
c=,snéar
. resistance
" nl > T
T - Vd=dowe1
. : . force | . .
S , . L ]
o k——-s-"* ‘
v' ' )
7, w




—-

I- - — II-
' - —_—
A é .
{' , A ] :?tl
y . by
S L
III., b I
. %c :: : ¥t¢ N
’
REAR !

- ke

Pig. 2.7 - Basic causes of failure of concrpte:‘ti)

£

uniaxidf‘>

tension stress, (ii) uni-axial compression stresses, (iii)

S/
%
- + - - - - = - I - —
QLY - N
"
(] <
s g |
it '
Y - |
) ", I
2 R n , ! |
¥ e o heed (-3
gl ks Ty I
_‘,,._u g [°8 , |
EOs gt ot
. 5 OEX te to c I
& ¥ § = I
W F#5 CoMPRESS 10N |
o O X :
' I
v ) %%—“‘ ‘N-e ! .p
2ol T T e omection 11 4
N t7¢ss in oirection |
Tensien P, Teasion & Compresion )
| A v ,
4"“ > ' 'Pc ‘4"&2’&_‘}
- 1.25 f £
\ c :

.

y,

".'bi-directional tension and compression stresses. (Ref.1)

Fig.zoa ;'Combined bi-directional strength of concrete.
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BOND. SHEAR FLEXURAL CRACKS
SPLITTING

Fig. 2.9 - Generalized ¢rack propagation in the beam with
bonded- or unbonded reinforcement. Fl—F - flexural verti-
cal cracks, B,=Bg ~ inclined cracks dud to the bond and
beam work, S -S.7 - diakonal splitting cracks due to arch
work. Nos. 9.,2,3, etc., show the order of crack appearance.

(Ref.1) . ] -
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Fig.2.10 - Definition of bi-directional stress condition
at inclined cracking of the beam caused by, bond# (i) seg-

ment of beam, (ii) cross-section, (iii) stress in concrete
due to bond. : ) '

S (Ref.1)
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~!. ' CHAPTER III

-

" 3.1 REINFORCED CONCRETE BEAMS WITH WEB REINFORGEMENT:

o

Economy of design demands, in most cases, that a

' flexural member be capable. of developing its full moment }
' oapacity rather than having its strength limited by premature
shear failure.’. This is also desirable in that stractures,
if oie;loeded,“should not fail in the sudden and explosive
“manngr oharac&eristic £ meny sheer failures, but should

. show adequate ductility and warning of impending distresa.
The letter, a8 was pointed out, obtains for flexhral

" failure caused by yielding of the 1ongitudina1 steel, which
is preceded bv gradual, excessive defleotione'and notieeable
enlargement of cracks. If, then, the available shear
strength by ‘eq. (2.12) is not adequate, special shear
?einforcement, known as ' "web reinforcement” is used to

inocrease this s‘rength .
, a

* 3,2 POUNCTION: OF WEB REINPORCEVENT:

®

1

v%.- . Web-reinforcement may be in either of the forms as
o ahown in Fig. 3.1).

,l) Stirrups prependicular to the longitudinal reinforoement,
' ® .-

'2) Stirrups making en angle of 45% or more with longitudinal

‘ ‘reinfppcement,

x? n\
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3) Iongitudinal bars bent so that the axis of the bent
bars makes an angle ‘of 300 or more wifh the axisg of
longitudinal portion Qf the bar; and - |

L) C%mbinatioﬁ of (1) or (2) with (3).

»

spirals, including rectangular helices, are also permited

by the 1971 ACI Code. \

/ Web re?nforcement has no‘notic%able effect p?ipr‘to
the formation of diagonal eracks. In fact, measurements '
show [5] that the web steel is practically free of stress
prior to crack formation., -After diagonal cracks have
developed; weh reinforcement gkcreases the shear resistance
of a beam in three separate way: (

(1) Part of the shear force is resisted by the bars wh?éﬁ
tregerse a particular crack.‘ ' - |
(2) The presence of these same bars restrict the growth
<pf diagonal cracks and reduces ﬁheir penetrationfinto

, the compression zone. This leaves more uncracked

concrete available at the head of the craqg for

Is

resisting the combined action of shear and compression.

4

(3) As seen in the cross section of Fig. (3,1), the

- 8tirrups are so arranged that they tie the3loﬁgitudinél‘
reinforceméht into the main bulk of the concrete. This
provides some measure of restraint against the .
prlitting of coﬁcrete\along the longijgdinal reinforce-
ment and increases the share of the shear force resisted

in dowel action.

