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Fifteen non-precracked pushoff specimens were tested to investigate the shear-transfer behavior of
normal strength and high strength self-compacting concrete (SCC). The reported results include the
cracking stresses, the yielding stresses, the ultimate strengths and the post-ultimate residual strengths.
It is shown that the specimens resisted significant post-ultimate residual strengths and shear slip values
reaching 20 mm. It is also shown that increasing the compressive strength of the concrete significantly
increased the ultimate shear strength but had a limited effect on the cracking and the residual strengths.
The calculations of four existing models are compared with the observed ultimate strengths, and the cal-
culated strengths are generally conservative. The AASHTO shear-friction and the SMCS models provide
the best correlation with the experimental results. The possibility of using existing models to calculate
the residual strength is also investigated. The shear transfer planes are assumed to be precracked, and
the roughness conditions are selected based on the expected path of the cracks relative to the coarse
aggregates. Eurocode 2 (EC2) provides the best correlations while the ACI calculations are generally
conservative. The residual strengths from 30 pushoff specimens are analyzed. A shear friction equation
with a coefficient of cohesion equal to zero, a coefficient of friction equal to 1.0, and an upper limit on
the stress equal to 5.5 MPa is found to provide adequate calculation of the residual strength of
non-precracked pushoff specimens.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Shear-transfer models which are based on the shear-friction
theory (e.g. [1–3]) are semi-empirical models that have been cali-
brated using experimental data obtained mainly from pushoff
specimens (e.g. [4–7]). They can be used to design the transfer of
shear across a cold joint or across an existing crack. The transfer
can also be across a critical plane not previously cracked, such as
the bearing region of a simple girder or the interface between a
corbel and the supporting column. See Fig. 1.

Experimental data used in the calibration of these semi-
empirical models is available from three main types of pushoff
specimens which differ mainly by the conditions at the shear
transfer plane: (1) specimens that were precracked, (2) specimens
that were not precracked, and (3) specimens that were cast at two
different times (with a cold joint). Fig. 2 plots a summary of a
survey of the number of available test results from conventional
pushoff specimens (with conventional reinforcing bars, and with
no applied flexure or axial stresses perpendicular along shear
plane) [4–19]. The plot gives separate counts for specimens with
normal strength concrete (NSC) (with compressive strength less
than 50 MPa) and for relatively higher strength concrete (with
strength larger than 50 MPa). The figure shows that there is a lim-
ited amount of data from high strength concrete (HSC) uncracked
specimens. Recent studies also showed that existing analytical
models focus largely on the cases of precracked interfaces and cold
joints [20,21]. This research aimed at providing more data on
non-precracked HSC specimens.

On the other hand, it has been observed by Mattock et al. [14]
that after reaching the ultimate shear strength, non-precracked
pushoff specimens resisted a residual strength which was similar
to the strength of the precracked specimens. The tests by Kahn
and Mitchell [4] and the Finite Element analysis by Xu et al. [22]
confirmed this observation. In spite of its practical importance, this
residual strength has not been typically reported separately from
the ultimate strength. This research aimed at adding to the limited
available tests results which differentiate between the ultimate
and the residual strengths.

The stresses at which shear cracks first develop are of
importance. For example, these values can be used to establish a
benchmark for the selection of the minimum amount of clamping
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Nomenclature

c coefficient related to cohesion
f 0c specified compressive strength of concrete (cylinder)
f cd design compressive strength of concrete (EC2)
f ck characteristic compressive strength of concrete at

28 days (EC2)
f ctd design tensile strength of concrete (EC2)
f cu compressive strength of 150 mm concrete cube
f cy compressive strength of standard concrete cylinder
f y yield strength of reinforcement
f yL yield strength of longitudinal reinforcement
f yv yield strength of clamping reinforcement
vcr cracking shearing stress
vcr-A cracking shearing stress calculated using ACI equation
vr observed post-ultimate residual shearing strength
vr-AASHTO residual shearing strength (AASHTO specifications)
vr-ACI residual shearing strength (ACI code)
vr-EC2 residual shearing strength (EC2 code)

vr-Mat residual shearing strength (Mattock model)
vu observed ultimate shearing strength
vu-AASHTO nominal shearing strength (AASHTO specifications)
vu-ACI nominal shearing strength (ACI code)
vu-Mat nominal shearing strength (Mattock model)
vu-SMCS nominal shearing strength (SMCS model)
vy observed yielding shearing stress
g strength reduction factor (EC2 code)
qL ratio of longitudinal reinforcement (parallel to shear

transfer plane)
qv ratio of clamping reinforcement perpendicular to shear

transfer plane
l coefficient of friction in shear friction models
xL reinforcement index in longitudinal direction (SMCS

model)
xv reinforcement index in transverse direction (SMCS

model)
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Fig. 1. Transfer of shear across critical planes not previously cracked.
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Fig. 2. Number of reported pushoff tests in literature.

