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An experimental investigation is presented to study the shear strength of high strength concrete beams with web
reinforcement. Nine simply supported reinforced high (medium high) strength concrete HSC beams with mean
concrete strength of 65 MPa with web reinforcement in the form of vertical stirups were experimentally tested
under two symmetrically concentrated loads, to determine their shear strength. The test variables were: i) the
web reinforcement ratio p~0.178% & 0.237%; i) longitudinal steel ratio, p=2.3% and 3.1%; and iii) shear-span-
to-depth ratio, namely a/d=1.5, 2.5 & 3.5. Tstresuhsmeoompamdwtthsﬂengﬂmpredicﬁonsusingseve;al
codes especially ACI-99, ECP95&BS—SIlOtoched(thevahdnyofcodwwhmappledrosuchHSCb&mswnh
web reinforcement, noting that the used stirrups’ spacing in some of the tested specimens did not fulfill some
codes’ provisions in that regard. ECP predictions seem always conservative whether its imitations on concrete
su'engthwaewalvedornot. ACIwasoonservanveforb%rnswrtha/d—l 5, however for beams with a/d=2.5 and
3.5 its margn of safety was small Fulfilling ACI provisions of stirrups spacing may render conservative
results. BS predicts the shear capacity well for beams with a/d=1.5 but may overestimate that for beams with
a/d>2. Zsutty’s equation was conservative for short beams with a/d=1.5, however for beams with a/d=2.5 and
3.5 it seemed unconservative. These findings are in good agreement with other reported results. The restrictions

set by codes for stirrups spacing would render more conservative results. Other conclusions are drawn.
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1. Introduction

In shear, beams mainly fail abruptly without
sufficient advanced warning and the developed
diagonal cracks are considerably wider than flexural
cracks [1]. To avoid such abrupt shear failure,
adequate amounts of shear reinforcement are
required. The shear strength of reinforced concrete
beams is dependent on several factors [2-6]
including: concrete compressive strength; ratio of
longitudinal steel, p; shear-span-to-depth ratio, a/d;
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size effect [7]; residual tensile stresses transmitted
directly across cracks [6]; and provisions of web
reinforcement. The concrete strength contribution to
shear resistance in beams is the sum of three
components: compressive zone of the still uncracked
concrete above the top of diagonal crack; aggregate
interlock along the diagonal crack; and dowel action
provided by longitudinal reinforcement (3, 4, 8].

One feature of high strength concrete (HSC) (say with
strength >55 MPa) is the tendency of cracks to pass
through instead of around the aggregates [9]. This
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creates smoother crack surfaces, reducing the
aggregate interlock and hence, reducing the shear
carried by concrete V.. Because of the reduced
aggregate interlock, higher dowel forces occur in the
longitudinal reinforcing bars. These higher dowel
forces, together with the highly concentrated bond
stresses in higher strength concrete beams, result
in higher bond splitting stresses where the shear
cracks cross the longitudinal tension bars. This
effect can lead to brittle shear failures. The inclusion
of an appropriate amount of minimum shear
reinforcement can control these horizontal splitting
cracks and results in improved shear response.
Shear reinforcement increases the ductility of
beams and considerably reduces the likelihood of
sudden and catastrophic failures that often occur in
beams without shear reinforcement [8]. This was
true for HSC beams as found earlier for normal
strength concrete, NSC [10]. Stirrups not only carry
shear themselves but also enhance the strength of
other shear transfer mechanisms [3]. They provide
support for the longitudinal steel and prevent the
bars from splitting the surrounding concrete, hence
they greatly increase the strength of dowel action. At
the same time, stirrups help to contain the crack,
limiting its propagation and keeping its width small.
These effects increase both shear carried by
aggregate interlock and shear contribution of the
uncracked compression zone. Although stirrups do

not affect the diagonal cracking load, they enhance !

the capacity of the different shear transfer
mechanisms. Before diagonal cracking, the external
shear force produces practically no stress in the
web reinforcement [8]. When the diagonal crack
forms, any web reinforcement that intercepts the
diagonal crack would suddenly carry a portion of
the shear force. Minimum shear reinforcement
must prevent sudden shear failure on the formation
of the first diagonal tension cracking and, in
addition, it must adequately control the diagonal
tension cracks at service load levels. To control
crack widths at service load levels, not only a
minimum amount of shear reinforcement must be
provided, but the maximum stirrup spacing must
also be limited [9]. The effectiveness of web
remnforcement in increasing shear strength may be
greater in cases of diagonal tension failures than in
cases of shear compression failures [3].

