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An experimental investigation was conducted to study the shear strength and cracking behavior of full-
scale beams made with self-consolidating concrete (SCC) as well as normal concrete (NC). A total of 20
flexurally reinforced concrete beams, with no shear reinforcement, were tested under mid-span concen-
trated load until shear failure occurred. The experimental test parameters included concrete type/coarse
aggregate content, beam depth and the longitudinal reinforcing steel ratio. The beam depth ranged from
150 to 750 mm while the shear span-to-depth ratio (a/d) was kept constant in all beams. The two longi-
tudinal reinforcing steel ratios used were 1% and 2%. The performance of SCC/NC beams was evaluated
based on the results of crack pattern, crack widths, loads at the first flexure/diagonal cracking, ultimate
shear resistance, and failure modes. The ultimate shear strength of SCC beams was found to be slightly
lower than that of NC beams and the difference was more pronounced with the reduction of longitudinal
steel reinforcement and with the increase of beam depth. The performance of code based equations in
predicting the shear resistance of SCC/NC beams is also presented. The recommendations of this paper
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can be of special interest to designers considering the use of SCC in structural applications.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Self consolidating concrete (SCC), one of the latest innovations
in concrete technology, is a highly flowable high performance con-
crete that spreads readily under its own weight without the use of
vibrators and achieves good consolidation without segregation
even in a very congested structural member with large amount
of steel reinforcement [1-6]. SCC also facilitates pouring concrete
in higher free falls — concrete free fall of more than 3 m in depth
was accomplished without segregation during the construction of
the Akashi-Kaikyo suspension bridge in Japan in 1998 [1].

The lack of information regarding in situ properties and struc-
tural performance of SCC members is still a hindrance for this
material to be used confidently by designers/engineers in practical
applications [6,7]. In particular, there are some concerns among
designers/engineers that SCC may not be strong enough in resisting
shear because of the presence of comparatively smaller amount of
coarse aggregates compared to normal concrete (NC) which can
lead to the formation of smooth fractured surfaces and subsequent
development of weak aggregate interlock mechanism [8].

Taylor [9] investigated reinforced normal concrete beams with-
out shear reinforcement, and reported that the shear strength is
derived from the contributions of compression shear zone (ranging
between 20% and 40%), aggregate interlock mechanism (ranging
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between 35% and 50%), and the dowel action of longitudinal rein-
forcement (ranging between 15% and 25%). Hence, a major compo-
nent of the shear transfer in the fractured interface arises from the
friction forces that develop across the diagonal shear cracks due to
“aggregate interlock” which provides resistance against slip. The
aggregate interlock is greatly influenced by the beam size - as
the depth of the beam increases, the crack widths at points above
the main longitudinal reinforcement tend to increase. This leads to
areduction in aggregate interlock across the crack, resulting in the
reduction of shear stress [10-13]. Also, the aggregate interlock is
influenced by the longitudinal reinforcement ratio and this compo-
nent of shear strength is more significant if the cracks are narrow.
Thus, higher percentage of longitudinal reinforcing steel which re-
duces the shear crack width would allow the concrete to resist
more shear [14,15].

This paper presents the results of an investigation dealing with
the overall shear behavior of 20 full-scale reinforced concrete
beams, with no shear reinforcement, made with SCC and NC. It is
important to study the shear failure mechanism of large-scale rein-
forced concrete beams without web reinforcement to better under-
stand the failure mechanisms in beams with stirrups [16]. The test
parameters include concrete type (SCC or NC)/coarse aggregate
content, beam depth and the longitudinal reinforcing steel ratio.
Shear strength, crack patterns and crack width of the experimental
beams with SCC and NC are compared. The performance of code
based design equations in predicting the shear resistance of SCC/
NC beams is also presented.
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2. Experimental program
2.1. Details of beam specimens