K.N. Rahal et al. / Engineering Structures 109 (2016) 16–25 17
reinforcement. The cracking shearing stresses are not typically
reported in pushoff tests. This research aimed at providing infor-
mation on the cracking shearing stresses.

Hence, this paper reports the results of an experimental pro-
gram which aimed at gaining a better understanding of the
behavior of non-precracked HSC pushoff specimens. Since the
use of self-compacting concrete (SCC) is on the rise around
the globe, the concrete used was made with SCC properties.
The results from 15 specimens are reported. Twelve of the spec-
imens were SCC (six NSC and six HSC specimens), and three
specimens were normal strength conventional concrete. The
three conventional concrete specimens are control specimens.
The experimental behavior and strengths are given, including a
detailed account of the cracking, yield, ultimate and residual
stresses.

In addition to reporting the experimental results, this paper also
compares between the observed ultimate strengths and the calcu-
lations of the shear-transfer models of the ACI code [1], the
AASHTO LRFD Specifications [2], the Mattock’s tri-linear empirical
model [3], and the simplified model for combined stress-resultants
(SMCS) model [23]. This paper also investigates the possibility of



Table 1
Details of the test specimens and summary of experimental results.

Series Specimen Clamp. steel qvfyv (MPa) fcu (MPa) fcy (MPa) vcr (MPa) vy (MPa) vu (MPa) vr (MPa) vy

vu

vr
vu

SCC35 35-2T6-SCC 2/6 0.93 43.7 – 4.4 5.5 6.1 1.6 0.90 0.26
35-2T8-SCC 2/8 2.63 5.0 7.0a 7.33 3.3 0.95 0.45
35-3T8-SCC 3/8 3.94 4.9 7.6 7.70 5.6 0.99 0.73
35-3T8-SCCrb 3/8 3.94 5.2 8.5 8.79 4.2 0.97 0.48
35-4T8-SCC 4/8 5.25 6.5 9.0a 9.70 5.3 0.93 0.55
35-6T8-SCC 6/8 7.88 6.6 10.8a 11.1 5.5 0.97 0.50

SCC70 70-2T6-SCC 2/6 0.93 79.2 81.2 3.9 6.4 8.69 2.0 0.74 0.23
70-2T8-SCC 2/8 2.63 6.8 9.0 11.50 4.6 0.78 0.40
70-3T8-SCC 3/8 3.94 6.0 11.7 12.57 4.6 0.93 0.37
70-3T8-SCCrb 3/8 3.94 5.6 12.2 12.3 4.9 0.99 0.40
70-4T8-SCC 4/8 5.25 5.3 12.7 12.77 6.1 0.99 0.48
70-6T8-SCC 6/8 7.88 6.8 15.8 15.85 5.6 1.00 0.35

N35 35-2T6-0 2/6 0.93 43.4 41.8 5.44 5.25a 5.55 2.0 0.95 0.36
35-2T8-0 2/8 2.63 6.72 7.55 7.94 3.9 0.95 0.49
35-3T8-0 3/8 3.94 5.44 7.75 8.68 4.9 0.89 0.56

Average 0.93 0.44
Coefficient of variation (%) 8.2 28.2

a Yield was recorded slightly after ultimate stress was reached.
b Longitudinal reinforcement 8/12.

Fig. 3. Dimensions and reinforcement of pushoff specimens.
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using the EC2 [24], ACI and AASHTO code equations and Mattock’s
model to calculate the residual strength.

2. Experimental program

Fifteen pushoff specimens were cast and tested to failure. The
specimens were cast in three different groups: the normal strength
SCC group (SCC35), the high strength SCC group (SCC70), and the
normal strength conventional concrete group (N35). Table 1 pro-
vides some of the details of the three groups. Specimens of the
same group differed by the number and size of the clamping rein-
forcement provided, except for two specimens of each of the SCC
series which contained the same amount of clamping reinforce-
ment as two companion specimens but different amounts of longi-
tudinal (vertical) reinforcement. The target compressive strength
in the three groups was 35 MPa in the SCC35 and the N35 series,
and 70 MPa in the SCC70 series.

2.1. Pushoff specimens

Fig. 3 shows the details of the specimens. The capacity of the
clamping steel (qvfyv) ranged from 0.93 to 7.9 MPa. The slip defor-
mation across the transfer plane was measured. The strain in this
steel was also measured using a strain gauge which was attached
to a central clamp at the intersection of one of the legs with the
shear-transfer plane as shown in Fig. 3.

2.2. Concrete materials and mixes

Table 2 summarizes the mix proportions of the concrete. Type I
cement conforming to the requirements of ASTM C 150 and tap
water were used in all specimens. Silica fume conforming to the
requirements of ASTM C 1240 was used in the SCC70 series. The
coarse aggregates were crushed limestone while the fine
aggregates were sand. All aggregates were used in their air-dry
conditions.