American  Concrete Institute (ACI) code
provisions [11] may overestimate the shear
strength term V. for HSC beams containing the
minimum required amount of web reinforcement
that should be related to the concrete compressive

strength [12]. Johnson et al. [13] showed that ACI
code equations become more conservative as the
amount of web reinforcement increases. They also
reported that for high strength concrete beams the
number of inclined cracks increased with increasing
the amount of web reinforcement, indicating an
enhanced redistribution of internal forces in such
beams. The crack width and hence stirrup strains,
tended to increase with higher concrete strengths at
failure for beams with minimum amount of web
reinforcement. Mphonde et al. [14] reported that the
ratio of test to predicted shear strength decreased with
the increase of concrete strength. ACI-99 Code [11]
requires a minimum amount of shear reinforcement
for nonprestressed members, as follows:

(N. mm units) (1)

where: A, = the web reinforcement area; b.= breadth of
beam; s = longitudinal spacing of stirrups; and fy=
vield stress of web reinforcement. The equation is
independent of the concrete strength used and the
code limits the square root of the compressive strength
to 8.3 MPa when calculating the concrete contribution
to shear V. in equation:

Ve=0167f! (by-d)  (N. mm units) @)

ie., ACI does not account for concrete strength greater
than 69 MPa in calculating the concrete contribution
to shear V.. Note that f: is the concrete cylinder
compressive strength. To take advantage of concrete
strength greater than 69 MPa in calculating V., ACI
318-99 code requires a minimum amount of shear
reinforcement of:

P )(0.33 bl G
35

(3)

The Canadian Standard Association, CSA 1994
(cited in [6]), introduced an equation for calculating the
minimum amount of shear reinforcement as a function
of 4/ f{, permitting the use of the specified concrete
strength f%in calculating V. as follows:

4,=006,/FF 28

) (N.mmunits) <

RN (A3 vy

; (N. mm units) @)
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The AASHTO (1994) specifications (cited in [6]),
relate the minimum reinforcement required to the
concrete strength and require a larger amount of
stirrups for high strength concrete and require that:

4,=0083,/f¢ bf .

However, there is some concern that the
equation may not be conservative enough for large
reinforced concrete members that contain low
percentage of longitudinal reinforcement [6].
Ahmed et al. [15] investigated through finite
element analysis, beams of normal and HSC to
study the effects of web reinforcement position (in
the shear span and in the flexure span) on the load
carrying capacity. They showed that there was a
considerable increase in shear resistance for HSC,
especially for a/d<2.0, and that the British
Standard (BS 8110) equation may be valid for
concretes with strengths higher than 40 MPa.
Kong et al. [16] showed that generally for HSC, the
shear strength of beams increased with increasing
the shear reinforcement ratio and with increasing
the longitudinal tensile reinforcement ratio. This
might have been due to increased dowel action
from the bundling of the longitudinal tensile bars.
They also concluded that a/d did not have a
significant effect on the shear strength for beams
with a/d >2.5. However, when a/d < 2.5 the shear
strength increased because of arch action. The
concrete cover to shear reinforcement cage neither
spalled at the time of failure nor affected the shear
strength of beams [16]. The nominal stress at
failure decreased with increasing the overall beam
depth. Besides, the loss of shear strength with
increasing beam depth may be attributed to a
decrease in aggregate interlock and dowel action
for deeper slender beams. Sarasam et al. [10]
concluded that the size effect was insignificant on
the shear strength of beams with web
reinforcement. The effect of concrete strength f:on
shear strength of beams with web reinforcement,
was studied by many researchers [10,12,13,15].

There are several models to represent
shear in beams with web reinforcement.
These include the truss model and the
modified compression field theory. The truss
model is based on plasticity theory [6]and
uses the lower-bound approach of limit
analysis to design reinforced concrete beams
[16]. It does not include components of the

(MPa) )

shear failure mechanism such as aggregate
interlock and friction, dowel action of the
longitudinal steel, and shear carried across
uncracked concrete [8]. In addition, the model
completely ignores the favorable interaction
between these factors and web reinforcement; to
this extent it tends to give conservative results,
though the conservatism reduces as the amount
of web steel increases [8]. The truss analogy
assumes that the failure of the beam is initiated
by the yielding or excessive deformation of the
web reinforcement. Higher concrete compressive
strengths allow further redistribution of internal
forces by strengthening the concrete
components of the truss model [13]. This
redistribution permits increased mobilization of
the stirrups and may lead to larger shear
strengths if an adequate amount and detailing
of the longitudinal and web reinforcement is
provided. Increasing the concrete compressive
strength increases the diagonal tension cracking
load, which results in larger shear stress to be
carried by the combination of aggregate
interlock, dowel action of the longitudinal
reinforcement, uncracked concrete, and web
reinforcement. These larger shear stresses
induce larger crack widths, which in
combination with the smoother surfaces typical
of higher strength concrete results in a
diminished aggregate interlock contribution. The
reduced aggregate interlock and the larger
stirrup strains could make the stirrups the weak
link in the load carrying system in beams with
minimum amount of web reinforcement [13]. In
higher strength concrete beams with small
amount of web reinforcement, because of the
increased shear force to be transferred at the
onset of diagonal tension cracking and the
reduced aggregate interlock contribution, this
transfer of forces may cause the first mobilized
stirrups to yield and rupture. Stirrup rupture
would stop any further redistribution of forces
and could result in diminished reserve capacity
[13]. However, in some cases the stress in shear
reinforcement did not reach the yield strength
[1]. Watanabe et al. [1] used an incremental
analytical approach based on the truss
mechanism to predict shear strength and shear
failure modes of RC beams. The Modified
Compression Field Theory (MCFT) [18] is a
refined version of the truss model in which the
cracked concrete is treated as a new material
with its own stress-strain characteristic [18].
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cracked concrete is treated as a new material
with its own stress-strain characteristic [18].
Equilibrium, compatibility, and constitutive
relationships are formed in terms of average
stresses and average strains [6,18]. For high
strength concrete, it was stated [9] that shear
predictions using the MCFT agreed well with
experimental results.

