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Abstract 

The shear span-to-effective depth ratio (a/d) is one of the factors governing the shear behavior of reinforced concrete 
(RC) beams, with or without shear reinforcement. In high-strength concrete (HSC), cracks may propagate between 
the aggregate particles and result in a brittle failure which is against the philosophy of most design guidelines. The 
experimental results of six HSC beams, with and without shear reinforcement, tested under four-point bending with 
a/d ranged from 2.0 to 3.0 are presented and compared with different model equations in design codes. The a/d ratio 
has higher influence on the shear strength of reinforced HSC beams without shear reinforcement than beams with 
shear reinforcement. Most of the shear resistance prediction models underestimate the concrete shear strength of 
the beams but overpredict shear resistance of beams with shear reinforcement. However, the fib Model code 2010 
accurately predicted the shear resistance for all the beams within an appropriate level of approximation (LoA).
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1  Introduction
High-strength concrete (HSC) as defined by ACI 363R 
2010 is a concrete mix with 28-day compressive strength 
greater than 6000 psi (41 MPa). It is preferred over nor-
mal-strength concrete (NSC) because of its superior 
durability and mechanical properties. In HSC, propaga-
tion of cracks through the aggregates rather than around 
the aggregates is possible if the hardened paste strength 
is higher than that of the aggregate. The propagation of 
cracks through the aggregates makes the crack smoother 
with a reduction in aggregate interlock (Regan et  al. 
2005). However, the reduction in aggregate interlock is 
a cause of concern as it can lead to brittle failure. HSC 
is the material of choice for use in heavily loaded col-
umns, bridge girders, and precast elements because its 

improved strength can reduce member sizes and eventu-
ally overall cost.

The mechanism of shear transfer in RC members have 
generated extensive debate especially on the important 
variables to be considered in shear prediction models 
because shear resistance is a complex problem. These 
variables are transverse and longitudinal steel ratios; 
to a/d ratio; compressive strength of concrete; yield 
strength of steel reinforcement; crack spacing; bond 
stress between steel and concrete, and size of the beam 
(ACI 426-1973; CSA23.3- 2004; EC 2- 1992). An experi-
mental approach has been developed for RC members 
to evaluate shear strength provided by concrete (Vc) and 
steel reinforcements (Vs) (Wu et al. 2020). The variations 
of the a/d ratios have been taken into consideration to 
develop model. The results showed that Vc and Vs were 
significantly affected by a/d and they vary with the same 
cross section; therefore, they cannot be considered as 
cross-section property.
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Table  1 summarizes the important variables consid-
ered in some commonly used design guidelines and 
models for shear prediction. Early theories of shear trans-
fer mechanism in NSC beams were empirically based 
on codes, such as ACI 318-2014 and EC 2-1992, while 
some were based on modified compression field theory 
(MCFT), such as the case of CSA23.3- 2004, and fib 
model Code 2010 (Béton et al. 2013 and SIA 262-2012), 
which are based on critical shear crack theory (CSCT). 
The stress distribution in a RC section is represented 
by the stress block diagram (ACI 318- 2014), which can 
be used to determine section capacity. The HSC stress–
strain curve is more linear than the parabolic stress–
strain curve for NSC, resulting in a different shapes of 
stress block diagram to calculate the HSC beams flexural 
capacity (Pastor et  al. 1984 and Leslie et  al. 1976). The 
empirical approaches use beam and arch actions (Kani 
et  al. 1964 and Park et  al. 1975) that neglect the bond 
action of the steel reinforcement and aggregate interlock. 
The MCFT considers the tensile steel reinforcement, the 
compression zone, the aggregate interlock, and shear 
transfer across the cracks (Taylor et al. 1970), and MCFT 
was proposed by the fib concrete model based on shear 
transfer across cracks (Béton et  al. 2013). Other theo-
ries are based on truss analogy (ACI 318-2014), variable 
truss angle (EC 2-1992), and a combination of beam and 
arch actions with dowel action and aggregate interlock 
(CSA23.3- 2004).