Twenty reinforced concrete beams (10 made with SCC and 10
with NC), designed only for adequate flexural reinforcement and
having no shear reinforcement were tested. Table 1 and Fig. 1 show
the geometric dimensions of SCC/NC beams. All beams were
400 mm wide (b) with total depth (h) ranging from 150 to
750 mm. The shear span-to-total depth ratio (a/h) was kept con-
stant at a value of 2.5 to ensure shear rather than bending failure
of all beams [17-19] (Table 1 and Fig. 1). Two flexural reinforce-
ment configurations were used for the beams with longitudinal
reinforcement ratios (p\) of 1% and 2%. Cross-sectional dimensions
and reinforcement layouts of beams are shown in Fig. 2. The beams
were designated by concrete type, total beam depth (h), and longi-
tudinal reinforcement ratio (py). The beam designation included a
combination of letters and numerics: SCC or NC to indicate the
concrete type; 1 or 2 to indicate the longitudinal reinforcement ra-
tio; and 150, 250, 363, 500 or 750 to designate the total height. For
example, a SCC beam having 1% p,, with a total height of 750 mm is
designated as 1SCC750 (Table 1).

Table 1
Details of experimental beams

2.2. Materials

Concrete mixes were designed to study the effect of lower
coarse aggregate content in SCC (which is normal for SCC) com-
pared with that in NC. A total of two mixes were used to cast
experimental beams: one NC mixture with 1130 kg/m> of coarse
aggregate and one SCC mixture with 25% lower coarse aggregate
content. The volume change in the mix design was compensated
with an increase in sand content in SCC mixture. Such significant
difference was intended to study the effect of aggregate interlock
on the shear strength reduction, if any. Details of SCC/NC con-
crete mix proportions are presented in Table 2. The water-to-
cementitious materials ratio was kept constant at 0.4 for both
SCC and NC mixes in order to achieve similar compressive
strength. Type GU Canadian cement similar to ASTM Type I and
slag cement were used as cementitious materials for both SCC
and NC. Natural sand and 10 mm maximum size stone were used
as fine and coarse aggregates, respectively. High range water re-
ducer (HRWR) similar to Type F of ASTM C 494 [20] and water
reducer (WR) similar to Type A of ASTM C 494 [20] were used
to adjust the flowability and cohesiveness of SCC and NC mix-
tures, respectively.

Beam designation Total length (L; mm) Effective span (S; mm)

Total depth (h; mm)

Effective depth (d; mm) Longitudinal steel ratio (p, = 100As/bd; %)

1SCC150 1050 750 150 102.5 1

1NC150

2SCC150 100.0 2

2NC150

1SCC250 1750 1250 250 202.5 1

1NC250

25CC250 197.5 2

2NC250

1SCC363 2340 1815 363 310.5 1

1NC363

2SCC363 305.5 2

2NC363

1SCC500 2500 3200 500 447.5 1

1NC500

2SCC500 4425 2

2NC500

1SCC750 4500 3750 750 667.5 1

1NC750

2SCC750 650.5 2

2NC750

A, area of longitudinal steel; b, width of the beam = 400 mm; a, shear span = S/2.
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Fig. 1. Schematic diagram of experimental beam specimens.
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Fig. 2. Cross sections and reinforcement layout of beams with 1% and 2% p,, (dimensions in mm).

Table 2
Mixture proportions for SCC and NC mixtures

Concrete type Type 10 cement Slag cement 10 mm coarse aggregate Fine aggregate Water HRWR ml/100 kg WR ml/100 kg
(kg/m?3) (kg/m?>) (kg/m?>) (kg/m?3) (kg/m?3) of binder of binder

ScC 315 135 900 930 180 850 0

NC 300 100 1130 725 160 0 300

Table 3 presents the fresh and strength properties NC and SCC
mixtures. The traditional slump test according to ASTM C 143
[21] was conducted for NC. The slump flow test [22] was con-
ducted to evaluate the viscosity and flowability of SCC mixture
while V-funnel [23] and L-box [24] tests were conducted to evalu-
ate the stability and the passing ability, respectively. Slump flow,
flow time and L-box index values (Table 3) satisfied recommended
values needed for a SCC. 100 x 200 mm control cylinders were
used to determine the compressive (f.) and the indirect tensile
(fcr) strength as per ASTM C 39 [25] and ASTM C 496 [26], respec-
tively, for both NC and SCC mixtures.