Kong et al [16] tested high performance
concrete beams with different shear reinforcement
experimentally and analytically and developed a
theory based on stress analysis of strut and tie
model to calculate the shear strength. The stirrups
effectiveness in reinforced concrete beams under
flexure and shear were studied [19] and a
mechanical model was proposed to provide mean
ultimate shear stress of beams with stirrups.

In summary current codes provide simple
superposition of stirrups and concrete capacities,
however ignoring any dependence of stirrups
action on the failure mode and beam and arch
action interactions [19]. Web reinforcement
increases the shear strength and ductility of
beams. ACI code equations seem to be more
conservative as the amount of web reinforcement
increases and relates the minimum amount of
shear reinforcement required for beams with f% >
69 MPa to the concrete compressive strength. The
CSA 1994 and the AASHTO specifications (1994)
(cited in [6]) relate the minimum reinforcement
required to the concrete strength and require a
larger quantity of stirups for high strength
concrete. BS 8110 may be valid for concretes with
strengths higher than 40 MPa [9]. Shear span to
depth ratio, a/d, seems not to have significant
effect on the shear strength when a/d>2.5, while
for a/d<2.5 the shear strength increased because
of arch action [16]. The size effect may be
insignificant on the shear strength of beams with
web reinforcement, however the nominal stress at
failure may decrease with increasing the overall
beam depth [10,16].

2. Research significance

Although there are numerous studies on shear
strength of HSC beams with web reinforcement,
however, results are still inconclusive and shear in
HSC beams remains not fully understood. Codes
shear equations are based on empirical equations
that are derived from experimental tests on beams
with normal strength concrete and their
extrapolation to HSC beams should be verified.

Hence there is a need for further research in such
area. In this paper the shear strength of HSC beams
with web reinforcement is experimentally investigated.
Nine HSC beams (with concrete strength 65 MPa) with
web reinforcement in the form of vertical stirrups were
tested. The main variables include the amount of
stirrups; the tensile steel ratio; and the shear-span-to-
depth ratio. In addition the validity of several codes’
equations, e.g. ACI, Egyptian Code of Practice ECP
[20], and BS 8110, for shear is assessed when applied
to such HSC beams with web remforcement. Within
the scope of the limited number of tests and variables
and noting that the stirrups’spacings in some of the
tested specimens (s=150 & 200 mm.) did not fulfill the
provisions set by some codes, especially with the
relatively small height of specimens tested (h=260mm),
it was observed that ECP predictions seem always
conservative whether code limitations on concrete
strength were waived or not. In addition, ACI was
conservative for beams with a/d=1.5, however for
beams with a/d=2.5 and 3.5 its margin of safety was
small. Fulfilling ACI provisions of stirrups’ spacing is
supposed to render more conservative results. The BS
predicts the shear capacity well for beams with
a/d=1.5 but may overestimate that for beams with
a/d>2. Zsutty’s equation [21] was conservative for
short beams with a/d=1.5, however for beams with
a/d=2.5 and 3.5 it seemed unconservative. This may
be because the equation was obtained from test results
of beams with different conditions including stirrups
maximum spacing and concrete strength. The
findings are in agreement with other reported results
[4,9,10]. The restrictions set by codes for stirrups’ spacing
may render more conservative results. Other conclusions
are drawn.

3. Experimental program

Nine simply supported reinforced high (medium
high) strength concrete HSC beams were tested under
two symmetrically concentrated loads, Fig. 1, to study
the effects of several variables on the structural
response and shear capacity of beams with web
reinforcement. The loads were applied on the beams’
top surface through a hydraulic jack of 500 kN
capacity (connected to a load cell and a strain
indicator). A spreader steel box section was used to
transmit the load to two cylindrical bars one at each
loading point. Beams were supported on two
cylindrical bars one at each support point, Fig. 1. All
beams were rectangular with breadth, b=160mm:
height, h=260mm; and effective depth, d=230 mm.
The mean concrete cube strength was 65 MPa based
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materials (sand, pink limestone and Ordinary
Portland Cement, type 1) and reducing the water
cement ratio to 0.29 and using a commercial type F
super plasticizer to enhance workability. Other
details regarding the used concrete mix, loading,
supports and instrumentation are found in Ref.
[22]. The tested beams had web reinforcement
consisting of two branch vertical stirrups each
6émm in diameter made of ordinary mild steel with
measured average yield stress fi,,=300 MPa, and
ultimate strength fir =430 MPa. All beams had
compression steel consisting of 2 plain bars, 10
mm in diameter with measured average yield stress
= 310 MPa, and ultimate strength =490 MPa. The
variables studied were: i) the effect and amount of
web reinforcement; i) longitudinal steel ratio, p=
As/(bd), namely p=2.3% and 3.1%; where: A the
area of the tensile reinforcement consisting of
deformed bars (Table 1) with average yield stress, fy
=390 MPa and ultimate strength, fur=640 MPa;
and iii) shear-span-to-depth ratio a/d (namely
a/d=1.5, 2.5 and 3.5). The web steel ratio,
p~Au/(bs), where: A/~ cross sectional area of
stirrups; and s= longitudinal spacing between
stirrups. The considered web steel ratios are: i) 2
branches ¢ 6 mm. @ 200mm matching the
practical construction minimum stirrups specified
in the current Egyptian Code of Practice (ECP) [20]
(ECP clause 4-2-2-1-6-a), i.e., p=0.178%; and ii) 2