The experimental evaluation of shear cracking in RC 
beams has been reported by Hu et  al. (2017). Shear 
crack widths and shear strains have been reported 
and evaluated by digital image correlation. The results 
have correlated crack width to deflection and shear 
strength. The addition of shear strength provided by 
concrete (Vc) and steel reinforcements (Vs) to predict 
the overall RC beams shear strength has been used 
by designers for years and years (Hu et  al. 2018). ACI 
and AASHTO provide various formulas to predict the 
first diagonal shear crack Vcr and the total Vc. Hu et al. 
(2018) provided experimental evaluation of the effect of 
a/d on the Vc and the Vs. Results showed that varying 

small a/d shows larger Vc compared to Vcr. In addition, 
not all stirrups cross shear cracks reach yield ultimate 
strength. It was found also that the design codes pro-
vide unconservative values for Vc at higher a/d.

In a hypothetical model developed by JC et al. (1981), 
concrete was described to be a two-phase composite 
material, where rigid sphere aggregates are surrounded 
by the cement paste. Cracks were modeled to propa-
gate around the aggregates whose contact area between 
them depends on the crack kinematics (width and slid-
ing), aggregate size, and the ratio of the coarse aggre-
gate to the total aggregate volume. The fib Model code 
2010 (Béton et  al. 2013) was based on this premise to 
establish the importance of aggregate interlock on 
shear resistance of RC members.

Experimental studies conducted by different authors 
(ACI 426-1973; Grebović et al. 2015; Perera et al. 2013) 
have shown that the compressive strength of concrete 
and a/d ratio have a greater influence on the behavior 
of RC beams, with and without web reinforcement. 
For example, when the a/d ratio is less than 1.0, an 
inclined crack joining the load and the support would 
be formed. The formation of the inclined crack destroys 
the horizontal shear flow from the beam longitudinal 
reinforcement to the concrete compression zone and 
changes its behavior from the beam action to the arch 
action. For an a/d between 1.0 and 2.5, an inclined 
crack forms after a redistribution of internal forces 
such that the beam is dominated by the arching action, 
and for a/d between 2.5 and 6.0, the behavior is domi-
nated by beam action before ultimately fails in flexure.

Chen et  al. (2013) have reported that the shear 
strength of high-strength concrete beams does not 
improve with the same proportion as the compres-
sive strength improvement. They tested high-strength 
concrete beams without shear reinforcement to inves-
tigate the overall behavior. Chen et  al. (2013) showed 
that the variation of shear strength in HSC is related 
to the fracture failure roughness, where they found 
that the roughness index decreases when compressive 
strength increases, which means that failure surfaces in 

Table 1  Summary of shear parameters considered in different models.

Parameter ACI318-14 Bazant et al CSA EC2 FIB Model code SIA

Aggregate size x x

Compressive strength

a/d

ρl

ρw x x x x x x

Size effect based on depth x
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HSC is smoother than failure surfaces in normal weight 
concrete.

Sudheer et  al. (2010) have attempted to investigate 
the shear strength of high-strength concrete beams 
with compressive strength close to 70  MPa. The para-
metric study has included various shear span-to-depth 
ratios (a/d = 1, 2, 3, and 4) without shear reinforcement. 
The results have been compared with the shear mod-
els found in the literature, such as ACI 318, Canadian 
Standard, CEP-FIP Model, Zsutty Equation, and Bazant 
Equation. The main conclusion was found that the best 
fit to the testing results was Zsutty’s model; in addition, 
the authors provided simplified equation to predict shear 
strength of HSC.

The ACI 318-2014 limits concrete compressive 
strength for shear calculation in beams without web 
reinforcement to 68  MPa and underestimates the effect 
of longitudinal reinforcement ratio as well as the a/d 
ratio. The EC 2-1992 limits the compressive strength of 
concrete to 50 MPa, while BS 8110-1997 limits concrete 
compressive strength to 41 MPa, longitudinal reinforce-
ment ratio to 0.03, and a/d ratio to 2.0. In contrast, the fib 
Model Code 2010 (Béton et al. 2013) limits the concrete 
strength to 64  MPa because HSC produces smoother 
crack faces where cracks pass through rather than around 
aggregate particles, especially in beams without shear 
reinforcements.

The objective of this paper is to study the influence of 
the a/d ratio on the behavior of high-strength RC beams 
in comparison with state-of-the-art models and design 
guidelines; it is not to say that one model or design guide-
line is better than the other. As future RC construction 
will more likely use HSC more and more, this study 
points out the need for more research in understanding 
shear mechanisms in high-strength RC beams.