The diameters of deformed bars used for reinforcing beams
were 10, 15, 20, 25, and 35 mm (designated as “# bar dia” in
Fig. 2). The deformed bars had an average yield strength of
480 MPa and an average tensile strength of 725 MPa.

2.3. Casting of beam specimens

The two concrete mixtures used in this investigation were
delivered to Ryerson University Structures laboratory in 6 m®
trucks by Dufferin Concrete Group, Toronto — Canada. The deliv-
ered SCC mixture was successfully used in Pearson International
airport project in Toronto, Canada, in the year of 2000 [27]. Imme-
diately after concrete delivery, tests on fresh properties of the con-

Table 3
Fresh and hardened properties of SCC and NC mixtures

crete mixtures as well as casting of beams in prepared wooden
forms were carried out. SCC beams were cast without consolida-
tion - the concrete was poured in the formwork from one side until
it flow and reached the other side. Visual observation showed that
the SCC properly filled the forms with ease of movement around
reinforcing bars in each reinforcement configuration. On the other
hand, NC beams were consolidated using electrical vibrators and
trowel finished for smooth top surfaces. The placement of NC
beams was labor intensive and the time required to cast and finish
each beam element was much longer than that required for SCC
beams. Formworks were removed after 24 h of casting and the
beams were moist cured for four days and then air cured until
the date of testing.

2.4. Test setup, instrumentation and loading procedure

The beam specimens were tested as simply supported beams
under three-point loading condition (Figs. 1 and 3). The test setup
included the use of a hydraulic jack that applied load gradually on
the mid-span of beam specimens until failure. Four linear variable
displacement transducers (LVDTs) were attached at 45° on the
front surface of each beam to measure the shear strain (Figs. 1
and 3). Another LVDT was placed directly under the mid-span of
each beam to measure central deflection. In order to monitor the

Concrete type Slump (mm) Slump flow V-funnel flow time (s) L-box 28-d f. (MPa) 28-d f . (MPa)
Flow (mm) T500 (s) Index (%) T200 (s) T400 (s)

Scc - 700 30 5.5 90 1.5 2 45 3.8

NC 80 - - - - - - 47 4

T500, flow time to achieve 500 mm slump flow; T200 and T400, times taken by concrete to travel a horizontal distance of 200 and 400 mm, respectively.
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Fig. 3. Test setup, instrumentation and testing and failure mode of a beam specimen.

development of strain in the longitudinal steel reinforcement with
progressive loading, two electrical strain gauges were installed to
the lower layer of the reinforcement directly under the loading
point at mid-span. A computer aided data acquisition system auto-
matically monitored load, displacements and strains at pre-se-
lected time intervals throughout the loading history. The tests
also provided information on the overall behavior of beams includ-
ing development of cracks, crack patterns, crack width, load trans-
fer mechanisms and failure modes. The load was applied in a load
control fashion in three stages. The first and second stages corre-
spond to 50% and 75% of the expected failure load, respectively,
while the third stage corresponds to the failure load.

3. Test results and discussion
3.1. General cracking and failure behavior of SCC and NC beams

Fig. 3 shows a typical shear failure of an experimental beam.
The cracks were outlined with a black felt tip marker and the crack
width was determined and labeled at each loading stage (Fig. 3).