High-range water reducing (HRWR) admixtures conforming to
ASTM C494 types G and F and ASTM C1017 types 1 and 2 were
used in all mixes. Those used in the two SCC mixes were polycar-
boxylate ether-based, while those used in series N35 were naph-
thalene based admixtures. The amount of water added to the
mixes was adjusted to compensate for the moisture conditions of
the aggregates.
Slump flow tests were conducted on the SCC mixes in accor-
dance with ASTM C1161. The slump flow values were 670 mm
for the SCC35 concrete and 620 mm for the SCC70. The slump of
the concrete of series N35 was 140 mm. The concrete was also
visually inspected and no signs of segregation were observed.

2.3. Reinforcing steel

The tensile strength of the reinforcing steel bars was tested in
accordance with the ASTM A370-07 standard. The results are
summarized in Table 3



Table 2
Mix proportions.

Series Cement (kg/m3) Silica (kg/m3) Coarse Aggregates (kg/m3) Natural sand (kg/m3) Water (kg/m3) HRWR (‘/m3)

20-mm 12.5-mm 10-mm 3-mm

SCC35 489 – 556 – 402 – 858 190 12.5
SCC70 509 54.5 – – 808 462 548 165 15.7
N35 410 – 260 340 500 – 705 185 6.0

Table 3
Properties of reinforcing steel bars.

Nominal diameter (mm) fy (MPa) fu (MPa)

6 258 326
8 408 733

12 453 770
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2.4. Casting and testing

All pushoff specimens of each of a specific series were cast from
the same batch. In addition, standard size cylinders and 150-mm
cubes were cast from the concrete of each of the mixes. Metal
molds were used to cast all the specimens. The conventional con-
crete was compacted using an electric vibrator.

After casting, all the concrete was covered with wet burlap and
plastic sheets. Twenty four hours later, the specimens were
stripped from the molds and were placed in a water tank in the
lab to cure. The average strength of the concrete cubes fcu and
the concrete cylinders fcy on the day of testing are given in Table 1.

The specimens were placed vertically and loaded concentrically
as shown in Fig. 3. The loading was monotonic, and the rate of
deformation applied by the machine was 1 mm/min for all the
specimens. Clamping steel strains and shear deformation (slip)
across the transfer plane were measured at very close intervals.
Special attention was also given to visually detecting the occur-
rence of the surface cracks as soon as they developed.
3. Experimental results

The experimental results are summarized in Table 1. The fol-
lowing sections discuss the main observations in more details

3.1. General behavior of the pushoff specimens

Fig. 4 shows the shear stress versus the shear deformation
across the transfer planes in two of the SCC specimens. Both
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Fig. 4. Observed response of normal and high strength SCC specimens.
specimens were reinforced with three 8-mm clamps, but one
was from the NSC series SCC35 and the other was from the HSC
series SCC70. Fig. 5 shows the test region of the HSC specimen at
three different stages of the loading.

The response of 35-3T8-SCC was characterized by three distinct
zones. In the first zone and as the load increased, surface concrete
cracks developed along the shear-transfer plane (at a shearing
stress referred to as vcr). Further loading caused additional cracking
and caused the strains in the clamps to reach the onset of yield (at
a shearing stress referred to as vy). Yielding was soon followed by
reaching the ultimate strength (vu). The behavior was relatively
linear in the ascending zone of the response, with softening
becoming obvious only as the stress approached vy. After reaching
the ultimate stress, the resistance decreased significantly. The end
of the descending zone was characterized by the development of
limited spalling on the surface concrete near the shear transfer
plane. The application of further deformation was achieved at a rel-
atively constant stress. Fig. 4 shows that the specimen was capable
of sustaining a significant amount of shear deformation at a rela-
tively constant shear stress in the third zone of the response. This
stress is referred to as the residual strength vr, and was taken as the
average stress which was measured for slip values in the range
between 10 mm and 20 mm. The tests were stopped when the side
openings in the specimens nearly closed up, which corresponds to
a slip deformation of about 20 mm.

Unlike the observation in the normal strength concrete speci-
men, the reduction in the resistance of 70-3T8-SCC after ultimate
was very sudden. It caused the control of the testing machine to
disengage and shut off. Fig. 5(a) shows the conditions of this spec-
imen after the release of the load. Limited spalling of the concrete
cover was observed. The application of the loading was resumed as
shown in Fig. 4, and the resistance was significantly lower than the
previously attained ultimate stress. In fact, the reload resistance
was the residual strength. Fig. 5(b) shows the significant spalling
of the concrete cover when the shear deformation reached about
6 mm. Fig. 5(c) shows the final condition of the specimen after
release of load. Damage affected not only the cover concrete but
also a part of the core concrete within the clamping steel. The
deformation in the clamping bars due to dowel effect is evident.
Fig. 4 shows that the residual strength of the HSC specimen is
not significantly different from that of the NSC specimen with
the same clamping steel.
3.2. Cracking stresses

The cracking shear stresses (vcr) which caused the first develop-
ment of surface cracks are reported in Table 1. These cracks
appeared along the shear transfer plane. They were typically verti-
cal, but in some cases they were inclined. In general, these cracks
were not accompanied by a significant softening in the shear
stress-deformation response as shown in Fig. 4.