_Once cracks have appeared, the transverse reiﬁ?ﬁrpe-

ment begins to deform gradually as the load.increases,

{
7

until it ylelds., If the member has only a small amount of-’

A}
L}

!
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web reinforcement does not eliminate the shear pro

‘'only changes its form, as the question is then foc

a beam in which shear failure may be prevented.,

transverse reinforcement, failure may take place thfﬁugh

one or several of tlgnsverse'reinforcement bars. If ?he
amount~of transverse reinforcement is sufficient, the
incllned cracking will be of little slgnificance and failure

W1ll be due to flexure,

~

Prov1d1ng suitable transverse reinforcement 1n
beams tha{.éould fail in shear can greatly increige the -
shear capa01ty all usually can assuré&flexural failure \
under given loading conditions. Indeed, one of the prlnclpal
objectives in prov1d1ng web reinforcement is to ellmlnate‘
ghear as a mode Qf failure, This approaah tothe‘d931gn of _,

em but

on

- -

how, much wcb reinforcement is required to prevent shear

-

failure., A traditional answer to this question awailts the

. general theoretical solution of ‘the problem. In the

ﬁéantime, transverse reinforcement is usually designed for
the “excess shear", generally definedlas the difference -+
between the degign ‘shear load and the acceptable 1n;1:led
cracking load limit in a'beam w1thout transverse reinforce-~
ment, Thus, definition of this inclined crecking Iload
is important, not only because of‘ifs.fundZigital signi-

ficance as an essential sfage in the mechanism of .potential

shear failure, but also as a cruciai design parameter for

”

\‘<-“ _ ' 4




N i | ).

' The web reinforcement in a reinforced concrete ‘
beam can be compared with the diagonal°memb%gs of a ®teel
truss, If we consider the steel truss of Fig. 3.2a, we

see that upper and lower cords are in éémp;éssion and
tension situation respectively and thé diagonal members,
called web meﬁbers. aréiaifenngtively in compression and ,
tension. Truss action in a reinforced concrete beam-and

Sf
the wedb reinforcement are shown in Fig. 3.2b. These web

' a8 we know will increase the shear strength of ‘the beam.

As it is seen the web reinforcement must be anchq;ed in
the compr&%sion zone of the concrete and is usually hoobed

around thé longitudinal tension reinforcement,

” 3

Analogous truss action in Fig. 3 2b and d easily )
describe the actlon of inclined and vertical web relnforce- .

ment of the beam in Figs. 3.2c and e.
- ! .
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” 3.3 SHEAR' FAILURE OF BEAMS:

/3.3.1 Traditional Moérsch Truss Agglng ; ' .

( .
In the M8rech truss analogy the internal structure

of a beanm con#aining shear cracks 1s assumed to act as a
* truss, in which the concrete compressive 2zone and the |
tension steel are the mq}n/chords, while the shear reinforée-
ment and strips of web.concrete.inclined at 45° to the
tension steel form the lattice Fig. (3.3). a

-

The only equation used is that of vertical

equilibrium, and in cases where the shear reinforcement

- consists of vertical stirrups only, this gives .

) - : : V' = r.fv.b.'la 301

where ~ V' = external shear force

Av = area of one or group of stirrups, at one oross

L. N B
. section 4 ' !

f_ = stress in stirrups

v v
1, = internwhl lever arm.

b - ' a
f“ * fY is generally assumed, or at least implied.to be eqmyel to

the yileld stress fy whendV =V,

d
v

. ‘ . h-
A8 experiences show equation gives a poor correlation with

- L4
! .

e e g —————
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test results, =nd is often grossly over-conservative /8 7.

The theoritical objections to it are also considerable.

The main ones being: -~

a) It ignores the gbility of the concrete compressive zone

to support shear.

A '

[}
{

b) It appears to pfédict that failure is caused by the .
shear reinforcedbnt's reaching its yleld stress, while
in fact shear failure of beams with shear reinforcement
is generally due to the compressive failure of the
coﬁorete above a shear craock. e

¢) The assumﬁtion that all web compressive foroee,_?r in
effect.all shear cfédks;'are at 45°ltp-the main steol
is an t-gimplification Fig. (3.4).