branches ¢ 6mm @ 150mm, ie:p~0.237%. The*

used amount of stirrups and spacing as compared
to several codes’ provisions will be discussed later in
detail. Mid-span deflections were measured by dial
gauges. Cracks were visually traced and marked
throughout all loading stages. A tested beam
specimen in the test setup is shown in Photo. 1.

4. Test results and discussion

The effects of the previous variables, oy, p and
a/d, on the shear strength of HSC beams with web
reinforcement are provided in Figs. 3, 4, and - 5 and
Tables 1 and 2. In addition test results are
discussed hereafter and comparisons are made
with some relevant codes’ equations, e.g., ACI, ECP
& BS. These are presented in Table 2 and Fig. 5.

4.1. Cracking patterns and load deflection curves

As the load increased, flexural cracks formed in
the beam central region. With further load increase

new flexural cracks formed in the shear span between
load point and support. Then diagonal shear cracks
were observed in the shear span at the same loading
levels as those in beams without web reinforcement,
comparing beams with web reinforcement to similar
ones without web reinforcement in Ref. [22]. Hence,
web reinforcement had no effect on the cracking shear
loads, and had no effect prior to cracking. However the
role of the web reinforcement was obvious after
inclined shear cracking, as will be discussed hereafter.
In addition, there were no horizontal splitting cracks at
the level of the longitudinal reinforcement, as opposed
to what generally happens in beams without web
reinforcement. The beams had more cracks with
smaller width than cracks in beams without web
reinforcement. In addition, the load-mid span
deflection curves are presented in Fig. 2.

4.2. Effect of web remnforcement

The effect of including web reinforcement on
the shear strength is depicted in Table 1. In

addition, Fig. 5 illustrates the effect of web
reinforcement index, pufys, on the shear
strength.

4.2.1. Beams with a/d =1.5

The ultimate shear loads, Vy of the tested beams
with a/d=1.5 sharply increased over their cracking
shear loads, Vo as expected (Table 1). The ratio
between the ultimate shear load V, and the cracking
shear load, Ve; (i.e. Vu/Va), for beams S1, S2 & S3 was
213%, 208% & 236%; respectively. Strangely the
increase in web reinforcement from p~= 0.178% to
0.237% did not increase the shear strength,
comparing beams S3 and S2, but adversely the results
were about 4% lower. This may be partially attributed
to the fact that beams with a/d=1.5 (short beams)
showed relatively high shear strength (v,=3.8to 4.4
MPa) due to arch action where part of the load was
transmitted directly by diagonal compression to the
support and thereby reduced the demand on the other
types of load transfer, e.g. web reinforcement. This may
have overshadowed the effect of the web reinforcement.
However, this may be due to concrete variability and
some experimental discrepancies. Variations in the
position of the first stirrup near the support may have
affected the results. Nevertheless a clearer explanation
may still be required. To recall, other reported results
[23] on HSC beams with a/d=1.69 and vertical web
reinforcement showed that as the web reinforcement
index, pfy, increased the ultimate shear strength
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increased. However, the increase in strength was
small and not proportional to the total amount of
the stirrups. This may be because the ultimate
shear resistance was only in part due to the
stirrups. In any case the beam due to arch action
can still take considerably more loads after the
stimups have  yielded [24]. Moreover, a
redistribution of internal forces may have taken
place, and a further increase in the load carrying
capacity depends on the strength of the
compression zone of the beam.

4.2.2. Beams witha/d =2.5
The ultimate shear loads of beams M1, M2 and
M3 with a/d=2.5 increased over their shear

strength of concrete beams

cracking loads (Table 1). The ratio between the ultimate
shear load V,

and the cracking shear load, Vg; (i.e. Vu/Va), for beams
Ml, M2 & M3 was 128%, 129% and 189%;
respectively, and the beams did not fail soon after the
formation of the first diagonal shear cracks. Thisis
because stirrups not only carry a part of applied shear
load by themselves, but also they enhance the strength
of other shear transfer mechanisms. Increasing the
amount of web reinforcement from p~0.178% in beam
M1 to p~=0.237% in beam M3, 1.e. a 33% increase, led
to increasing the ultimate shear load of beam M3 by
57%. Besides, it led to increasing the number of
inclined cracks.