2 � Experimental Procedure
2.1 � Concrete and Reinforcement Bars Properties
The fine and coarse aggregates were obtained from Pre-
mix Concrete at Pullman, WA. The coarse aggregate 
used was a basalt rock with a maximum aggregate size 
of 20  mm, while the fine aggregate was obtained from 
Atlas Rock in Northern Idaho. The aggregates were well 
blended and graded to ensure optimum packing. Ordi-
nary Portland cement blended with supplementary 
cementitious materials (50% fly ash and 50% slag) was 

used with a water to cementitious (w-cm) ratio of 0.32. 
To achieve sufficient workability, Daracem was used as 
high-range water-reducing agent (HRWRA), and Dara-
var (DAV) as air-entraining agent. The mixing proportion 
and fresh properties of the concrete are summarized in 
Table 2. Concrete samples were taken from each concrete 
batch during mixing to make three concrete cylinders of 
101.6 mm by 203.2 mm for compressive strength test on 
the day of testing the beams. The concrete cylinders and 
the beam specimens were cured in a humidity chamber 
for 28 days. The average 28-day compressive strength of 
the concrete cylinders was 69.5 MPa.

The mechanical properties of the steel reinforcement 
used in this study were obtained from uniaxial tension 
testing of three samples of the stirrups and the longitu-
dinal reinforcement. The stirrups, made from 10  mm 
diameter bar, had an average yield stress of 400 MPa, and 
the longitudinal reinforcement was made from 16  mm 
diameter bar with an average yield stress of 420 MPa. The 
average ultimate strength for the stirrup and longitudinal 
bars is 490 MPa and 520 MPa, respectively. All the rebar 
has elastic modulus of 210 GPa.

2.2 � Specimen Design
To study the influence of a/d on the behavior of rein-
forced HSC beams, six specimens were designed accord-
ing to ACI 318-2014 and tested using a four-point 
bending, under a displacement-control regime at a rate of 
0.5 mm/min until failure, by varying the a/d as summa-
rized in Table 3. All beams were simply supported having 
a length of 2133.6 mm and a clear span (length between 
supports) of 1879.6  mm, and 25.4  mm clear concrete 
cover. The cross sections of the beams are shown in 
Fig. 1. To design the beams to have shear failure, no stir-
rups were used as shown in Fig. 1a, while to force beams 
to have flexural failure,  ∅ 10 mm stirrups @ 75 mm spac-
ing were provided. The shear and flexural design have 
been conducted using the ACI [3] design provisions.

The specimens were named according to the Beam 
Number-Loading Type-Stirrups-Spacing-Shear and a/d 
ratio. For example, 2Cont-MN-2 represents beam speci-
men number 2 as a control specimen (CONT)-tested 
under monotonic loading (M) without stirrups (N) and 
a/d of 2.0.

As shown in Fig. 1, specimens 2Cont-MN-2 and 3Cont-
MN-2.5 did not have shear reinforcement, while minimum 

Table 2  Concrete mix proportion and properties.

w-cm Unit weight (kg/m3) Slump (mm) f
′

c(MPa)

Water Cementitious materials Coarse aggregate Fine aggregate HRWRA​ DAV

0.32 162 502 1023 860 2.47 0.14 76.20 69.5
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shear reinforcement was provided in specimens 4Cont-
M8-2, 5Cont-M8-2.5, 6Cont-M8-3, and 7Cont-M3-2.5 
to prevent brittle shear failure and to compensate for the 
reduced concrete contribution to shear strength caused by 
the reduction in aggregate interlock (ACI 363R 2010). The 
proposed minimum shear reinforcement was calculated 
from Eq. (1) as suggested in ACI 363R-2010.

A technical report (CSTR-49 1998) proposed the mini-
mum shear reinforcement for HSC beams according to 
Eq. (2), where Eq. (3) is used to calculate the tensile strength 
of the concrete. Equation (2) was developed to account for 
the reduction in aggregate interlock:

(1)Av,min = 0.0625

√

f
′

c

bws

fy
≥ 0.33

bws

fy

(2)Av,min =
fct,m

7.5

bws

fy

(3)fct,m = 0.58

√

f
′

c if f
′

c > 60MPa

Comparison of Eq.  (1) and (2) denotes that (Reagan 
et al. 2005) is conservative in shear resistance predic-
tion of RC beams. A plot of Eqs.  (1) and (2) for con-
crete grades greater than 60 MPa is shown in Fig. 2.