-

" y
'3,3.2Empirical Adeption.of the Truss ARalogy-ACI-ASCE /4 7

ASCE-ACI Committee 326, published the results of , (
their findings in the form of a paper, in which they

- recommended the use of certain empirical formulas for design,
purposes. These recommendations are based on test data
obtained from.programme@ of investigation conducted under
+the supervision of the committee, ané on all other avai;able

data of other tests results. " For beams with no web .

‘ reinforcement, as mentioned before, the following formula"
. . r

was recommended.




-
i

, v ¥ ‘ o ’
‘A, = 3= 1.9 /T + 2500 PF £ 3.5 T 3.2

T As for beams with web reinforcement, the committee

-

recommended the continuation of the use of the "Truss-
Analogy" since it has been giving reliable results. The
relationship suggested for design is:

Vﬁw = Vu 4+ Krfy }-3
4 , ‘ . T
where, ‘
V,w 18 the ultimate shear stress for beams with web
reinforcement and should not be greater than
— Ca
- ' . V, 18 given by equation 3.2 \)

. fy shall not exceed 60,000 p.s.i.

Krfy apalf not be less than 60 p.s.i

Although the cormittee recognized the advantages of "sheaer-
momenf“ approach and its prospgct, they did not recommend
its use as a design criterion because the hypothesis was

not fully developed. ‘ . ™~

It could be summarizéed from these theories, that

shear reinfdroemget does not only help to carry part of the

A ¢




/

total shear, but it increases the ability of the compression
© gone to resist shear, helps prevent splitting of the bean
at the level of the tension reinforcement, and keeps the

K4

Jeam as a unit giving amnle werning of any ‘impending collapse.

N |

-

e

3.4 SHEAR STRENGTH OF BEAMS WITH WEB REIN&ORCEMENT *

\\

-

The ghear strength of a reinforced conerete beam
with transverse reinforcement can' be defined in term of the
shear carried by concrete, loz‘lgitudina‘l steel, and transverse
- 8teel reinforcement. ,g%e vresence of transvgmqrce-
ment modifies the nature and extent of inelined cracking
. and therefore influences the s.mount of shear carried by the
concrete Vc' end the longitudinal steel Vsl. However, as
there is no gener\al theory which would permit precise

evaluation of these quantities the shear capacity of a beam

with transverse reinforcement is usually obtained by adding

the ‘contribution of the web reinforcement to the capacity A

(including load) of a similar beam without\web reinforcement
[8 7. f |

When shear strength contributed by ﬁ{éx,wéb reinforcement is

V'o . ’
\.
n . \

V. = V. 4 V' . . - 3.4
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; By assuming that an inclined crack in lLSO .

g , . ' : ,
E. ey direction extends all the way from 't\he longitudinal

, reinforcement to the compression surface and that inter-

sects about n stirrups, Fig 3.5, we develop an expression s

for V&. Part of this amount which is carried by th

- .

-

+

stirrup is eqﬁal:

~ . V"I: nAv :I‘.‘y sin« . . 3.4
From trigmametry, '
' 1S = d ( cot 45° + cot ot ) = d (1 + cot )
- o , 3.5
A N . ]
. Then : . o . .
. d(i+tcot x) , o sine. d(sin o+ cosX),
y A u = v oy = = vy
5 ’ S ' -l “S .
3.6 3
Which its nominal unit would be . AN ;
| (sing + cos &) | »
@ . : Av fy )
u A bS _ . 3"7'
. ; - , ;
In vertical transverse reinforcement (i.e. of= 90°) ‘ ”
v! = ﬁ_V__fI . e = 5
u bS . 3.8 4
‘ fiad - 3
According to ACI-ASCE: joint Committee 326, the é
- comparison of test result and calculation chows that these 5 3
formulas are conservative., It is, said that addifional | , % i
~ resistances which participate to help prevent failure but ;
) L .
- - _ &are not considered in computing‘ shear strength.are those 2
due.to "dowel action" and “aggregate interlock" Fig.3.6. ' i
~. i
z'L -
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3.5 Requirements for shear Reinforcement

For designing a beanm , lover and upper amount of

web should be considered, because if the amount of web

reinforcement is not sufficient it will yield immediately

at the "fomatWe inclined cracks. If the amount of
web to be high it Will fail because of shear-compression
before yielding qf the web‘st;ael. So the amount of web should
. be optimized “till both web reinforcement and compression

zone continue”\‘to carry increasing shear after formation

of inclined crack. In this case a gradual failure is

ensured and stirrups restrain the growth of inclined cracks,
The ACI Code (ACI Formula 11.1) recommends follow-
ing limitation, ' ‘ , . 0 .

oL e . '
Minimum web reinforcement area

AN

. b, S
Min A_ = 50
v T
. y
This amount provides
TN * 1
. A_T b, S b y
. = Y W YV - en wed
. v'u = bws = ( 50 fy ) ( bws) = 50 psl

Al

And for hifghe;' amount of web feinforcement it gives

v, =8yt “ (AG1-11,634)
For design prpose, the minimum amount oj web reinfor-
" cement 1s required wherever - IS
o ! v, . (AC1-11,1.2)
W 4 '

except for beams of total depth less than 10 in, Also the
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amount of minimum web reinforcement may be waived.