Fig. 6 plots the cracking shearing stresses versus the amount of
clamping reinforcement (qvfyv) for the three series of specimens. In
the SCC specimens of the same group which contained similar
amounts of clamps, average values are plotted. A very large scatter
in the results is observed. It is shown that in general, the



Fig. 5. Conditions of specimen 70-3T8-SCC. (a) Right after ultimate stress, (b) at slip of about 6 mm, and (c) after final release of load.
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compressive strength had a limited effect on the cracking stresses
of the SCC specimens. Increasing fcu from 43.7 MPa to 79.2 MPa
caused an average increase in vcr of less than 5%. It is to be noted
that the size of the maximum aggregate was smaller in the high
strength concrete series of specimens. However, this is not likely
to be the cause of the limited difference in vcr in the two SCC series.
The effect of the aggregate size on the cracking strength of pushoff
specimens has not been experimentally studied. However, in beam
shear, the aggregate size has an effect the ultimate shear resis-
tance, but not as much on the first cracking shear stress. The aggre-
gate size is included in the calculation of the concrete resistance
(e.g. Ref. [2]) when these equations are based on the ultimate
strength of longitudinally reinforced beams and not on their first
cracking stress [25]. The ultimate strength includes a significant
contribution from aggregate interlock, which is effectively acti-
vated after the occurrence of cracking [26].

A commonly used equation for the cracking in members sub-
jected to predominant shear is that of the ACI code [1] and is given
by:

vcr-A ¼ 0:33
ffiffiffiffi
f 0c

q
6 2:74 MPa ð1Þ

The upper limit in Eq. (1) reflects the fact that the increase in
cracking shearing strength is limited in HSC. The calculations of
Eq. (1) corresponding to 30 MPa and 80 MPa concrete are plotted
in Fig. 6. The comparison shows that the results of Eq. (1) are very
conservative for the estimation of the cracking stresses in pushoff
type specimens.

Fig. 6 shows that increasing qvfyv caused a slight increase in vcr,
but this increase was very limited for levels larger than 5.25 MPa.
On the other hand, Table 1 did not show a significant effect of the
amount of longitudinal reinforcement on the cracking stresses, as
the difference in vcr remained within the natural scatter of the
results. However, these observations are based on a limited num-
ber of tests and hence they need to be carefully interpreted.

3.3. Yield stresses

Fig. 7 shows the shear stress versus the tensile strain in the
clamping bars in the specimens of the SCC35 series. A sharp soften-
ing is observed in the response curves before the observation of
surface cracking. This softening is an indication of the occurrence
of cracking. It is typically accompanied by a change in the mecha-
nism of resistance, where the reinforcement is more efficiently
engaged in the clamping the shear-transfer plane due to the occur-
rence of crack separation [19,26]. A similar behavior is observed in
conventional beam shear tests [27]. Fig. 7 also suggests that the
internal cracking has developed before the surface cracking could
be visually detected.

The values of vy and of the ratios (vy/vu) are shown in Table 1.
The fifteen ratios ranged from 0.74 to 1.0, and their average and
coefficient of variation were 0.92% and 8.2%, respectively. This is
in line with the common assumption in shear-friction models
(e.g. [1–3]) that the clamping steel yields at ultimate conditions.
However, shear-friction models are generally based on the test
results of precracked specimens and cold-joint specimens. The
results reported in this work confirm that this assumption is also
valid for non-precracked specimens.

3.4. Ultimate and residual strength

Table 1 gives the ratios of the residual strength vr to the ulti-
mate strength vu. The fifteen ratios ranged from 0.23 to 0.74, and
their average and coefficient of variation were 0.44 and 28.2%,
respectively.

Fig. 8 plots the ultimate strength vu and the post-ultimate
strength vr versus the amount of clamping steel (qvfyv). For the
SCC specimens of the same series which contained similar amounts
of clamps, average values are plotted.

The figure shows that in general, larger levels of clamping rein-
forcement increased the ultimate strength. It also shows a similar
effect on the residual strength for reinforcement ratios qvfyv up
about 4 MPa. At larger amounts of (qvfyv), the residual strength
was limited to maximum values between 5 and 6 MPa. It is to be
noted that the shear-friction model in the ACI code [1] limits the
nominal strength to 5.5 MPa for shear transfer across cold joints
which have not been intentionally roughened.

