Eng & Technology, Vol 24, No. 9, 2005

Shear Capacity Of Re Beams With Web Reinforcement- A
New Approach

Kaiss F. Sarsam and Nabil A-M, AL-Bavati’
Received on :18/4/2005
Accepted on :6/4/2006

Abstract

In this paper 115 reinforced concrete (RC) beams failing in shear, obtained
from the literature, are used to study the effect of the major parzmeters on
the shear strength of normal strength concrete (NSC) and high strength
concrete (HSC) beams. These parameters include the shear span/depth (a/d)
ratio (between 2.0 and 4.9), concrete compressive strength 17, (between 22.1
and 125.3 MPa), the lengitudinal steel ratio p, (between 001233 and
0.06872), stirrup shear strength p,f,, ( between 0.204 and 8.053 MPa ) and
beam size (b, d).

Following the recent ACI 318M-02 Code, all 115 beams are not “deep”
(a/d=2.0). A proposed design method is introduced in these “non-deep”
beams, which shows that increasing p,f,, would lead 10 a slower increase in
shear capacity than a direct proportionality to p,f,. This stirrup effectiveness
method K contrasts with the conventional code stirrup design which is based
on the usual 45" truss analogy. In these code approaches, doubling (say) p.f,.
would lead to twice the increase in beam capacity due to stirrups - in contrast
with the proposed design equations.

For all methods considered, the ratic is caleulated of shiear strength of beams
V. st to the design shear resistance V, pgs. The proposed design equations
lead to safe design with a low coefficient of variation {(COV). This COV is
only 17.5 perceat which is significantly less than for other methods ranging
between 30,8 to 35.9 percent,

Keywords: Longitudinal steel ratio, Normal and High-strength concrete, Shear
properties, Size effect, Span-depth ratio, Standards, Web reinforcement. ]
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Notation
a = Shear span, distance between concentrated load and face of support, mm.
a/d = Shear span to depth ratio.
A. = Areaof tension reinforcement, mm’,
b, = Web width of beam, mm.
d = Effective depth of the beam, mm,
. = Specificd compressive strength of (150 x 300 mm) concrete cylinders,
MPa.
f., = Yield strength of vertical shear reinforcement, MPa.
K = Stirrups effectiveness factor.
M, = Factored moment at section.

S = Spacing of vertical shear reinforcement, mm.

V. = Shear strength provided by concrete of beams without stirrups, N.
vV, = Nominal shear strength, N,

V; act = Design shear resistance as per ACI Code.

V,nz = Design shear resistance as per BS Code.

V, cax= Design shear resistance as per Canadian Code.

V, oes = Design shear resistance.

V., n7 = Design shear resistance as per New Zealand Code.

Ve = Design shear resistance by proposed eguation,

V, 751 = Design shear resistance by Zsutty's method.

V. = Nominal shear strength provided by shear reinforcement, N.

Vyest  =Test shear strength of beam with stirrups.

V, = Factored shear force at section, N,

p. = Ratio of tension reinforcement = A J(b.d) .

N = Ratio of vertical shear reinforcement = AJ/(b.S).

P = Strength reduction facter.

Introduction is the vield strength of the vertical

shear reinforcement and V. is the
shear strength provided by
concrete.

Bresler and Scordelis™ found
that a small amount of stirrup
reinforcement with p, f,, values as

ACI-ASCE Committee
326! was one of the first to
sugeest that shear resistance of
beams with web reinforcement
can be calculated as follows:

V." =i rK{p‘.,ﬂ-.,wad ookl low as 0.35 MPa, effectively increase
WI}_wm_- A b lhe‘ wIEIpS the shear strength of RC beams.
effectiveness factor, p, is the ratio Haddadian et al™ agreed  with

of vertical shear reinforcement, f,,
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reference [2] regarding the effect of

low te moderate amount of stirrups
on the shear strength of beams.

Elzanaty et al. stated that the
stirrups  not  only carry  shear
themselves but also enhance the
strength of the other shear transfer
mechanisms.  The  surrups  provide
support for the longitudinal steel and
prevent the bars from splitting from
the surrounding concrete, hence they
greatly increase the strength of the
dowel action. At the same time, the
stirrups help 10 comtain the shear
crack, limiting its propagation and
keeping its width small. These effects
increase both the shear carried by
aggregate interlock and the shear
strength of  the uncracked
compression zone, Stirrups  also
increase the strength of compression
concrete by providing confinement,
Although stirrups do not affect the
diagonal cracking load, they enhance
the concrete  contribulion by
increasing the capacity of the
different shear transfer mechanisms.
Mphonde and Frantz!) suggested a
stirrup effectiveness factor K=1.6.

In this study 115 RC beams
were  used o investigate  the
influence of web reinforcement on
the shear strength of RC beams. In
these beams nominal stirrup shear
stress values {p, .f,, ) were in the
range of (0.2-8.1) MPa . They
were tested under one or two-point
top loading. p, ranging from 1.23 to
6.97 percent, ', ranging from 22.1 to
1253 MPa and a/d ranging from
2.0 to 4.9, The vield strength of
stirrups f,, ranged from 2659 lo
8260 MPa.