PL e P 2210
[ a mm. | a
t ¥ ¥ | JA\
r | }
1 | 11
L "/ﬁm | Jl : ld
) 4 [ ]
| i / L = 2a + 400 mm. A e
min. 100 mm.

3 [ _2br.st.g6mm @s

Fig.1. Details of

tested beams.

Photo. 1. Tested specimen in test setup
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Table 1. Details and test results of tested beams.

Main
Steel Stirrups .
As c cu Ver Vu Ver Vu
Beam 4 s~ “Bnlaflid - o e = fefbe) Mia  uee N KN MPa  MPa
S1 1.5 3®19 23% 2¢6mm @ 20cm 60 63 75 160 2.03 4.34
(851) (0.178 %)
S2 1.5 322 3.1% 2¢ 6mm @ 20cm 60 63 65 135 1.76 3.66
(1140) (0.178 %)
S3 1.5 3®19 23% 2¢6mm@ 15cm 60 63 55 130 1.49 393
(851) (0.237 %)
M1 2.5 3919 23% 2¢ 6mm @ 20cm 56 62.5 45 375 1.22 1.56
(851) (0.178 %)
M2 2.5 3®22 3.1% 2 ¢ 6mm@ 20cm 56 62.5 DES 67.5 1.42 1.83
(1140) (0.178 %)
M3 2.5 3919 23% 2¢6mm@ 15cm 56 62.5 45 85 it 9 @3
{851) (0.237 %)
N1 3.5 3919 23% 2g¢ 6mm @ 20cm 60 69 50 H7S .35 1.83
(851) (0.178 %)
N2 3:5 3022 3.1% 2¢ 6mm @ 20cm 60 69 55 63.7 1.49 1973
(1140) (0.178 %)
N3 3.5 3919 23% 2¢6mm@ 15cm  55.7 87 50 72.5 1035 1897
(851) (0.237 %)
a/d= shear span to depth ratio
f' = average cylinder compressive strength of concrete, MPa.
feu = average cube compressive strength of concrete, MPa.
p = longitudinal steel ratio = As /(bd)%
pv = web steel ratio A.«/(bs)%
® = bar diameter , High Tensile Deformed bar, mm.
¢ = bar diameter , Ordinary Mild Steel, mm.
V = half the applied load = 2P/2, kN.
Ver = cracking shear load, kN.
Vu = ultimate shear load, kN.
ver = cracking shear stress, MPa.
vu = ultimate shear stress, MPa.
350
——e— Beam S1
300 - 2P =« - - -Beam 82

Load (2P) in kN

0 1 2 3 4 L 6 7 8 9 10
Mid-Span Deflection (in mm.)

Fig. 2. Load-deflection curves for tested beams.
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Fig. 3. Effect of a/d on shear strength of tested beams.

> e =
w B w
1 1 1

v, I ()" (units in MPa.)
=)
(8]

0.1 4

B Testf:=60 MPa. & a/d = |.5 & pfj = 0.42 MPa.
® Testf.=57MPa. & a/d =25 & pfj, =0.42 MPa.
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Tested Beams with a/d=1.5 & p,=0.178%
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Fig. 4. Effect of longitudinal steel pfy on shear strength of tested bearms.
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0.6 +
0.5 - : """""
§ ACI (min. web rft) : b
g5 0.4 A ————\ i
2 |
g i
0.3 1 I
S ® Testf%. = 60MPa., o/d = 1.5 & p=2.3% !
e @ Test /. = 60MPa., a/d = 2.5 & p=2.3%
N 024 A Testf,=60MPa,a/d=3.5&p=23% :
\ .
i assuming fj,= 240 Mpa. :
0.1 1 I \_ECP (min. web rft.)
Qo7 i Ao ) L i Limit 2
min. wel it —T l
0 1 T L ¢ T
0 0.1 0.2 0.3 0.4 0.5 0.€

Web Reinforcement Index p, f,, (units in MPa.)

Fig. 5. Effect of web reinforcement index on shear strength of tested beams.

ECP (minimum web reinforcement):
for steel 24 /35, for fyuw =240 MPa, pufys= 0.36 MPa. (Limit 1)
for steel 36/52

Av=0.15bs %
=0.10 bs %

however not less than 2 br. st. $¢6mm. @ 200mm.
for b= 160 mm. & fy» = 240 MPa min. pufys = 0.42 MPa (Limit 2)

ACI {minimum web reinforcement):

Av=0.33 (b S)/fyv

4.2.3. Beams witha/d =3.5

The inclusion of web reinforcement in beams
with a/d=3.5 increased their ultimate shear loads
over their cracking shear loads. The value of V,/V
for beams N1, N2 and N3 was 135%, 116%, and
145%; respectively. Increasing the amount of web
reinforcement by 33% from p~0.178% in beam N1
to p~0.237% in beam N3 led to increasing the
ultimate shear load by 7.5%. Other test results
[13,16,25] on beams with a/d=3~5 showed that
shear strength increased with increasing the shear
reinforcement.