The normal strength SCC specimens (SCC35) and the conven-
tional concrete specimens (N35) had nearly equal concrete cube
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strength. The size of the maximum aggregate was the same in both
mixes, but the gradation was different. Table 1 and Fig. 8 show that
their ultimate strength and residual strength showed similar
trends. The difference in ultimate strengths ranged from 8% to
11% and in residual strengths from 14% to 20%. The SCC specimen
with the smallest (qvfyv) was stronger than the corresponding
specimen of series N35, but the two N35 specimens with larger
clamping steel were stronger than the corresponding SCC35 spec-
imens. An opposite trend is observed when comparing the residual
strengths. With the limited number of tests, limited difference in
ultimate strengths and the normal variation observed in shear test
results, more tests are required to accurately establish the effect of
using concrete with self-compacting properties on the pushoff
strength of normal strength concrete.

Fig. 8 also shows that the specimens of the high-strength con-
crete series (SCC70) resisted significantly larger ultimate shearing
stresses than the specimens of series SCC35. This indicates that
the concrete strength has a considerable effect on the ultimate
strength of SCC. However, Fig. 8 also shows that the concrete
strength had a limited effect on the residual strength. It is noted
that the size of the maximum aggregate in series SCC70 and
SCC35 was 10 mm and 20 mm, respectively. A larger aggregate size
is likely to provide a larger resistance by aggregate interlock
[26,27] once cracking is initiated. However, a stronger concrete
resists more efficiently degradation when subjected to complex
stresses due to dowel action [28] and bearing and shearing stresses
from the aggregate interlock [29].

At ultimate conditions, the high strength concrete specimens
had superior dowel action and concrete matrix, which exceeded
the advantage provided by the larger aggregate size in the normal
strength concrete. This led to a significantly larger ultimate shear
resistance in the HSC specimens.

In the post-ultimate range, the difference in the dowel action
resistance between the HSC and the NSC specimens is significantly
reduced because of the severe spalling of the side cover. The frac-
ture and plastification of the core concrete across the interface is
generally severe [28], especially in the concrete with smaller size
aggregates. The reductions in the aggregate interlock and dowel
action were more significant in the HSC specimens, and did offset
the advantages provided by the HSC. This is in line with the trends
observed in Fig. 8 where limited difference was observed between
the residual strength of NSC and HSC.

The specimens which contained different longitudinal (vertical)
reinforcement resisted different yield, ultimate and residual
strengths. The average difference for the two series was less than
8% for the yield strength and for the ultimate strength, and about
17% for the residual strength. Differences in the order of 10–15%
are not uncommon in shear tests. For example, the ultimate shear-
ing strength of two duplicate specimens in series 1 of the landmark
tests conducted by Hofbeck et al. [7] differed by as much as 10%. In
addition, it is likely that the presence of additional vertical bars in
the vicinity of the shear transfer plane, and the fact that they were
discontinued in this region, created further disturbance along the
critical plane and affected the strength results.
4. Comparison with analytical results

The experimentally observed ultimate strengths are compared
with the calculations of four models: the ACI shear-friction model
[1], the AASHTO modified shear friction model [2], Mattock’s mod-
ified shear-friction model [3] and Rahal’s simplified SMCS model
[23]. These models are applicable to the case where the critical
transfer planes were not pre-cracked. In addition, the experimen-
tally observed residual strengths are compared with the calcula-
tions of four models: the ACI [1], AASHTO [2] and Mattock’s
models, and the EC2 code [24]. The following presents the basic
equations of these models for the case where the concrete on
either sides of the interface is normal-density, the clamping steel
is perpendicular to the critical shear-transfer plane, and no addi-
tional forces are applied perpendicular to the direction of the
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transfer plane. Resistance and material reduction factors are taken
as unity.

4.1. ACI shear-friction model

The ACI [1] nominal strength is given by:

vACI ¼ lqv f yv 6
0:2f 0c

3:3þ 0:08f 0c
11 MPa

2
64

3
75 ð2Þ

The term l is a coefficient to account for friction. It is taken as
1.4 for concrete cast monolithically, 1.0 for concrete cast against
hardened concrete whose surface is intentionally roughened, and
0.6 if the surface is not intentionally roughened. It is appropriate
to use l = 1.4 for the calculation of the ultimate strength of
non-precracked specimens presented in this study. The upper
limits given in Eq. (2) are suitable for monolithic construction
and for the case where the concrete is cast against hardened
concrete whose surface is intentionally roughened. For surfaces
that are not intentionally roughened, the upper limits are 0:2f 0c
and 5.5 MPa.