P
off -

There are two basic -values that can be used for

{{e concrete capacity of Vot .

1) By the “gimplified conservative method® ,* J
. L

Vo, = 2 /fo (AC1-11,4,1) |

2) By the "more exact method"

< \/
- _u.  (aci-11.k.2)
vci-i.g\/fcwzsooﬂf 3 , |

\/

4
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“\)3.6 Discussion of Cracking Strength Limits -
By Prof. Z.A. Zjelinski | ‘

+ In order to study inclined cracking strength

limits, comparison of arch theory and ‘shear’\theory is

‘ \
carried out as follow: , .

' : ‘ ‘ e

) , 2 :

! . M, = 0.35 bh f; 3.14 7

-

' This moment expressgultimate. flexural strength by Concrete.

and M8 = Va a = 0.9 ftob jda 3.15

exremeg the moment of a lf(_so inclined cracking due to beam

,

work and pond with 2 point loaded. ) ‘-
‘ - .
By assuming ftoﬁ—’- 0.1 f, and ja = 0.57n 'we, got
= M_ = 0.06 abh f_ .. 3.16

which if we compare this one and (3. 11+) the ratio will
give us a straight line valid for a/h <5 8 (see Fig.3.7)

2 ~ Tt =
8 Mu O.35bhf°

- . poMs . 0,06 ab hfc 0.172 %,

¢ . . e . . .
. N . .

. \ ‘

’
4

i_ﬁu will define the difference regions of influence.

liegion 1. for B‘/h /“5.8 defines beams which will -
~ fall by. reaching ultimate flexural where web reinforcement

- is not requi;ed at all, and no stirrups is reguired for: ..(f

beam 1 »11. 6 h 12h -of one-joint.loaded,

———m
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Region 2. for a/h<5.8 defines bonded beamg

which will be subjected to inclined cracking (by shear) :

and where web reinforcement is required. .

For diagonal splitting (at arch work), M, is its

" moment for a 2 point lloza,dedb unbonded reinfgrced beam with-

: ~ .
out web reinforcement. .

R B éq -~ . 2
2 fd ab » o fcad
p:1 a tc fc/ +J2 N '1°+a2/2
‘1‘1‘;0 h h

Region 3, for a/h< 2.32 to be sepera‘ted by the

~ D
line Fa which is: - § ’

© Ma ba’ fo __2.8% a2

Fo= W =72 T T Ty

" (a®/,2 + 10) 0,35Bh°f 10°+ a7p2 h

)

identifies unbonded ‘be;‘ms which will fail“by diagonal spli-
tting at “the arch scheme. For taking over the splitting
force, stirrups will be re“red in this region.  But i‘or
a/h >2 32 there is no danger ofﬁnclined gplitting due to
arch work, !@o stirrups is necessary for one point loaded,

unbonded beam of 1 él&.&ﬁh.

According to researches carried out by Dr, Z.A.
Zieii’nski Cl] we c'an design a bonded, web reinforcement
beam of a/h = 2 which expose 45° inclined cracks due to
beam work and later on aplit'ting crackf ‘

—

e - g, i
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" / Also investigation has been done by comparing

A -

shear strength in arch theory _(Va) and tracﬁ%tonal 'shea.rj

2L
vtheory (V) by author of Ref. 1.