Fig. 4 shows crack patterns of SCC and NC beams at failure. Dur-
ing early stages of loading, fine vertical flexural cracks appeared
around the mid-span of all beams, as expected. With the increase
in load, new flexural cracks were formed away from the mid-span
area. With further increase in load, those flexural cracks started to
propagate diagonally towards the loading point and other new
diagonal cracks began to form separately in locations farther away
from the mid-span along the beam (Figs. 3 and 4).

In general, large size SCC/NC beams had more cracks and devel-
oped higher diagonal crack widths at failure irrespective of rein-
forcement ratio (1% or 2%). In most cases, shear failure of beams
occurred shortly after a dominant diagonal shear crack (within
one shear span or zone) extended to the top fibre as indicated in
Figs. 3 and 4. In addition, failure of larger size beams was sudden
compared to small size beams.

For both SCC and NC beams, the cracks extended up to 50% and
70% of the beam height at around 50% and 75% of the failure load,
respectively. The angle for the early diagonal dominant shear

cracks was around 55° (to the beam longitudinal axis) while that
for the failure diagonal cracks was around 35°. Since the shear
span-to-total height ratio (a/d) was kept constant for all beams,
the number of cracks before failure tends to increase with the
height of the beam (5-6 in shallow and 11-12 in deeper beams).

3.2. Cracking load and crack width characteristics of SCC/NC beams

The first flexural cracking load was visually observed and then
compared with values associated with change in slope of the
load-deflection and load-longitudinal steel strain curves obtained
from the test. The formation of first diagonal crack was also ob-
served visually during the loading and was also verified most of
the time by sudden jump in the elongation for any of the four diag-
onal LVDTs mounted on the surface of the beam (Figs. 1 and 3). Ta-
ble 4 presents the loads at first flexure/shear crack, crack
characteristics number of cracks, crack height and the failure crack
width) and failure loads of all SCC/NC beams.

From Table 4, no significant difference was observed between
SCC and NC beams with respect to the first flexural crack load, as
expected. The ratio of the first flexural crack load to the failure load
increases with the increase of beam depth in SCC/NC beams having
1% or 2% steel reinforcement (Table 4). First flexural crack load for
SCC beams varied from 21% to 38% of the failure load (from shallow
to deeper beams) compared with 20% to 33% of NC beams.

The first diagonal dominant shear cracks were developed
around 32% of the failure load for shallow beams compared to
60% of deep beams (Table 4). The failure crack widths varied from
1 to 3 mm in shallow beams while crack width of up to 27 mm was
observed in deeper beams (Fig. 4 and Table 4). In general, SCC
beams exhibited slightly less number of cracks than NC beams.
The number of diagonal shear cracks was also lower in SCC beams
compared to NC beams. Otherwise, no significant difference was
noted between SCC and NC beams in terms of crack widths, crack
heights, crack angles or overall failure mode (Fig. 4 and Table 4).

From Table 4, it can be seen that the percentage ratio of the first
diagonal crack load to the failure load in SCC beams increases from
34% to 65% with the increase of beam depth from 150 mm (shallow



592 A.AA. Hassan et al./Cement & Concrete Composites 30 (2008) 588-596
SCC Beams NC Beams
0
oo
0.04 — Q
1SCC750 Pu= 471 KN INC750
0. 01 00
0.04/0.! U[E oft 0. [[E %
2SCC750 Pu= 601 KN 2NC750 Pu= 650 KN
Zju 0.02 i :
0.08 2 ifaA
| 0.22| 0.46
Oédtt OEEO 0140\ \o.04 UU“ 7 8od ol3®
Pu= 8 K INCS00 Pu= 403 K
0. 02 0
0}120[”8 00%5 141008 9 oy Yooe
2SCC500 2NC500 Pu= 456 KN
z
14, o1 EIEA o 0. 062
06 2 o l 204
SCC363 INC363 Pu= 330 KN
us ofy 006 —_j/”“r \004 06
L2 ]ua 06 k}uua ,Jl"f u M \ua uk \
25CC363 Pu= 325 KN Pu= 349 K
67 091 ppa==\l0 0.08y 04
‘fd 02 ofe 0N\ 0.08
1SCCeso Pu= 228 KN [NC250
4 % 3
T
ISCCESU Pu=
a%ﬁ“%‘?a—m! 1@%
Fig. 4. Crack patterns of SCC and NC beams at failure (crack width in mm).
Table 4