4.3 Effect of shear span to depth ratio

Three series of beams with a/d=1.5, 2.5 and
3.5 were tested to study the effect of a/d on the
shear strength of beams with web reinforcement.
Test results depicted in Table 1 and Fig.3 show that

eq. (11-13)

the shear strength of beams with p=3.1% & p~0.178%
increased by 6% as a/d decreased from 3.5 to 2.5,
while it increased by 100% as a/d decreased from 2.5
to 1.5. Besides, for beams with p=2.3% & p~0.237%
the shear strength increased by 17% as a/d decreased
from 3.5 to 2.5, while it increased by 53% as a/d
decreased from 2.5 to 1.5. For beams with p=2.3% &
p~=0.178% unexpectedly there was a decrease in the
shear strength by 17% as a/d decreased from 3.5 to
2.5. But the shear strength increased sharply by
almost 178% when a/d decreased from 2.5 to 1.5. The
higher shear capacities of short beams with a/d=1.5
can be attributed to the arch action that developed in
those beams. This indicates that the shear strength of
beams increased as a/d decreased especially from
slender to short beams, in agreement with other test
results [10, 15, 16]. In addition, the increase in shear
strength of beams with the decrease of a/d (from 3.5 to
2.5) becomes more obvious as the longitudinal steel
ratio and the web reinforcement increases. This is
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because the increase in longitudinal steel ratio and
the web reinforcement increases dowel action.

4.4. Effect of longitudinal steel ratio “p”

Six beams were tested in three groups with
a/d=1.5, 2.5 and 3.5 to study the effects of
longitudinal tensile reinforcement ratio, p on the
shear strength of beams with web reinforcement
(Table 1). For beams with a/d=2.5 & p~0.178% the
shear strength increased by about 17% as the
longitudinal tensile reinforcement ratio increased by
35% from 2.3% to 3.1%. For beams with a/d=1.5
& 3.5 with p~0.178%, strangely there was a
marginal decrease of about 15% and 6% in shear
strength for beams with a/d=1.5 & 3.5,
respectively, when the Ilongitudinal tensile
reinforcement ratio increased by 35% from 2.3% to
3.1%. To recall for normal strength concrete tests
on beams with a/d=1.6 containing web
reinforcement [24] proved that the greater the value
of p the higher the load carrying capacity of the
beam.

4.5. General discussion

The existence of web reinforcement improved
the shear strength of beams by delaying brittle
shear failures. Appropriate amounts of shear
reinforcement control horizontal splitting cracks
and result in improved shear response. Moreover,
stirups help to contain the crack, limiting its
propagation and keeping its width small. For the
tested beams with a/d=1.5 the results were erratic
partially due to the effect of arch action. Besides,
for such beams the effects of increasing p on
enhancing the shear strength seems more
pronounced than the effect of increasing vertical
web reinforcement. From tests it can be generally
observed that as the longitudinal steel ratio
increases the shear strength of beams with web
reinforcement increases, in agreement with other
reported results [3,25]. One notes from other
reported studies [6,22] that the effect of longitudinal
steel ratio “p” on the ultimate shear strength of
beams is more obvious in beams with web
reinforcement than in beams without web
reinforcement. This is because the stirrups provide
support for the longitudinal steel and prevent the
bars from splitting the surrounding concrete, hence
increasing the dowel action. The dowel action may
not be very significant in members without

transverse reinforcement, because the maximum
shear in a dowel is limited by the tensile strength of the
concrete cover supporting the dowel [6].

5. Comparisons of test results with codes

Test results were compared to relevant predictions
of several codes and design equations especially ECP;
ACI 318-99; and the British Standard BS 8110, Table
2, to assess the validity of codes shear predictions
when applied to high strength concrete beams with
shear reinforcement. One has to note that these codes
are mainly based on empirical equations derived from
experimental data on beams with NSC. Although the
amount of stirrups used in the tested specimens are
adequate, the stirrups’ spacing in some of the tested
specimens (s=150 & 200 mm. did not fulfill all
restrictions specified in some codes. Note: in ECP s<
200mm or d/2;in ACI generally s< 600mm or d/2; in
BS8110 s<0.75d (cited in [6]); in CSA 1994 s< 600mm
or 0.7d (cited in [9]). This is because of the relatively
small height of the specimens tested (h=260mm),
while most real beams in practice have larger heights
(generally h>400 mm) for which the used stirrups’
spacings may be adequate. Hence this is a more severe
test for codes’ shear predictions. The effects of such
issue on the comparisons will be further discussed.