“»

Comparison gives:

o -

v £, ab £
y Pyt s SR T B T 0T, X —5T X ‘
’ . 8 ' to ' * to |
-~ * 3 ‘
1 : ‘ |
-3 | 1
E ; . f;/ . a} N / . \\ 1
~ 2 ‘ B s
i ' r ‘ i,::t{o h <« i '.( *
| -

-

. - ,
which again for_ J}d = 0.67 h and fio = 01 F gives:

/f\ (o]
\
‘ F: = vg . _1.67 8 . b ‘ |
g 37 VT T 2- '™ R _ B
8 10+B./2 - . |
; , h , |

As it 1s seen in Fig. 3.8 for 1.5 <a/h' < 3:8 the sghear
. *
. force in arch theory is between 2 to 2.6 times hi"g}.xer than
& shear force defined on beam work and inclined cracking for

o

beams,

T B £ o s+ motiter Sl A A

Fig. 3.9 shows compARrison of amount of reinfo- ‘ {
rcement réquired "for taking over of ;.shear for&es in arche
* * *h‘

theory (Aa) and shear theory (Ae)

U ' A 009 f ab 2 ’
= g8 = to = a ;
, F’+ A f. ab - 0,09 (10 + /hz) \
' V) tc

' e -
, * ) 3

It is seen again that the amount of reinforces

ment required in arch theory for beam of 1.5 (a/h {58

is much less than on traditional shear theof_y.
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Anmther co parlson has been done between required

. web reinforcement allowed by ACI (A ) ‘with that required

o . ~ > Vw
s g o g = e n"ww‘%ﬂm'w%% s
.

2 ’ b’
- by arch 'theory. ‘ ! ,
‘ 0 " ) \ ‘ -
. ) 'Shear stress in stirrups by 071/3 18-63 is:
. ) ° . : Vu = Vu -avc ’ i d
i . _"Yu = 10¢ﬁ‘2 o ,w'here G( 1\1
. ] . o c ! c ’ - .
¥ g - o ~ . ) . R
b .+ then v, = 6A.5¢ﬁ‘—"_ o 5.5 [f | o
| | o > =
, . - ‘ R 5.5/}:' ba . .5.5[f v a2
% e ‘s BO,‘ . “Aco ='-' T - Sc—:“\ ] f§ & (10 + _a.
' . ' . ‘ “a Tl B te
L. ' - ¢ i » '

which by increasing i‘(:" = 3000 psi to 4000 psi; co/
Pl ] .’ . ‘ . ‘ A
&'ecre'ases just 13% which means the function of cq/ is

: A _

r

v . a.'lmost same &5 Fig, 3 9. We find that - the amount of requi-

_red web which ACIL especially cdnsiders for a beam of
) 2.32 (a/h { 5.8 is much more than that which is required\

. ' © - by arch theory, which of coure is not‘necessary at all., -

T
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3.7 Web Re@nforcemenﬁ Requirement (In Arch Theory)

’ . Consideration has been done ‘ey Dr, 2.,A. Zielinski
' in Ref.,1 efbo,ut g bridge beam loaded with a traveling
gsingle force P, with clear span 1, 'as. follows, for finding

the amount of web rbquired. u »

* " 8

The ultimate maximum flexural momen't,

2'\

_ Pl
£, =

'Hence \ M'-- 0.35 bh

" 2 .
P .—!’-‘—LI'_.Qh'——fQ— !
1

F \‘/ so shear force at P, Fig. 3.10 will be,

e " - ' —

P (1-a) 1.4 bh? £, (1-a)

=

n

_ ( o T " 12
i - . - )

. The amount of web, reinforcement whic’h we need to

prov1de load carring abilxty beyond the arch strength limit

o and_gble to Take over the whole splitting force begining
from lI-S inclined cracking moment has been defined as:

v 1.4 vh? (1-a) £

. = A= = g

PR P 1% ¥

go the required reinforcement %’érTei%y will be. " T

.0 ° -1 R ° 1,‘, 2 R . i [N
S - - A N bmz (1-a) N
. R a1 h g

o 4 )
The web in any case will be regired for beams of




and

Y/ £ 5.8

1= 12h,

.Example 1 b= h/3 !

,and £ = 30,000 psi.

P;or guch a beam

[N

l/h £ 11.6 = 12,

f, = 4000 psi

.

e «
- a 3xi2 h . 30000
: a = 0.000 4 35n% (12- 8) =k (12- ) 3.20
- A, k X
= a —— (40 & e
* Bb gag;‘ a = a (12 \ﬂ» h) 2021
- ' ™
\ vhere k= 0.000 435 h® ) ' +
. \ .
) ‘Formula 3,20 end 3.21 have been ploted in solid
lines in Fié.[).lo. ‘
On the basis of ACI - 318 « 63, the amount of
' Jweb and its density requiredl are: ) ' b
: . o A
| | v g [ eb “
= T ab ‘
. . . | Ag ("EEET 3.5? Ih) £,
¥ . ’ - R Y ’ -
g Va 3.5 fya } |
) h ,": jd}g : fg 5 o .
, g : Q
. For assumption as before and jd'= 0.67h and ff= 0,85 we get

A=k (13,2 8/ - 1~5~'a5 2 )
8 ' h/ '. h .