Table 3  Details of beam specimens and experimental results.

a  Beam 5Cont-M8-2.5 experienced malfunction during the test.

Beams h (mm) b (mm) d (mm) a/d ρl (%) ρwfy (MPa) Vfail (kN)

2Cont MN-2.5 304.8 152.4 279.4 2.5 0.94 – 122.77

3Cont-MN-2 304.8 152.4 279.4 2 0.94 – 95.64

4Cont-M8-2 304.8 152.4 279.4 2.0 0.94 2.13 133.00

5Cont-M8-2.5a 304.8 152.4 279.4 2.5 0.94 2.13 98.75

6Cont-M8-3 304.8 152.4 279.4 3 0.94 2.13 131.67

7Cont-M3-2.5 304.8 152.4 279.4 2.5 0.94 5.68 131.67

Fig. 1  Details of test specimens (a) 2Cont MN & 3Cont MN (b) Cont. M8 (c) Cont. M3.
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Fig. 2  Comparison of code equations for minimum shear 
reinforcements in HSC beams.
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2.3 � Instrumentation and Test Setup
The necessary data collected during the experimental 
testing were the strain in the concrete and rebar, beam 
mid-span deflection, and crack evolution/propagation. 
To capture these data, strain gauges were installed at 
mid-span of the bottom (tensile) steel reinforcements 
and on the shear reinforcement (the second stirrup 
from the support) where the bending and shear stresses 
are maximum, respectively. The steel strain gauges were 
installed and marked before the concrete was poured. A 
day prior to testing, concrete strain gauges were installed 
on the compression side of the beam to capture the con-
crete strain. During testing, a linear variable differential 
transformer (LVDT) was placed at the mid-span and 
close to the supports of the specimen to capture the mid-
span displacement and any rotation at either support. 
All the strain gauges and the LVDT were connected to a 
data acquisition system to continuously record the data 
electronically. A 220 kN servo-valve hydraulic actua-
tor was used to apply load to the specimens through a 
steel spreader beam placed on top of the beam at a load-
ing distance corresponding to each a/d. To prevent local 
crushing of concrete, 150 mm by 30 mm thick neoprene 
pads were placed under the load. The beam was hinged 
at one end and supported by a roller at the other end. A 
complete setup of the specimen before testing is shown 

in Fig.  3 All beams were loaded until failure. The load 
and deflections corresponding to the concrete cracks and 
steel yielding were marked, recorded, and analyzed.

3 � Test Results and Discussions
The results of the experimental testing are presented in 
the following subsections.

3.1 � Cracking Moments and Moment Capacity
The first crack in all the specimens was a flexural crack 
which occurred at the mid-span of the beams and propa-
gated to other parts of beam as the test continued with 
subsequent development of shear cracks inclined toward 
the loading points. The corresponding load at first crack 
was recorded and converted to moment by multiply-
ing it with the shear distance in each loading case. This 
cracking moment was compared with those suggested by 
ACI 363R (2010) and ACI 318- (2014) as summarized in 
Table 4, by using Eqs. 4(a) and (b), respectively:

Comparison of the cracking moment with ACI code 
equations is summarized in Table 4. The results showed 
that the beam cracking moment is lower than those pre-
dicted by ACI 318-2014 and ACI 363R-2010. The ACI 
codes overpredicted the cracking moment for beams 
without shear reinforcements by 30.76%, but for beams 
with shear reinforcement, the results were fairly con-
sistent with the ACI except beam 5Cont-M8-2.5. The 
inconsistency of the early cracking could be attributed to 
shrinkage of the concrete where restraint was provided 
by the steel reinforcement within the concrete. It has 
been suggested that using a reduced tensile strength of 
concrete to calculate the cracking moment of reinforced 
HSC beams would account for free shrinkage strain and 
translating it into equivalent tensile stress (Gilbert et al. 
1998 and Large et al. 1969).

(4a)fct = 0.56

√

f
′

c

(4b)fct = 0.59

√

f
′

c for 21MPa < f
′

c < 83MPa.

Fig. 3  Testing setup for beam specimen.

Table 4  Comparisons of cracking moments.