Cracking loads and crack characteristics of experimental SCC/NC beams

Beam designation Total applied load (P; kN) Ratio (%) Number of Maximum crack Maximum crack
crack at failure height (mm) width at failure (mm)
At first flexural At first diagonal At failure (P,) 100 Pq/P, 100P4/Py
crack (Pg) crack (Pq)

1SCC150 32 49 146 22 34 6 116 3
1NC150 32 50 154 21 32 5 119 2
2SCC150 33 53 161 21 33 6 116 1
2NC150 33 50 168 20 30 6 114 3
1SCC250 58 74 228 25 32 6 189 10
1NC250 60 82 243 25 34 5 182 8
2SCC250 60 83 252 24 33 7 182 3
2NC250 54 85 269 20 32 6 184 2
1SCC363 90 141 298 30 47 8 251 8
1NC363 90 135 330 27 41 6 270 14
2SCC363 96 146 325 30 45 7 248 2.5
2NC363 94 132 349 27 38 5 251 3
1SCC500 109 200 348 31 57 10 362 12
1NC500 120 190 403 30 47 8 358 12
2SCC500 120 240 438 27 55 9 352 10
2NC500 135 205 456 30 45 8 356 5
1SCC750 180 320 471 38 68 11 495 20
1NC750 188 325 567 33 57 12 518 27
2SCC750 222 390 601 37 65 12 435 8
2NC750 205 350 650 32 54 9 446 12

beam) to 750 mm (deep beam) compared with 32-54% of corre-
sponding NC beams. This indicates that SCC beams had lower
post-diagonal cracking shear resistance capacity (derived from
aggregate interlock plus dowel action) compared to NC beams.

to those with higher steel ratio (2

Generally SCC/NC beams with lower steel ratio (1%) developed
wider crack widths during loading stages and at failure compared
%). This was expected as the pres-
ence of higher longitudinal steel ratio increases the resistance for
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the cracks to open wider and to extend vertically. The average
height of cracks before failure was more in beams with 1% rein-
forcement steel ratio (71% of the beam height) compared to beams
with 2% reinforcement steel ratio (63% of the beam height). In gen-
eral, cracks extended vertically up to the theoretically calculated
neutral axis for each cracked SCC/NC beams (with both 1% and
2% steel reinforcement) with a maximum difference of 10%.

3.3. Shear resistance characteristics of SCC/NC beams

To analyze and compare the shear strength of beams, the ulti-
mate shear load (V,) is normalized to account for the difference
in compressive strength between SCC and NC. Since the shear
strength is proportional to the square root of the compressive
strength of concrete (f.), the normalized shear load (V,,) was cal-
culated as follows:

Vy
Vi = (1)
T
The normalized shear stress (v,,) is then calculated as:
Vnz
Vinz = Bd 2)

Normalized shear load and stress for all experimental SCC/NC
beams are tabulated in Table 5.

3.3.1. Influence of concrete type, beam depth and longitudinal steel
ratio on normalized shear load (V,;;)

While shear span-to-total depth ratio (a/h) of all beams were
kept constant, the shear resistance of beams was found to depend
on type of concrete, beam depth and longitudinal steel ratio. Figs.
5 and 6 show the variation of normalized shear load (V,,,) and nor-
malized ultimate shear stress (v,,), respectively, of SCC/NC beams
having varying depths and longitudinal steel ratios. In general,
SCC beams exhibited lower V,, compared to NC beams for all
beam depths (ranging from 150 to 750 mm) and for both longitu-
dinal steel ratios (1% and 2%; Fig. 5). V,, also increased with the
increase of beam depth and longitudinal steel ratios, for both
NC and SCC.