5
Tt

]
R e
§ .’!;; N

A}

T




‘ o . v
Accordingly

ok ‘ 2
' B _ _ a a
i (13.2 %/ - 1.5 /2 )

° 1
- )

» These 2 formulas have been plotted in dotted lines in Fig.
3.10. By comparison of these diagrams (Fig.3.10) we see

that the amount of web reinforcement‘which arch theory

. ~
suggests is much less than web requirement in ACY - Code.,

s

-

N ‘Furthermofe. we gee on the diagram the average of web

reinforcement for this example could be reduced by more

- than hali.

v

It must be mentioned again that, the éfcﬁ'scheme
is possible oﬁly if the whole main reinforceafnt is carried

. . and fully anchored beyond the support. .
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(a) A steel truss

& ’ -
o " Concrete Web reinforcement
: : ToA Tl Y AT ik R
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(b) Truss action in e reinforced concrete beem ,
) . A .
A * = p
LY ) - -
NN \ .
(o) Reinforced concrete beam with inclined web reinforcement
) cpnorete /7web reinforcement
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* (a) 1\Truss action in a reinforced oconcrete beam
A ’
— - Ay
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: v (e) Reinforced concrete beam with vertical web
! reinforcement. ,‘
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3. 2 - Truss anal gles
(Ref.8) &\

[FE TPV

bt 20, e 2




, [y

) , - (T2 *3oy) °Fe3s peoT ejEWTITNULd | .

. -sdn1py§ TEOTIIOA URTM UBeg B UT UIeijed Xoead #°€ ‘94

.

J * sdnIIT3s . )

; -

\-.. : . ./e# * - -
TeoT330A UYITM Weeg © ol peyrddy AForeuy ssnal YOosIol €€ 9374 .
. . - .




al

-

‘ D
'&—d———"
\ ,
ol
a N
45N LAV l ’
' | w_l
I — 5 S .
L""’""ne -/ Y
1
Figc 3.5 .
. .
Spacing of web reinforcement. .
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Yi? = aggregate interlock force

o
.

s - 1
.F\\\—:s-V' = Shear 1
<

1Vd=dowel

‘ /
, T. . IA force
( .
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Pig. 3.6 ,
Rediatribution.of shear resistance after
formation of inclined corack.

(Ref.7) « "
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Pig. 3.7 - Grephicael illustretion of the relative
oracking stiength limits for two- '
- point loaded beam in relation ta a/h.

(Ref.1) .




' - Pig. 3.8 - Comparison of the shearing force V, at
arch wgrk with the shearing V, at beam
) work and inoclined cracking for beams
\ [‘“\ _without stirrups as related to a/h.
' (Ref.1) . . )
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Fig. 3.10 - The relative.meximum amount and the density

of web reinforoement required on arch and
shear theory for a rectangular bridge beam

9

of { = 12h; b=h/3;

f' = 4000 pseij:

a 30,000 psi loaded with a single travel-

:lng force Pt i) loading aoheme' ii) requirad '
amount of wed reinforoement A on arch and
A "gn shear theory. 111) required density of

wed reinforcement.
(Réf.l)
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i © CHAPTER IV
SUMMARY , y

Basically, there are three main causes ot'?raoking
failure of oconcrete in a bean: umgg
/cause I. Vg’Uni-axial‘tenaion and tearing.oraok;ixangent to
atra; . |
Cause iI. .\Uni-axial compression, leading to 1oa§ of'(
» oohesion and splitting along the oompreea;on.
Cause III. -Bi-direotf%hai té;élzg—;nd oompression Jeading
) to oracking tangent to tenaion ‘
And in general there are fqur’atrengtﬁ limits €or the ,
behaviour of a reinforced oonérete beam. .
(1) The limit strength A - first flexural oracking;
(11) The limit strength B - inolined oracking; '
(1ii) The limit atr’ gth C t:diagonal aplitting; ‘and

(iv) The limit strength D - ultimate, flexural failure.

Sy e e,

. The oracking strength limits of a beam can be
represented basiocally through three types of oracks for beam

with bonded or unbonded reinTorcement.