Specimen Pcr. (kN) Mcr-Expt. 
(kN.m)

Mcr-ACI 318 
(kN.m)

Mcr-ACI 363 
(kN.m)

Mcr-ACI 

318/ Mcr-

Expt

Mcr-ACI 

363/ Mcr-

Expt

Mu-Expt. (kN.m) Mu-ACI 318 
(kN.m)

Mu-ACI 318 /Mu-Expt

2Cont-MN-2.5 26.70 9.33 12.20 18.71 1.31 2.00 85.76 44.67 0.52

3Cont-MN-2 33.40 9.33 12.20 18.71 1.31 2.00 53.44 44.67 0.84

4Cont-M8-2 40.00 11.19 12.20 18.71 1.09 1.67 74.32 44.67 0.60

5Cont-M8-2.5 17.80 6.21 12.20 18.71 1.97 3.01 68.97 44.67 0.65

6Cont-M8-3 31.10 13.06 12.20 18.71 0.93 1.43 92.00 44.67 0.49

7Cont-M3-2.5 29.80 10.41 12.20 18.71 1.18 1.79 92.00 44.67 0.49



Page 6 of 12Arowojolu et al. Int J Concr Struct Mater           (2021) 15:14 

The parameters for the stress block were modified to 
account for the greater brittleness of HSC (Campione 
et al. 2014). Whitney’s equivalent stress block for under-
reinforced (tension-controlled) beam can be used if the 
section analysis is based on bending theory. Using the 
stress–strain curves for uniaxially loaded specimens 
showed close values to the experimental data in terms of 
moment–curvature relationship and ultimate moment 
capacity of HSC beams (Mansur et  al. 1997). ACI 318-
2014 can be used to calculate the beam flexural capacity 
using Eq. (5): 

Comparisons of experimentally obtained moment 
capacities and Eq.  (5) are summarized in Table  4. The 
ratio of ultimate moment from ACI 318 to ultimate 
moment from experiment, Mu-ACI 318 /Mu-Expt., had an 
average value of 0.92 for a total of 16 reinforced HSC 
beams tested (Mansur et  al. 1997) under different a/d 
ratios. It can be observed that the equation from ACI 
318-2014 greatly underestimates the flexural capacity 
of reinforced HSC beams, especially for beams with a/d 
between 2.0 and 3.0. The flexural capacities of the speci-
mens did not show a well-defined trend with various a/d, 
and the provision of shear reinforcement in the beams 
prevented premature flexural failure. Technically, the 
flexural capacities of the specimens should be the same 
because all the specimens had the same cross section and 
the same amount of flexural reinforcement. However, it 
was the difference in the shear capacities that resulted 
in the difference in applied shear load in the specimens 
when concrete beams failed.

3.2 � Load–Deflection and Behavior of Beam Specimens
The load–deflection curves for all the beam specimens 
were plotted and compared with deflections calculated 
using the elastic theory. An idealized load–displacement 
curve for reinforced HSC beam is shown in Fig.  4 and 
compared with the experimental results. The specimens 
were classified into two groups: the first group comprised 
two beams having the same flexural reinforcement ratio, 
but different a/d ratios without shear reinforcement. In 
the second group, beams have equal flexural reinforce-
ment ratio but different shear reinforcement ratios.

An under-reinforced beam that shows ductility before 
failure when loaded could be idealized with four seg-
ments labeled A to D on the load–deflection curve 
of Fig.  4a. The first two points of Fig.  4a depict the 
first cracking and tension steel yielding (points A and 
B), respectively, and the stiffness of the beam is then 
reduced at points of “B” to “D” (beyond yielding).  If 

(5)Mu = Asfy

(

d − 0.59
Asfy

f
′

c b

)

.

shear reinforcement is provided to preclude brittle shear 
failure, the beam would develop its full flexural capacity 
and ultimately fail by flexure (points “B”–“D”). However, 
in the absence of shear reinforcement, the full flexural 
capacity of the beam will not be reached, and the sec-
tion fails before yielding (between points “A” and “B”) in 
a brittle manner.