Table 5
Shear resistance of SCC/NC beams from experiments and code based predictions
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Normalized Ultimate Shear load (kN)

150 150 250 250 363 363 500 500 750 750
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Fig. 5. Normalized ultimate shear load (V) for SCC and NC beams.
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Beam Experimental Code based prediction Comparison (Ratio)
designation
Ultimate shear Normalized ultimate Normalized ultimate shear ~ Ultimate shear load Ultimate shear load Ultimate Ultimate shear
load (Vy; kN) shear load (Eq. (1); Vi) stress (Eq. (2); Vnz) ACI (Eq. (3); kN) CSA (Eq. (4); kN) shear (ACI/ (CSA/Exp.)
Exp.)

1SCC150 74 11.0 0.18 46 42 0.63 0.57
1NC150 78 113 0.19 46 42 0.59 0.54
2SCC150 81 121 0.20 47 47 0.58 0.58
2NC150 85 124 0.21 47 47 0.56 0.56
1SCC250 116 17.3 0.17 92 78 0.80 0.67
1NC250 123 18.0 0.18 92 78 0.75 0.63
2SCC250 128 19.1 0.19 96 89 0.75 0.70
2NC250 136 19.9 0.20 96 89 0.70 0.65
1SCC363 153 22.8 0.16 142 112 0.93 0.73
1NC363 169 24.6 0.17 142 112 0.84 0.66
25CC363 166 24.8 0.17 150 130 0.90 0.78
2NC363 178 26.0 0.18 150 130 0.84 0.73
1SCC500 181 27.0 0.14 206 147 1.14 0.81
1NC500 209 30.4 0.15 206 147 0.99 0.71
2SCC500 226 33.7 0.17 219 172 0.97 0.76
2NC500 235 343 0.17 219 172 0.93 0.73
1SCC750 250 37.3 0.12 307 195 1.23 0.78
1NC750 298 43.5 0.15 307 195 1.03 0.65
2SCC750 315 47.0 0.16 321 225 1.02 0.71
2NC750 340 49.6 0.17 321 225 0.95 0.66
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Normalized ultimate shear stress (v,,) decreased with the in-
crease of beam depth for both SCC and NC beams (Fig. 6). When
beam depth increased from 150 to 750 mm, the normalized shear
stress of beams with 1% steel reinforcement decreased by 32% for
SCC compared to 23% of NC. Similarly when beam depth increased
from 150 to 750 mm, the normalized shear stress of beams with 2%
steel reinforcement decreased by 22% for SCC compared to 20% of
NC.

Higher shear resistance of NC beams compared to their SCC
counterparts was observed in beams having larger depths and low-
er longitudinal steel reinforcement ratio (Figs. 5 and 6). The maxi-
mum difference in shear resistance was observed in INC750 beam
which showed 17% higher V,, compared to its SCC counterpart
1SCC750.

The portion of the shear transfer through aggregate interlock,
which normally represent up to 50% of the total shear transfer, is
greatly affected by the coarse aggregate content. In this study,
NC contains 25% more coarse aggregate than SCC. Hence, the
reduction in coarse aggregate content in SCC beams is believed
to be the main reason for the lower ultimate shear resistance of
SCC beams compared to NC beams.