The firat oracks to appear are usually the flexural
oracke, whioh are developed vertically and defind limit ‘
strength A. Usually -there are fewer flexural oraocks.in tho\

beam with unbonded reinforcement than in bonded beams.

h‘l':,‘
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~
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Next to éﬁpear will be shear oracks which are in

© o ehear + moment loaded zone of beam and Griginall& begin asq
| vertical (up to main reinforcement levelQ but develop '
furthor againclined {up to 45° in middle bortion of the

\

L bgam). Howevcr they.are appearing due to the bond and the

bi—axial oompreésion and tension sfress conditions and
there 'is no this kind of cragksfin beafis with unbonded

reinforébment.‘ This groqp-of cracks pbear due to beam

aotion, when beamﬂwithvunbdndéa reinforcement, from the

first moment . of tﬁetfloxural‘crécking, work as tied arches.
/

@pat ofacks, which may abpea} only:in beams under

Y

high sheage will ve diagonalisplit%ing cracks dirccted from
' . - . -
v the support to the 1oadiné point. .They appear due Ho aroch

[

% - 2 N - .
.work eand reach of ultfmate combined strength of ooncrete
Ny
P 'unQGr bi-diractional oompreseion and tension, or unl axial

4
LY

2 direction oomnroasion atrength. These cracks may appear in
i . *
unbonded -heams as woll as in beams with bonded reinforecement.
. " . In o beam -with bonded reinforcement, a ‘diegonal splitting’

¢y . -orack ia uehully ooﬁnoctiﬂs‘aqupdy existing shear.cracks,

T -

but it-also may interseot tHesqkoraoks. A similar horizontal

o

splitting craoks may appeaxr- 1n the oompresaion zune of beam,

i

' ‘ in its portion under pure momqnt loading.
> ) " " 3 ’
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In discussion of cracking strength limit, we

recovered that there is no danger of inclined.oracking

in beams without ‘-t_;he web reinforcement For %7 5.8,

~
{ '

Sy

No stirrups will be required for one-point loaded beam of:
olear span € =11.6h = 12h.

N6 danger of inolined sy[fitting due to arch work for beans
© with unbonded reinforcanent when -5 > 2 32.,

14

(T O S I W T

‘, : '.l‘here will be no stirrups required for a,aingleepoir'xt
16adled' beam with unbonded: tensile ::einforoement of olepr
epen 4 = 4.64n. . Y

* -
rd Va ’
r ¢ - L S

By oompafing the magaitudes of shear foroces and

Y required web reinforcement as defined in perﬁosed~aroh ,
, ‘ theory end in the traditional-sFear theory it was seeQ y
i 7 o ’ » : ;
| : that, for cases of'1.5<§<6 the-shearing force V ' . 3
. ¥ A defined on bee(m work and 45 }nol:lned oracking. Again, %
' " the comparison showed that the required smount of web !
, reinforcoment estimated on arch ?heory is, for beam of
* 1.5<<E'<5:8 much 14€s than the amount estimated on .’ ‘
§ . ’ . ‘ ]
~ v ' ‘ 1
o traditional shear theory. . . . ‘
\' b . . . . ’ ' o . , f
: The arch- theory oé‘ Dr. 2Z.A. %telinski is of majoyr.
#mportance in view of the contents of this report., Althe
"~ BN ough relatively new, it has, hoﬁ&ré?aroven that cer‘thn '
» L ) n . - R A >
i ° — PR /
? »
X‘A‘k ' ‘ 8 ' \ )
k G« ‘ '
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myssions with regards to the properties of concrete, cause

the _olassical design formulas to be more conservative than

"fhéy‘naed be, It was demonstrated that it does’not pay

" to apply as much web reinforcement as the breéént:day
o\ formulas call for. Thus Dr. Zielinski believes is due to
; ' %he fact that certain characteristics of concrete beam

” . ¢the arch behaviour) that contribute to the shear strength .

.

are not considemed when deslgning for shear. Consequently

; much of the shear reinforcement may be termed as excessive,

and could be trimmed down after a more accurate anfiysis j\;\\
| . . and design., Suffice it to say that all tests done of less
- - oonaéévative formulas even the one presented by Dr. Zielt
IR " inski show that inspite of a liberai attitude in design

, - o , .
| ‘ .. and a decremse in material use, the formulas remain to be

BN "gafe and creditaﬁle without sacrificing safety.
i v-\ ‘ B - ‘ | .
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and beams with bonded main reinforoemen% from the moment -

of the first cracking, work a8 in the arch scheme. And

* theory considered here’is very simple. For any shear span

* means -3%- times more. o

’-\

48 no need for.web reinforcement. : However- 1f such a.beam .