The load–deflection curves for the tested beams are 
shown in Fig.  4b and 4c, with behaviors similar to the 
idealized load–deflection curve of Fig.  4a. In the first 
group (3CONT-MN-2 and 2CONT-MN-2.5), the speci-
mens failed in brittle shear without steel yielding; this 
failure corresponds between points “A” and “B” shown in 
Fig. 4a. After the first crack in specimen 3CONT-MN-2, 
diagonal shear cracks occurred in the region of combined 
moment and shear, which propagated to the compres-
sion zone (top) of the beam followed by crushing of the 
concrete under the load. Similarly, 2CONT-MN-2.5 had 
an inclined shear crack that extended to the bottom of 
the beam with a splitting crack along the tension rein-
forcement of the beam as shown in Fig. 5. The splitting 
crack along the tension reinforcement was due to dowel 
action in the tension reinforcement. The two beams, 
3CONT-MN-2 and 2CONT-MN-2.5, failed ultimately 
by shear-compression and shear-tension, respectively. 
The observed failure modes were similar to the results of 
reinforced NSC beams (ACI 426- 1973).

In the second group (4CONT-M8-2, 5CONT-M8-2.5, 
6CONT-M8-3, and 7CONT-M3-2.5), the load-displace-
ments shown in Fig.  4(c) displayed a pattern similar to 
those in group one. Specimens with a/d equals 2.0 and 
2.5 (4CONT-M8-2, 5CONT-M8-2.5, and 7CONT-
M3-2.5) failed between points “A” and “B” in a brittle 
shear manner without yielding of the steel reinforcement. 
Comparison of these specimens with those without shear 
reinforcement showed that beams in group 2 are stiffer 
and possess higher load capacities than those in group 
one. The cracks started as flexural cracks at the region 
of maximum moment and propagated along the beam 
length with formation of diagonal shear cracks as shown 
in Fig. 6a through c.

In specimen 6Cont-M8-3, the load–displacement curve 
was similar to the idealized load–displacement curve 
with failure between points “B” and “D”, beyond yielding 
as shown in Fig.  4c. As the test progressed, yielding of 
the steel reinforcement was observed and the beam ulti-
mately failed in flexure. The load-strain curve for the lon-
gitudinal and transverse reinforcement is shown in Fig. 7.

3.3 � Deflection Predictions
The basic approach to calculate deflection is by using 
elastic beam theory given in Eq.  (6a), considering 
the effective moment of inertia. The most commonly 
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accepted empirical expression to calculate the effective 
moment of inertia is shown in Eq. (6b):

The Mcr suggested by ACI 363R- (2010) and ACI 318- 
(2014) were used to calculate the effective moment of 
inertia in Eq.  (6b). The deflection values obtained from 
the calculations named δACI−318 are based on Mcr-ACI 318 
and δACI−363 based on Mcr-ACI 363 are compared with the 
experimental results, as shown in Table 5.

(6a)δ =
1

24

{

3L2 − 4a2v

}

(

Ma

IeEc

)

,

(6b)Ie = Icr +

{

(

Mcr

Ma

)3
(

Ig − Icr
)

}

≤ Ig .

The equations (ACI 318- 2014) underestimated the 
deflections of the beams without shear reinforcements. 
However, for beams reinforced with stirrups, the 
deflection values from ACI 318-2014 were higher than 
the experimental deflection values as shown in Table 5. 
Beam with stirrups (shear reinforcement) had higher 
deflection because, with the introduction of shear rein-
forcement, the beam would sustain higher load which 
would also translate to higher deflection as long as the 
beam remains elastic.

For example, beams reinforced with stirrups (200 mm 
spacing) showed predicted deflection of 50%, and 37% 
increase for a/d = 2 and 2.5, respectively, and when 
a/d was increased to 3.0, the deflection was signifi-
cantly increased to (45%) compared to the experimental 

Fig. 4  Load–displacement curves for (a) Idealized reinforced HSC beam [22]; (b) group 1 and (c) group 2 tested specimens.
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results. The code equations shown in Eq. 6(a) through 
(b) were used taking into consideration the concrete 
elastic modulus and the cracking moment based on 
the tensile strength of the concrete. As previously 
described, equations from ACI 318-2014 do not con-
sider the effect of shrinkage and creep in the calcula-
tion of cracking moment, especially for HSC.