5.1. Eqyptian Code of Practice (ECP 1995)

ECP-95 [20] stipulates that the ultimate shear
strength vy can be generally calculated as follows:

Va=Vy/bd = Vs + 0.5 Ve =vs + 0.5 * 0.75/( fiu/ %)
<2.2/( fou/ ) & <30 kg/cm? ©)

va 4

and 4 7
pir (7)

where: vs is the shear strength provided by shear
reinforcement; fa is the concrete cube compressive
strength; and yo & ys are the strength reduction
factors for concrete and steel; respectively. For beams
with a/d<2, ECP allows the reduction of shear forces
by a/2d. For the web reinforcement (stirrups) the code
stipulates that the minimum web reinforcement, pummn,
=4/f, where: fp in kg/cm? but not less than 2
branches gbmm. @ 200mm; and maximum spacing
s= d/2. Comparisons with code predictions, Vecp were
made twice; once with fo, limited to 30 MPa(ECP),
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then with such limit assumed waived, i.e. ECP
equations extrapolated to include concrete with
strength more than 30 MPa. Comparisons show
that ECP predictions whether the limit on fo, was
imposed or waived were conservative. However,
when ECP was extrapolated i.e., with limit waived,
the factor of safety became lower. For short beams
(a/d=1.5), Vues/ Vecp was high, and ranged from 2.2
to 3.05 when fo, limit was imposed and from 1.77 to
2.4 when the limit was waived. Besides, such ratio
decreased as a/d increased. For beams with
a/d=2.5, Viuwes/Vecrranged from 1.46 to 1.91 when
the limit was imposed and ranged from 1.15 to 1.54
when the limit was waived. For beams with
a/d=3.5 the ratio of Vies/ Vecr ranged from 1.62 to
1.71 when limit was imposed and ranged from 1.23
to 1.3 when limit was waived. Hence, ECP seems
always conservative for HSC beams with web
reinforcement, even when its limitation on the
maximum spacing between stirrups was violated.
This is because ECP disregards half of the concrete
contribution to shear strength after diagonal
cracking, i.e., only 0.5 v is considered towards vy,.

5.2. Amenican Concrete Institute (ACI)

Comparisons of test results with ACI
predictions, Viag show that ACI [11] was
conservative for beams with a/d=1.5 even when the
spacing of web reinforcement, specified by ACI, was
violated. For the tested beams with a/d=2.5 and
3.5 ACI seemed not always conservative and its
margin of safety was small. For the tested beams
with both a/d=2.5 & 3.5 and p =0.178%, ACI
seems unconservative. This may be because the
used spacing between web reinforcement violated
the maximum spacing specified by ACI (ie.
120mm). For beams with a/d=2.5 & 3.5 and p~
0.237%, Vuwes /Vaa seemed conservative with a
small margin of safety however, the margin of
safety in beams with a/d=2.5 was higher than that
in beams with a/d=3.5. These results agree with
other tests [3,10] on HSC beams that concluded

that ACI equation was conservative. Besides, it
was reported [13] that for HSC beams with a/d=3.1
and p fu= 0.35 MPa the overall reserve shear strength
after diagonal tension cracking diminished with the increase
in f. Fulfiling ACI provisions for stirrups spacing is
supposed to render more conservative results.

5.3. British Standard (BS 8110)

The British Standard BS 8110 (cited in [10])
stipulates that if the shear stress, v= V/(bd)

exceeds 0.8,/ fr or 5 N/mm?2, whichever is less,

the product (bd) must be increased to reduce v
[8]. It also stipulates that the minimum shear
reinforcement index pufy=0.4 N/mm? with a
partial safety factor of 0.87 for f, and the
spacing between stirrups should not exceed
0.75d. Comparisons of test results with those of
the BS, Vss siz0 show that BS seems
conservative for beams with a/d=1.5. The ratio
Vi test / Vs 8110 was high for beams with a/d=1.5
and decreased for beams with a/d>2. As pufyw
increased V. st / Vs 8110 increased. This is in
agreement with other tested HSC and NSC
beams [15] with web reinforcement that
concluded that BS equations for shear strength
predict the beam shear capacity well for beams
with a/d=2.0 but overestimate that for beams
with a/d>2.

5.4. Zsutty equation

Zsutty’s equation [10,21] originally developed for
shear in normal strength concrete beams correlates
the concrete compressive strength f%, p and a/d
through a power of 1/3. In the comparisons the partial
factor of safety of 0.85 was waived. Comparisons of the
tested beams with Zsutty’s equation show that the
equation seems conservative for short beams with
a/d=1.5 with a safety factor ranging between 30~69%.
For beams with a/d=2.5 and 3.5 it seems
unconservative in agreement with other results [10].
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Table 2 Comparisons of test results with codes’ equations for HSC beams with web reinforcement.