CONCLUSION - : - o | J

i
1

X

As a result of pervious discussion it appears fpaf

beam with unbonded reinforcement from the very beginning,

the inclined oracking due to shear does not terminate th®
work ofrthé'beam. If some web'reinforoemenf,is provided
and mein tensile f;inforoément is well anchored beyond the
support, beams will be able %o withstand further load
inorease until they reach the point of diagonal splitting-
strength limit due to arch behaviour. Apparently, the ~\\T\\\\\?\\\'
“number of stirrups required for later arch work is muoh

1aaa than that required in traditional shear theory.

g et

The calculation of web reinforcement' in the arch

"a' we Justh have %0 provide wed reinfo}cément in strength
, . ; \ ,
of shear force V, when in case of traditional shear theory \i

ﬁe have to provide web reinforcement in strength of V.Tﬁr,
, o N
;L_,

.
L . »ow 4

In the case of bean loaded uniformly, if mein

roinforoement is fully anohqﬁed beyond the support, there



A _ ‘ . .
is subject of early 45°-inclined oracking, it will be
-

"advisable fto provide some web reinforcement, in order %o
restrict the penetration of inclined cracks and to make the
- arch scheme possible. A nominel ameunt of web reinforcement

©

-4n the strength of single sheer force V distributed on whole

region,ef inolined cracking "a" will be gufficient. ", '

f\\ ‘ As mentioned bvefore bé?d between nmain reinfqgeement-
and concrete is undesirable for i;clined oracking of any
bean. Bond exietenoe is the maip reeson for the 452 inolined
which we used to call shear craoking. Theibeet way of
eliminatigg 1nolined craoking would be the eomplete
deatruotion of bond. Although the ultimate flexural strength

.18 higher in beam,/with unbonded reinforoement it would be
improper however to aé;iee the complete eliminetion of bond. .
Presence of bond increases significantly the‘flexunalz
oracking strength and 1nereaeee the number oﬁ\oraoke but
these oréeka are reduoed in width which are good for
corrosion protection. However, for veams subjected to very

high shear, and mainly for short beams with steady loading
point, it would be advantageoua to0 eliminate bond on bar

N

portions -situated 1n shear zones. This would elaminate the
1nolined eraoking and not injure the segments subjected to
1nolined eplitting due to arJé scheme. For 1&Shovement of

both flexural and inolined ¢ acking strength, it may be

+ N - -

{
. .

4 ' |




~,

adviseble to use tension reinforcement composed of a few
smaller diameter bars or wiree haVing good bond etrength
and of big diameter round bare of high strength etee&, with

_or without reduced bond strength, but with good end -
aneheragee. This would produce good. flexural cracking
_strength of beam and would earlier impose the more beneficial

* arch work.

W;th oomparing the traditional ‘shear theory and arch
theory, first one is applicable only for bonded bean at

early a$a§e of eladtic behaviour up to the moment of 45°
inolined crébk{hg, but ceases to be appiij}ble afterward,

when naturplxbeam behaviour and new arck” work replaces

. = L
previous beam work.  If so, then checking of the shear strees

‘beyond the mément of reach of the limit stress V = V, = --Vt

XY

= 0.9f has also no validity, and aooordingly, ‘there is no
explanetion for aﬂmiesible or ultimate aellowed she?r stregs ’
.- eoncept 8till used 1n the oode requirements. ReOOgnitipn of
.an arch work should allow beams" ‘of much higher sheayr stress

if ohiecked treditionelly. ' N

’ &

Thia report did not,recommendcone method of design

over the other because it ls felt that engineering besides
: J
. being-a science is by itself an art and that the designer

must be left with a choice of design pr:\eduree; Where one




i

enginper might be liberal and less willing to be very Son-

servafive. anothier may be conservative and less willing to
be libral. In effect the options must always,rémain as &

choice for the désigner.

1

Shear by itself is much more complicatéd than -
/ .
any on report can summarize. This is due to the compli-

cated nature and behaviour of the-essential matJ‘ial.
-

concrete. %pt by studying and examining certaln aspects
of;conérete, more and more of the unknoﬁns and uncertain-
Ll N ‘

fies are being eliminated and thus with the course of

the events férmulas become less and less conservdtive*

{

The reader must bear in mind that none of the formulas

are accusad of being wrong, only that one is different

\

than another.
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