In the modified method of deflection calculation pre-
sented by Ghali et  al. (2012), a basic deflection value is 
calculated by assuming that the RC beam is a homogene-
ous elastic material without cracking. This basic deflec-
tion value was then multiplied by factors to account for 
creep, shrinkage, cracking, and reinforcement stiffening 
(Ghali et  al. 2012). This modified method of calculating 
deflection improved the accuracy of the deflection pre-
dictions as shown in Table  5. Improvement in deflec-
tion values for beams without shear reinforcement was 
observed with an overprediction of 20% for a/d = 2.0. 
For beams with higher values of a/d and with shear rein-
forcements, the deflection predicted by Ghali et al. (2012) 
showed higher results. As a/d was increased, the beam 
would be subjected to higher effect of shear and flexure, 
which would result in higher deflection. The combined 
effect of flexure-shear on deflection of beams has not 
been fully developed and hence needs further study to 
understand this interaction. The effect of shrinkage and 
cracking should be accounted for in deflection prediction 
for reinforced HSC beam (Rashid et al. 2005).

3.4 � Shear Prediction Models
The shear resistance of reinforced HSC beams can be 
calculated in different ways using empirical approaches 

based on the assumptions of the shear stress distribu-
tion theories in the beam section. One such theory 
assumes 25% of the shear stresses to be transferred 
through the compression zone, 25% through dowel 
action, and 50% through aggregate interlock along the 
crack (Taylor et al. 1970).

In the fib Model Code 2010, four levels of shear 
strength approximation (LoA I to LoA IV) were sug-
gested as presented in Muttoni et al. (2012). For mem-
bers without shear reinforcement, LoA II provides a 
base model and Level I is its simplification. Similarly, 
for members with shear reinforcement, Level III pro-
vides a base model while Level II is its simplified form. 
The level of approximation (LoA) contains β, a value 
that accounts for cracked concrete to transfer shear 
stress across the crack through aggregate interlock. The 
higher the aggregate interlock, the higher the β value. 
It should be noted that for a concentrated load placed 
between 1 ≤ a/d ≤ 2, the β value would account for 
arching action. In this study, LoA I and II were used for 
specimens without shear reinforcement and with shear 
reinforcement, respectively.

Using the critical shear crack theory, Zsutty’ s model 
(1971) and Huber et  al. (2019) proposed a model 
which combined aggregate interlock, effective shear 
span-to-depth ratio and failure zone roughness to pre-
dict the shear capacity of RC beams with and without 
shear reinforcement. The effect of shear reinforcement 
depends on the bond action between the stirrups and 
the concrete, and the inclination of the diagonal cracks 
or the number of stirrups crossing the diagonal cracks 
(Huber et al. 2016).

Fig. 5  Failure mode of beam specimens (a) 3CONT-MN-2 and (b) 2CONT-MN-2.5.
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Several shear prediction models are summarized in 
Table 6 for different concrete grades and based on dif-
ferent shear transfer mechanisms. The shear capacities 
of beams from the experimental testing were com-
pared with the results from the models summarized in 
Table 6. These results are as summarized in Table 7.

For beams without shear reinforcement (2Cont-
MN-2.5 and 3Cont-MN-2), a comparison of the experi-
mental and analytical results showed that all the models 
except the fib 2010 model with LoA1 (Béton et al. 2013) 
and Huber’s et  al. (2019) displayed a wide variation in 
the shear capacities. It is interesting to note that both 
Bazant et  al. (1984) model and fib model (Béton et  al. 
2013) considered the same factors in their models, but 
the Bazant model overpredicted the shear capacity of 

Fig. 6  Failure mode of (a) 4CONT-M8-2, (b) 5CONT-M8-2.5, (c) 6CONT-M8-3, and (d) 7CONT-M3-2.5.

Fig. 7  Load-Strain curve for 6Cont-M8-3 specimen.
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the beams. The reason for the disparity could be the 
assumption of crack propagation through rather than 
around the aggregate which is accounted for by a strain 
factor in the fib model code. The Huber et al. 2016 and 

2019 models, which are modifications of the fib model, 
had a calibration factor to account for surface rough-
ness. The predictions were based on perfectly smooth 
crack agreed well with the experimental results.