Crack Patterns
For beams with stirrups. the
behavior was generally similar 10
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that described for modes of failure
for beams without stirrups but the
following new points were observed:
a- Reference 4 shows that, the
behavior of beams with stirrups
was the same as for those without
stirrups up to the inclined cracking
load. As the load was increased
beyond that  point, additional
flexural and diagonal tension
cracks formed, and existing cracks
lengthened and widenad.

b- Smith and Vansiotis™” found that,
beams with web reinforcement
exhibited  considerably  less
damage at failure than beams
without web reinforcement. Beams
with web reinforcement exhibited
mere uniform cracking and smaller
crack widths at corresponding load
levels and failure,

Research Significance

Existing design methods rely on
the assumption that any increase in
stirrups leads to a linearly proportional
increase in shear resistance. By using a
stirup  effectiveness factor K that
decreases with increasing amounts of
stirrups, proposed equations are
presented that lead to an improved
shear design. The proposed shear
design is safe and leads to significant
improvement, where the COV is 42.9
percent lower than the lowest value of
30.8 percent by the method proposed
by Zsutty.

Shear Strength Data

Test results from  references
[4,7.8.9-15] are used to obtain the
results of 115 tests on RC beams
failing in shear.

Existing Methods for Predicting
Shear Strength of RC Beams with
Stirrups
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Reference [16] presents a
proposal for shear design of RC
beams without web reinforcement. In
this reference five other methods of
design are compared!' ™!, These same
five methods are also studied in this
wirk,

To compare between design
methods  with  different  material
reduction  factors, shear resistance
force W, pes will be used instead of
nominal ¥, pgs throughout.

ACI Code method"”

Viacr = @(Ve + V) = 0.75 [(JfL +
Vod

120 py aq_ Y7+ py r_-.-\] by, d

L
.(2)
BS Code method!™! .
Vias = [0.79 (100 p,)'" (£,/20)""
(400/d)"™ /1.25 + 0,95 p, £ ] bud
o (3)

In Eq.(3): fo = 0.8, : (400/d)"" is
used when d < 400 mm.

Canadian Code method!™

Vecan = [0.6( 0.2 Jf: )+ 0.85p,
fuv] byd LY

New Zealand Code method'™"
Vionz = 0.85 [(0.07 + 10py) T2 +
po fyy ] by d . (5)

Zsutty's method""

V zs7=0.75 [2.2(f pndia)'” + p,
fyel bipd ...[6)

O = .75 is used as recommended in
the latest ACI codel'™,
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Proposed Shear Design Equations
The proposed equation is
based on the method of truss
analogy. This analogy is based on
the assumption that a reinforced
conerete beam with an inclined
cracking can be modeled by a
truss. The top and bottom chords
of the truss are the concrete
compressive zone and longitudinal
reinforcement  respectively., The
diagonal and the wvertical struts
consist of the beam concrete web
and  the  shear reinforcement
respectively. Ritter!') proposed the
following equation to predict the
stirrup effectiveness factor K |

K=(sin o cot 8 + cos o} (sin a)..[7)

where a is the inclination
angle of stirrup, B is the angle of
inclined crack.

It is most common for the
crack angle 8 as assumed to be 45°
and o = 90° These values lead to
k= 1. This model is very simple
but it ignores the shearing force
carried by the shear transfer
mechanisms.

Code Egs. (2-5) and Eq. (6)
use the same mode! with the same
madifications. It is assumed that part
of the applied shear is carried by the
concrete (V) and the rest is carried
by the shear reinforcement ( V. )k

Vi oV =0(V.TV;) .(8)

The shear force (V,) resisted
by the stirrups is calculated assuming
that all stirrups crossing the crack will
vicld and the inclined crack has a
horizontal projection of d.

Vo=(A,.f, . dfs) (sina + cos )

= py f bed (sin @ + cos @) (9)
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Mphonde and Frantz”™ found
that the stirrup effectiveness factor K
equals to 1.6, Schiaich et al'! found
that. the truss model becomes an
appropriate approgch with increasing
ad =25
The propused eguation is based
on non-linear muitiple regression
analysis  to  find the stinup
eftectiveness factor K. First the shear
strength carried by concrete (V) was
calculated by the Sarsam and Al-

Bavati'® as given in the following
equation:

Ve = 12 (fe p)™* (@) by d**
(10

Then the shear strength carried by the
stirrups was calculated as follows:

oV, =V,-oV. ~1n
The general equation 1s farmed as:

Va=0p [V +K(p, f,.) b,d] ..(12)

Vo =075 [12 (fo pu)** (1/2)"*
d**+K(p, )] bud  ..(13)
where K is found by using
multiple regression analysis with
other variables (., p. ., d/a, p. ).
K= 69?.;“ 14 p‘i}.i t.]!a}i.}ﬂ‘ dﬂ 5“}‘
T B L (14)

Comparison of Design Mcthods

Table | compares six
design methods for the 1135
beams.