S Vo s st Vo réme Vs Vit Viitias Vien
kN kN V ecp’ V ecp Vaa V Bs g110 V zsuny

S1 75 160 3.05 24 2.25 1.72 1.69
S2 65 135 2.58 2.02 1:8 1.32 1.31

S3 55 130 2.2 1:%F 1% 130 1:3

M1 45 a7:9 1.46 1.15 0.87 0.82 0.7
M2 52.5 675 171 1.835 0.99 0.89 0.77
M3 45 85 1.91 1.54 1.19 1.1 0.98
N1 50 67.5 171 173 1.02 0.94 0.89
N2 55 63.75 1.62 1.23 0.95 0.81 0.77
N3 50 725 1.63 1.35 1.04 0.97 0.91

Vu = shear strength =V + Vs, kN.
Ve = contribution to shear strength provided by concrete, kN.
Vs = contribution to shear strength provided by shear reinforcement, kN.
Vu = Ulumate shear strength, kN.
ECP (Egyptian Code of Practice) [20]:
Av ™ ’ %s
§

-For a/d<2, can reduce shear forces by a/2d (code dlause 4-2-2-1-1-b), hence multiply equation by 2d/a
-Values reported in the table are calculated for yc = ys=1.0

-ECP’ = Egyptian Code of Practice (with limit for fo. = 30 MPa. imposed)

- If we neglect reducing shear forces by a/2d for a/d<2 (code clause 4-2-2-1-1-b) for beams S1, S2, & S3:
*Vu est/V ece*= 4.06, 3.43, 2.92; respectively.

*Vurest/V ECP = 3.19, 2.69, 2.35; respectively.

1 ,
Vecp = {—+[0.237 ~J( fou / Y )1* (b-a) + * d | units in (MN, m.)
2

Av* fiv*
ACI [11]: Vaci = [(4/ fC + 120 pd/a) - (b*d) / 7]+ ————— (MN, m.)
8
BS 8110 (British Standard) (cited in [6])
Av* fiv*d

Ves 8110 = (0.79/ym)+(100As/bd) 1/3 (400/d) 1/# (feu/25) 1/3 (brd) + MN, m (for a/d = 2)

S

3 .4 .ok .ok d
VBs 8110 = (0.79/ym) (100As/bd) 1/3(400/d) 1/ (fuu/25) /3 (2+d/a) (b-d) + — i

MN, m (for a/d<2)
S
where: ym = materials partial safety factor, and assumed=1.0 in the comparisons & 400 /d < 1.0
Av* fivn*d
Zsutty’s Equation [21]: Vzsuny = 2.2 (fec+p+-d/a) 1/3+ (bsd) + ————— N, m

£

6. Conclusions

An experimental investigation is presented to
study the shear strength of high strength concrete
beams with web reinforcement. Nine simply
supported reinforced high (medium high) strength
concrete HSC beams with mean concrete cube
strength of 65 MPa with web reinforcement in the
form of vertical stirrups were tested, to determine

their shear strength. The test variables were the
web reinforcement ratio py; the longitudinal steel
ratio; and shear-span-to-depth ratio, namely
a/d=1.5, 2.5 & 3.5. Test results were compared
with strength predictions using several codes
especially ACI-99, ECP-95 & BS8110 to assess the
validity of codes when applied to HSC beams with
web reinforcement, noting that the used stirrups
spacing in some beams did not fulfill the
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restrictions set by some codes. Within the scope of

the tested beams and limited variables the following

conclusions can be drawn:

1- Web reinforcement enhances the shear strength
of beams by delaying brittle shear failures, and
improves ductility. Appropriate amounts of
shear reinforcement control horizontal splitting
cracks and result in improved shear response.
Moreover, stirrups help to contain the crack,
limiting its propagation and keeping its width
small. In addition, it enhances dowel action.

2- The minimum amount of shear reinforcement
required for beams with HSC should be related
to the concrete compressive strength as
qualitatively specified in ACI-99, CSA 1994 and
AASHTO 1994, requiring a larger quantity of
stirrups for HSC. This is because there is more
demand on stirrups in HSC beams, partially
because HSC is deficient in aggregate interlock
and the concrete shear contribution to shear
strength increases at a slower rate than \/F :

3- Comparisons with codes’ predictions for the
shear capacity of the studied beams with web
reinforcement were performed, noting that the
stirrups’ spacings in some of the tested
specimens did not fulfill the restrictions specified in
some design codes. Comparisons show that:

* ECP9OS seems always conservative whether code
Imitations on concrete strength were waived or not,
regardless of the violation of the maximum stirrups
spacing, This is attributed to the fact ECP
disregards half of the concrete contribution to shear
strength after diagonal cracking.

* ACI-99 was conservative for beams with a/d=1.5,
however for beams with a/d=2.5 and 3.5 its
margin of safety was small. ACI code equations
seem to be more conservative as the amount of
web reinforcement increases. If ACI specified
amount of minimum web reinforcement or
maximum stirrups’ spacing are violated, its
shear  strength  predictions may be
unconservative for HSC beams with a/d=2.5 &
3.5. Fulfilling ACI provisions of stirrups spacing
may render conservative predictions.

* BS 8110 predicts the shear capacity well for
beams with a/d=1.5 but may overestimate that
of beams with a/d>2.

* Zsutty’s equation was conservative for short
beams with a/d=1.5, however for beams with
a/d=2.5 and 3.5 it seemed unconservative. This
may be because the equation was obtained from
test results of beams with different conditions
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including stirrups maximum spacing and

concrete strength.

The previous findings are in agreement with
other reported results. The restrictions set by codes
for stirrups’ spacing may render more conservative
results. More tests are required on high strength
concrete beams with web reinforcement with
relatively large practical dimensions to make the
comparisons more realistic and feasible.
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