In beams with shear reinforcements, similar results 
were obtained. The fib model code (Béton et  al. 2013) 
and the Huber et al. 2016 model satisfactorily predicted 
the shear capacities of the beams, although the LoA II 
for Béton et al. (2013) was more accurate than LoA for 
beams with shear reinforcement. Other models pro-
vided relatively accurate shear resistance values when 
compared with the experimental results, especially 
the model suggested by BS (1997) for a/d of 2.0–2.50 
and fewer stirrups (4Cont-M8-2, 5Cont-M8-2.5, and 
6Cont-M8-3). At higher stirrups content, (7Cont-
M3-2.5), the shear capacity was overestimated by a fac-
tor of two compared the experimental result, except for 
Béton et al. (2013) and Huber et al. (2016). The a/d had 
a higher effect on the shear capacity of the beams with 
stirrups in contrast to the beams without stirrups.

A modified equation based on a truss angle analogy 
and the arch crushing action (Campione et  al. 2014) 
displayed the lowest shear capacity for beams without 
stirrups. The model of Bazant et  al. (1984) accounted 
for the strength contribution due to beam action in 
NSC by considering the influence of the aggregate size, 
while the model of Zsutty 1971 accounted for the effect 
of longitudinal reinforcement and a/d ratio.

Table 5  Deflection predictions.

Specimen δexpt .(mm) δACI−318(mm) δACI−363(mm) δGhalietal.(mm) δACI−318

δexpt

δACI−363

δexpt

δGhalietal.
δexpt

2Cont-MN-2.5 10.41 7.48 7.38 10.13 0.72 0.71 0.97

3Cont-MN-2 5.82 4.96 4.71 7.00 0.85 0.81 1.20

4Cont-M8-2 4.67 6.99 6.85 9.57 1.50 1.50 2.05

5Cont-M8-2.5 4.38 6.00 5.84 8.28 1.37 0.97 1.89

6Cont-M8-3 15.77 8.69 8.64 11.72 0.55 0.55 0.74

7Cont-M3-2.5 5.05 8.03 7.95 10.90 1.59 0.99 2.16

Table 6  Shear prediction models for  beams 
with and without shear reinforcement.

Author Shear prediction model (SI unit)
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Table 7  Shear strength comparison.

Specimen V-failure 
(kN)

V-ACI-318 
(kN)

V-Campione 
et al. (kN)

V-Zsutty 
(kN)

V-Bazant 
et al. 
(kN)

V-BS8110 
(kN)

V-fib-LoA-I 
(kN)

V-fib-LoA-II 
(kN)

V-Huber et al. 
(kN)

2Cont-MN-2.5 122.77 56.8 36.90 59.30 64.50 40.60 48.63 38.39 49.42

3Cont-MN-2 95.64 56.8 36.90 79.80 75.50 40.60 62.63 48.39 62.65

4Cont-M8-2 133.0 149.0 127.58 171.05 166.00 131.00 129.33 139.09 133.56

5Cont-M8-2.5 98.75 149.0 127.58 150.00 155.00 131.00 117.85 127.86 131.35

6Cont-M8-3 131.67 149.0 127.58 147.00 150.00 131.00 125.68 132.65 132.55

7Cont-M3-2.5 131.67 303.0 278.84 301.01 306.00 283.00 124.86 131.66 135.54



Page 11 of 12Arowojolu et al. Int J Concr Struct Mater           (2021) 15:14 	

4 � Conclusions
In this paper, the effect a/d ratio on the behavior of 
reinforced HSC beams was investigated and the results 
were compared with different empirical state-of-the-art 
models and design guidelines. Although the number of 
tested beams were quite few to develop a new model, 
comparisons of the experimental results with well-
established models provided insight on the behavior of 
HSC beams under shear loading. The following conclu-
sions have been drawn:

•	 The failure modes of reinforced HSC beams were 
similar to those of NSC beams which depend on 
the a/d as it influences the shear transfer mecha-
nisms.

•	 In beams with stirrups, the effect of a/d on the 
shear strength was higher in contrast to beams 
without stirrups. The influence of a/d in addition 
to the aggregate interlock was unaccounted for in 
most shear models. This was evident as most of the 
models either underestimate the shear strength (up 
to 50%) or overestimate the shear capacities, with 
exceptions of the fib Model code 2010 and Huber 
et  al. models. Therefore, prior to the use of any 
model, the understanding of the model assumption 
is necessary, especially in HSC construction.

•	 The ACI 363R and ACI 318 codes were quite con-
servative in predicting cracking moment and 
moment capacity of HSC beams and therefore 
should be used with caution because the section 
could crack earlier than the predicted values of 
cracking moment by the code equations.
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