The following points can be

concluded from Table 1:
a- Eq. (2) 1o Eq.(5) gave close

values for shear strength
estimations leading to COV
of 32.1% 1o 35.9%. The

ranges of the means were
slightly more different at 1.43
to 2.0,

b- Among existing design equations

Shear Capacity of Rec Beams With Web
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both BS Code'™ Egq. (3) and the
empirical method proposed by
Zsuty™'! Eq. (6) gave the lowest
dispersion of their estimation
{low COV values of 32.1% and
30.8%). However, Eqd 6) is
significantly safer than the BS
Code method, The latter has
nearly twice the number of unsafe
beams, 20 versus 6 for the former.
The proposed equation [Eq. (13)]
was also compared with five other
methods shown in Table 1. Eg.
{13} has the lowest COV among
all five methods (17.6% versus a
range of 30.8% - 35.9% for the
others) which is 43% less than the
least value of 30.8%
corresponding 1o the  Zusity
method [Eq(6)). Thus Eq. (13)
gave the best prediction of shear
strength with the least dispersion
among all six methods.

All  existing design  equations
{Eqs.(2-6)] led to some unsafe
predictions, ranging between 3 to
20 cases. By using a strength
reduction factor (9) equal lo
0.75, for Eq. (13), the RSSV
{Relative Shear Stress Value)
will be greater than 1.0.
Therefore, it can be used as a safe
design equation.

Influence of Major Parameters
Only the proposed method
Eq.(13) is conservative for all tests
(Vrest! Vo pesign = 1) with a relatively
low COV value (17.55 percent). For
all the 115 beams, Figs.1-5 show the
influence of major parameters ( f,
P , a/d , bd/(b.d)y, and p. fy.)on
Viger™Ve  bes. FigﬁJ"S show that
applying proposed method Eq.(13)
leads to the least scalter. Increasing
f., pw (Figs. | and 2) up to 1253
N/mm’ and 0.0697 simultaneously,
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causes no drop in the factor of safety
(ratio of V! V| pesige) using the
proposed method,

Fig3 shows a clear tendency
for & drop in safety factor with rising
afd values, for Eqs{2-6). This is
because Eqs.(2) and (6) underestimate
the influence of a/d, while the other
three  |Easd3-5)] do  not  even
recognize the effect of a/d in shear
design. These results contrast with the
proposed method, which includes a/d
in a significant manner.

Fig. 4 shows the influence of
buodi{byd)y,, as an indication of the
size effect  All existing methods
[Egs.(2-6)] show a significant drop in
the factor of safety with increasing
beam size. Fig. 5 shows that the
proposed methad was conservative up
to 8.053 MPaoi'p, f..

Conclusions

Bazed on the resulis of this
work, the following conclusions are
ke,

i. Eg.(13)and Eg. 114) can be used
for a safe. rational and easy
method for the desigr: of both HSC
and NEC bewmns with (2.0 <aid <
4.9 by using a strengrh reduction
factor ¢ = 0.75. Eq. (13} gave the
fowest OOV value of 17.35 %
which is 43 % less than the
lowest Tode value of 3207 %
by the British Standard « ode Eg.

{3) as shown in Table |, based on
lest results af |5 beams.
2. Of the six methods, o are

essentially conservative e HSC
and NSC beams — Zsutty ond the
proposed  method. The COV
values are 377 and 17.55
percent, respeciively,

The AU code. British Standard
code, Canadian code and MWew
Lealand code mothods are loss

fak
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conservative  than in

conclusion 2.

Fig.1 shows that f. up to 1253

MPa does not lower the safety

factor of the proposed method.

5. Because they e¢ither underestimate
the influence of p, (ACI code), or
they do nat include iis influence
(Canadian code), both methods
show a rise in the safety factor
with increasing p,., Fig.2.

. Fig.3 shows a clear trend for a

drop in the salety factor with

increasing  afd  ratios in  four
methods — ACI, BS, Canadian and

WNew Zealand codes. In contrast,

Zsutty’s method shows a smaller

drop in the safety factor with

rising a'd ratios, while the
proposed Eq.(13} does not show
such trend.

Fig.d indicates clearly that all five

existing methods [Eq.(2-6))] show a

significant drop in the factor of

satety with increasing beam size.

In contrast, the proposed design

method shows no such trend .

8. Fig5 shows clearly that all
existing methods  [Eqs.(2-8)],
assume a linear strength increase
with p, f,,. This leads to a drop
in the factor of safety with
rising p, f,. In contrast, the
proposed method shows no
drop in the factor of safety

indicated

with rising p, f... This is
because propesed Eq.(13) leads
to a less than  linear

contribution of p, f..

Future Research

The use of steel fibers as shear
reinforcement in NSC and HSC
beams should be studied, since adding
steel fibers may enhance the ductility
of H5C.
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Fig. 2 - Influence of longitudinal steel ratio on relative shear strength
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