4.2. AASHTO modified shear-friction model

The AASHTO LRFD [2] nominal strength is given by:

vAASHTO ¼ c þ lqv f yv 6 0:25f 0c
10:3 MPa

" #
ð3Þ

where the terms (c) and (l) are taken as 2.8 MPa and 1.4 for mono-
lithic construction, and 1.7 MPa and 1.0 for concrete cast against
hardened concrete whose surface is intentionally roughened,
respectively. For surfaces that are not intentionally roughened, the
two terms are taken as 0.52 MPa and 0.6, respectively, and the
upper limits are changed to 0:2f 0c and 5.5 MPa.

4.3. Mattock’s model

For monolithic construction and across the interface when con-
crete is placed against hardened concrete with its surface inten-
tionally roughened, the nominal strength calculated using
Mattock’s modified shear-friction model [3] is given by:

vMat ¼
2:25qv f yv when qv f yv 6 K1=1:45
K1 þ 0:8qv f yv when qv f yv > K1=1:45

" #
ð4aÞ

but not greater than ð0:3f 0cÞ nor 16.5 MPa. The factor K1 is taken as
ð0:1f 0cÞ but not greater than 5.5 MPa for monolithic construction,
and as 2.8 MPa for the intentionally roughened surfaces.

For concrete placed against hardened concrete not intentionally
roughened, the strength is similar to that of the ACI code for the
same conditions:

vMAT ¼ 0:6qv f yv 6 0:2f 0c
5:5 MPa

" #
ð4bÞ
4.4. SMCS model

The nominal strength calculated using the simplified model for
combined stress-resultants (SMCS) [23,29,30] is given by the fol-
lowing equation:

vSMCS=f
0
c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xL �xv

p
6 j ð5Þ

where the reinforcement indexes are calculated as
xL ¼ qLf yL=f

0
c 6 j and xv ¼ qv f yv=f

0
c 6 j and the upper limit j
is taken as ð1=3� f 0c=900Þ. In pushoff specimens, the term xL is
taken as the upper limit (j) [23].

4.5. Eurocode 2

The EC2 [24] provisions are applicable to shear transfer across
the interface of concretes cast at different time. The general equa-
tion for the strength is given by:

vEC2 ¼ cfctd þ lqv f yv 6 0:5gf cd ð6Þ

where g is a strength reduction factor given by 0:6ð1� f ck=250Þ, and
fctd, fcd and fck are the design tensile strength, design compressive
strength, and characteristic compressive strength of concrete,
respectively. The coefficients c and l are taken as 0.5 and 0.9 for
surfaces with indentations, 0.45 and 0.7 for rough surfaces such
as those achieved by raking, and 0.35 and 0.6 for smooth surfaces
left without treatment after vibrations, respectively.

4.6. Observed versus calculated ultimate strengths

The ACI, AASHTO, Mattock and SMCS models are applicable to
the case of monolithic construction, where the critical transfer
planes were not pre-cracked. They are used to calculate the ulti-
mate strength of all the specimens. The EC2 equations are valid
for the case of concretes cast at different times and hence are not
directly applicable for calculating the ultimate strength of non-
precracked concrete. Table 4 summarizes the calculations of the
four models and lists the ratios between the observed and calcu-
lated strengths.

Fig. 9(a) compares the observed ultimate strength for series
SCC35 against the calculations of the four models described earlier.
The residual strength is also shown for comparison. Since the spec-
imens were not precracked, the friction factor l is taken as 1.4 in
Eqs. (2) and (3). Fig. 9(b) shows a similar comparison for series
SCC70.

It is shown that nearly all calculated strengths are conservative.
The best correlation average was achieved by AASHTO’s model, but
the least coefficient of variation was achieved by the SMCS model,
as also expected from Fig. 9(a) and (b). The ACI code results are sig-
nificantly more conservative than the remaining ones.

5. Calculations of residual strength

Mattock et al. [14] and Kahn and Mitchell [4] observed that
after reaching the ultimate shear strength, non-precracked pushoff
specimens resisted a residual strength which was similar to the
strength of the precracked specimens. Rahal and Al-Khaleefi [16]
concluded that precracking reduces the ultimate strength to a
value between the non-precracked strength and the residual
strength, depending on the severity of the precracking.

Precracking is commonly achieved by placing the specimen hor-
izontally on the test machine and applying vertical line loads on
the opposite faces of the shear transfer plane until the formation
of the crack along the plane. While the use of this method is very
common, the extent of the cracking it causes is not. In many cases
(e.g. [4,7]) the crack widths and the steel strains are not reported.
When reported, a large variation in the crack widths due to pre-
cracking is observed. For example, the precracking of the large-
scale specimens tested by Nagle and Kuchma [11] led to crack
widths ranging from 0.03 to 0.86 mm. It is expected that precrack-
ing to larger crack widths leads to ultimate shearing strengths clo-
ser to the residual strength.

The loading of non-precracked elements to ultimate strength
causes considerable cracking in addition to yielding of the clamp-
ing bars. See Fig. 4. These conditions are considered similar to



Table 4
Comparison between experimental and calculated ultimate strengths.