Fig. 7 shows the variation of the percentage ratio rp (=100
x Vinz—nc/Vinz—scc) of normalized ultimate shear load of NC beam
(Vnz—nc) to that of SCC beam (V,,,_scc) with beam depth and longi-
tudinal steel ratio. In general, the r; increased with the increase of
beam depth and the rate of increase, was much higher for beams
containing 1% longitudinal reinforcement compared to those with
2%. Beams containing 1% reinforcement showed higher r, com-
pared with those containing 2% reinforcement irrespective of beam
depth. For an increase of steel ratio from 1% to 2%, the r. was in-
creased from 2% to 3% for 150 mm depth beams compared with
corresponding 5% to 17% of 750 mm depth beams. This indicates
that SCC beams have lower shear strength compared to NC beams
and the lowering of strength increases with the increase of beam
depth and with the decrease of reinforcement ratio. However, for
shallow beams (for example, beam depth of 150 mm), the influ-
ence of type of concrete and reinforcement ratio on the shear
strength seems to be negligible for the range of beams tested in
this study.

The shear is transferred in a cracked beam through aggregate
interlock in the cracked concrete, resistance of un-cracked concrete
in compression zone and dowel action of the longitudinal steel. For
beams having higher longitudinal steel reinforcement, the post-

120% A

o w=1%
A W=2%

115%

110% 7

105% 7

100% |

% ratio (r,) of Normalized NC/SCC Shear Load

95% T T T T T T T T T |
150 250 363 500 750

Beam Depth (mm)

Fig. 7. Percentage ratio (r.) of normalized ultimate shear loads (r. = 100 x Uy, nc/
Unz—SCC)~

cracking shear resistance through the dowel action and the un-
cracked concrete in compression zone is higher compared to
beams having lower longitudinal steel reinforcement. The portion
of the shear transfer through aggregate interlock in post-cracking
stage is less for beams with higher reinforcement ratio which is
beneficial for SCC because of its weaker aggregate interlock mech-
anism due to the presence of lower coarse aggregate. This explains
why beams containing 1% reinforcement showed higher . com-
pared to those with 2%.

Higher shear resistance of NC beams compared to SCC beams
with the increase of beam depth (as evident from the increase of
r. with the increase of beam depth in Fig. 7) can also be attributed
to the development of longer and relatively wider cracks in deeper
beams which means higher portion of post-crackling shear transfer
through aggregate interlock is warranted compared to shallow
beams [28]. As SCC generates lower shear resistance through
aggregate interlock, overall shear resistance of a SCC beam de-
creases with the increase of beam depth compared to its NC
counterpart.

4. Performance of code based shear prediction of SCC beams

The ultimate shear resistances of experimental SCC/NC beams
without shear reinforcement are calculated based on code based
equations. In this study, performance of ACI and CSA based design
Egs. (1) and (2), respectively, is studied.

As per ACI [29], the shear resistance (V,,) of beams without shear
reinforcement at diagonal (inclined) cracking (where M; occurs
simultaneously with V; at a section) can be obtained as (based on
SI unit):

Vid

Vi =0.158,/f1bd +17.24p,, 77
f

bd < 0.29,/f!bd 3)
where V; is the factored shear force at section; My is the factored
moment at section; b is the beam width; d is the effective depth
of beam cross-section; and A is the area of non-prestressed tension
reinforcement in the beam.

As per CSA specification [30], shear resistance (V,) for beams
without shear reinforcement can be obtained as (based on SI unit):

V= By/fibdy (4)
The factor B can be calculated as:
B= >20 and S, = 355, < 0.85S, (5)

(1 + 15006,)(1000 + Sc) 15+a,

where d, is effective shear depth which can be taken as the greater
of 0.9d or 0.72 h; & is the longitudinal strain at mid-depth of the
member due to factored loads which can be derived as
&y = Mfz/gSVAtVf; Es is the modulus of elasticity of non-prestressed rein-
forcement; S, (=d,) is the crack spacing parameter dependent on
crack control characteristics of longitudinal reinforcement and ag
is the maximum size of aggregate in concrete.