Specimen vu (MPa) vu-ACI (MPa) vu-AASHTO (MPa) vu-MAT (MPa) vu-SMCS (MPa) vu
vu-ACI

vu
vu-AASHTO

vu
vu-MAT

vu
vu-SMCS

35-2T6-SCC 6.10 1.31 4.11 2.10 3.10 4.67 1.49 2.90 1.97
35-2T8-SCC 7.33 3.68 6.48 5.60 5.20 1.99 1.13 1.31 1.41
35-3T8-SCC 7.70 5.52 8.32 6.65 6.37 1.40 0.93 1.16 1.21
35-3T8-SCCr 8.79 5.52 8.32 6.65 6.37 1.59 1.06 1.32 1.38
35-4T8-SCC 9.70 6.10 8.74 7.70 7.35 1.59 1.11 1.26 1.32
35-6T8-SCC 11.1 6.10 8.74 9.80 9.01 1.82 1.27 1.13 1.23

70-2T6-SCC 8.69 1.31 4.11 2.10 4.29 6.65 2.12 4.14 2.02
70-2T8-SCC 11.50 3.68 6.48 5.92 7.21 3.12 1.77 1.94 1.60
70–3T8-SCC 12.57 5.52 8.32 8.65 8.82 2.28 1.51 1.45 1.43
70-3T8-SCCr 12.3 5.52 8.32 8.65 8.82 2.23 1.48 1.42 1.39
70-4T8-SCC 12.77 7.35 10.15 9.70 10.2 1.74 1.26 1.32 1.25
70-6T8-SCC 15.85 9.80 10.30 11.8 12.5 1.62 1.54 1.34 1.27

35-2T 6-0 5.55 1.31 4.11 2.10 3.35 4.24 1.35 2.64 1.66
35-2T 8-0 7.94 3.68 6.48 5.92 5.62 2.16 1.22 1.34 1.41
35-3T 8-0 8.68 5.52 8.32 7.33 6.87 1.57 1.04 1.18 1.26

Average 2.58 1.35 1.72 1.45
C.O.V. (%) 58.0 23.0 49.6 17.4
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Fig. 9. Experimental versus calculated ultimate strengths of specimens from SCC
series.
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severe precracking, which render the strength to be equal to the
residual strength. Consequently, it is suggested that the residual
strength can be calculated using the strength equations relevant
to precracked elements.

This strength of precracked elements depends considerably on
the roughness of the surface [1–3]. It has been observed that
shearing cracks in normal strength concrete pass through the
cement paste and around the aggregates, leading to significant
aggregate interlock. However, the cracks in high strength concrete
pass through both the paste and the aggregates leading to
smoother cracks [27,31]. To account for this observation, it has
been suggested that the value of the maximum size of aggregates
that is used in calculating the concrete contribution in concrete
of strength higher than 70 MPa to be taken as zero [32]. Conse-
quently, a relatively rough surface can be expected along the shear
transfer planes of NSC specimens, while a smoother surface can be
expected for the HSC specimens.

Table 5 compares the experimentally observed residual
strength with the calculations of four methods: ACI, AASHTO,
EC2 and Mattock’s. The ACI, AASHTO and Mattock calculations
for series SCC35 and N35 are based on the equations for intention-
ally roughened surfaces while those for series SCC70 are based on
the equations for surfaces not intentionally roughened (closer to
smooth surfaces). The EC2 calculations are based on the equations
for rough surfaces for series SCC35 and N35, and for smooth sur-
faces for series SCC70.

Fig. 10 compares the observed residuals strengths with the cal-
culated values for the SCC series. For the sake of comparison, the
figure includes the calculations of each of the methods based on
the two surface roughness conditions discussed earlier. Table 5
and Fig. 10 show that the ACI equations provide generally conser-
vative results. The upper limits for intentionally roughened surface
conditions are slightly unconservative, and the more restrictive
limits of the smoother surface conditions are more suitable. In
addition, the use of l = 0.6 for the SCC70 series is very conserva-
tive, and a value of 1.0 is more appropriate. The results of AASHTO
and of Mattock’s model for intentionally roughened surface condi-
tions severely over-estimate the strength of the normal strength
series, while the model for surfaces without intentional roughen-
ing is considerably conservative for the high strength series. The
use of a cohesion factor was one of the main reasons for the uncon-
servative results of AASHTO and Mattock’s methods. A cohesion
coefficient c equal to zero is reasonable because pushoff specimens
without clamping steel fail after reaching ultimate and do not pos-
sess any residual strength [16]. The EC2 provides the best correla-
tion with the experimental results as shown in Table 5. However, it
is shown in Fig. 10 that the upper limits can be significantly
unconservative.

Fig. 11 shows a plot of the residual strength versus the clamping
stress for all the specimens reported in this paper in addition to
those from 15 specimens reported elsewhere [16]. The cube



Table 5
Comparison between experimental and calculated residual strengths.

Specimen vr (MPa) vr-ACI (MPa) vr-AASHTO (MPa) vr-EC2 (MPa) vr-MAT (MPa) vr
vr-ACI

vr
vr-AASHTO

vr
v r-EC2

vr
v r-MAT

35-2T6-SCC 1.6 0.93 2.63 1.50 2.10 1.71 0.61 1.06 0.76
35-2T8-SCC 3.3 2.63 4.33 2.69 5.60 1.25 0.76 1.23 0.59
35-3T8-SCC 5.6 3.94 5.64 3.61 6.65 1.42 0.99 1.55 0.84
35-3T8-SCCr 4.2 3.94 5.64 3.61 6.65 1.07 0.74 1.16 0.63
35-4T8-SCC 5.3 5.25 6.95 4.52 7.70 1.01 0.76 1.17 0.69
35-6T8-SCC 5.5 6.10 8.74 6.37 9.80 0.90 0.63 0.86 0.56

70-2T6-SCC 2.0 0.56 1.08 1.71 0.56 3.57 1.85 1.17 3.57
70-2T8-SCC 4.6 1.58 2.10 2.73 1.58 2.92 2.19 1.69 2.92
70-3T8-SCC 4.6 2.36 2.88 3.51 2.36 1.95 1.60 1.31 1.95
70-3T8-SCCr 4.9 2.36 2.88 3.51 2.36 2.07 1.70 1.40 2.07
70-4T8-SCC 6.1 3.15 3.67 4.30 3.15 1.94 1.66 1.42 1.94
70-6T8-SCC 5.6 4.73 5.25 5.88 4.73 1.18 1.07 0.95 1.18

35-2T 6-0 2.0 0.93 2.63 1.64 2.10 2.14 0.76 1.22 0.95
35-2T 8–0 3.9 2.63 4.33 2.83 5.92 1.48 0.90 1.38 0.66
35-3T 8-0 4.9 3.94 5.64 3.75 7.33 1.24 0.87 1.31 0.67

Average 1.72 1.14 1.26 1.33
C.O.V. (%) 43.1 45.1 17.1 70.9
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Fig. 10. Experimental versus calculated residual strengths of specimens from SCC
series.
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compressive strength of these specimens ranged from 29.3 to
54.7 MPa, and the concrete was made by replacing 50% or 100%
of the coarse aggregates with recycled ones. One of the specimens
did not contain clamping bars. It failed when cracking was first
observed and did not possess any residual strength. Fig. 11 shows
that the residual strength increases with larger clamping. The
maximum stress that can be relied on is between 5 and 6 MPa.
Based on the test results in Fig. 11, it is suggested that the residual
strength can be calculated using the following equation which
satisfies the restriction of c = 0:

v r ¼ 1:0qv f yv 6 5:5 MPa ð7Þ
Eq. (7) is plotted in Fig. 11 and is shown to be adequate for the

calculation of the residual strength of all 30 specimens.

6. Conclusions

Tests were conducted on 15 non-precracked pushoff specimens
to study the shear behavior of normal strength and high-strength
SCC. The following are the main conclusions of the study:

1. Increasing the compressive strength of the concrete led to a sig-
nificant increase in the ultimate shearing strength of the push-
off specimens. However, it had a limited effect on the cracking
stresses and on the post-ultimate residual stresses.

2. Increasing the amount of clamping reinforcement increased the
ultimate strength. It also increased the residual strength but
was limited to an upper value of 5–6 MPa in specimens with
relatively large clamping steel
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3. The ultimate strength was typically reached when the strains in
the clamping steel reached the yield values. The ratio of the
yield to the ultimate strengths ranged from 0.75 to 1.0, with
an average of 0.93 and a coefficient of variation of 8.2%.

4. The ultimate strengths were compared with the calculations of
four models, including the ACI and the AASHTO shear-friction
models. The calculated strengths were generally conservative.
The best correlation average was obtained using AASHTO’s
model, but the best coefficient of variation was obtained using
the SMCS model.

5. The possibility of using four existing models to calculate the
residual strength was investigated, assuming that the condi-
tions of the transfer planes in NSC and HSC specimens are sim-
ilar to those of surfaces which are intentionally roughened and
surfaces which are not intentionally roughened, respectively. It
was found that the results of EC2 provided the best correlation
with the experimental results, while those of the ACI code pro-
vided generally conservative results.

6. It is suggested that a using the shear friction general equation
with a coefficient of cohesion c = 0, a coefficient of friction
l = 1.0, and an upper limit on the stress equal to 5.5 MPa pro-
vides adequate calculation of the residual strength in pushoff
specimens which were not pre-cracked.

7. The ACI equation for web shear cracking provides a very conser-
vative estimate of the stresses at cracking in the concrete.
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