Table 5 presents the ultimate shear load derived from experi-
ments and code based predictions. Figs. 8 and 9 compare the per-
formance of code based equations (ACI - Eq. (3) and CSA - Eq. (4))
in predicting the ultimate shear load (V,,) of SCC/NC beams having
1% and 2% p,, and no shear reinforcement. CSA (Eq. (4)) under pre-
dicted the ultimate shear strength of SCC/NC beams irrespective of
beam depth (150-750 mm) and longitudinal reinforcement ratio
(1% and 2%) as the ratio of experimental to CSA prediction ranges
between 0.54 and 0.81 with a mean value of 0.68 (Table 5 and Figs.
8 and 9). In general, CSA is more conservative than ACI (its conser-
vativeness increases with the increase of beam depth) and can be
used safely for the prediction of ultimate shear resistance of both
SCC and NC beams as confirmed from this study.
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ACI equation is found to safely predict the ultimate shear
strength of NC beams with 2% reinforcement (ratio ranges be-
tween 0.56 and 0.95). The ratio of ACI predicted to experimental
values for NC beams with 1% reinforcement started with 0.59 for
150 mm beam depth and increased to 1.03 for the 750 mm beam
depth. ACI equation may not be safe for NC beams with larger
depth and low longitudinal reinforcement. The unconservative
prediction of the ACI code for larger size members with low
reinforcing ratios has also been recognized by other researchers
[31].

The ratio ACI predicted to experimental values ranges between
0.63 (for 150 mm beam depth) and 1.23 (750 mm beam depth) for
SCC beams with 1% reinforcement while between 0.58 (for
150 mm beam depth) and 1.02 (for 750 mm beam depth) for
beams with 2% reinforcement. The ACI equation is found to be con-
servative for SCC beams up to a beam depth of 363 mm (for beams
with 1% longitudinal reinforcement) and 500 mm (for beams with
2% longitudinal reinforcement) while it over predicts the shear
strength of deeper beams.

5. Conclusions

The shear resistance of self-consolidating concrete (SCC) is de-
scribed and compared with normal concrete (NC) based on test re-
sults of experimental beams having no shear reinforcement. The
crack pattern, crack width, crack load, failure modes and overall
shear resistance at failure are critically analyzed to study the influ-
ence of variable geometric, material and longitudinal reinforce-
ment parameters. Based on the results presented in this paper,
the following conclusions are warranted:

e Overall, SCC showed similar shear resistance characteristics in
pre-cracking stage as compared with NC. No significant differ-
ence was noted between SCC and NC beams in terms of crack
widths, crack heights, crack angles or overall failure mode. The
ultimate shear load of SCC/NC beams increased with the

increase of longitudinal reinforcement while ultimate shear
stress decreased with the increase of beam depth irrespective
of either 1% or 2% longitudinal reinforcement ratios, as expected.

e SCC beams showed lower ultimate shear load compared to their
NC counterparts and the shear strength reduction was higher in
deeper beams with lower longitudinal steel ratios. When beam
depth was increased from 150 to 750 mm, the shear stress of
beams with 2% longitudinal reinforcement ratio dropped by
22% (SCC) and 20% (NC) compared to 32% (SCC) and 23% (NC)
of beams with 1% reinforcement ratio. NC beam with 750 mm
depth and 1% reinforcement ratio showed 17% higher ultimate
shear load compared to its SCC counterparts. Lower shear
strength of SCC is attributed to the development of lesser aggre-
gate interlock as a consequence of the presence of lower quan-
tity of coarse aggregate compared to NC.

e CSA based equation is found to be conservative in predicting the
shear strength of both SCC/NC beams irrespective of beam depth
or longitudinal reinforcement ratio and the predicted values
were generally lower than the experimental values. Although
the ACI equation for shear strength is conservative for NC beams
with 2% reinforcement ratio irrespective of beam depth, it is not
conservative for deeper NC beams with 1% reinforcement ratio
as well as for deeper SCC beams with either 1% or 2% reinforce-
ment ratio. Hence for deeper beams with comparatively lower
longitudinal reinforcement, ACI equation may not be safe and
particularly the risk of over prediction is higher for SCC beams
compared to NC beams.
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