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The reduction in the integral action between cast-in-situ slab andprecast prestressed concrete girders in compos-
ite concrete bridges can be attributed to the increase in truck loads; increase in the allowable stress at service
loads; exposure to aggressive environments; and the increase in traffic flow. It is a necessity to restore this inte-
gral action by strengthening against horizontal shear. In this paper, afinite element analysis (FEA)was performed
considering 32 push off specimens using ANSYS software package to evaluate the behavior of shear-keys of com-
posite concrete bridges. The studied parameters include: the concrete compressive strength, spacing of the shear
stirrups, the carbonfiber reinforce polymer (CFRP) sheet spacing, andCFRPplate spacing,fiber angle, and anchor-
age length. The FEA results show that the reduced crack opening and slip in the strengthened shear-keys com-
pared with the control specimen reflect the efficiency of the CFRP strengthening scheme. Moreover, the FEA
results indicate that the CFRP composites anchorage length and angle had a notable impact on the longitudinal
shear force and corresponding slip, failure mode, stiffness, and toughness. Finally, an empirical model was pro-
posed for predicting the bond-slip behavior of shear-keys based on reliable experimental results available in
literature.

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

In the 1960s and1970s, shear-keyswere extensively used to connect
cast-in-situ slab and precast prestressed concrete girders in composite
concrete bridges. In that period, composite concrete bridges were de-
signed based on the early versions of the highway bridge design speci-
fications [1]. After 1976, the design was based on the American
Association of State Highway Officials (AASHTO) guidelines, which con-
sidered a new truck loading (T44). This consideration increased the
truck loads by 33% with respect to the old guidelines. In addition, the
new code decreased the allowable stress at service from 0.50MPa as re-
ported by NAASRA [1] to 0.35 MPa as reported by the Standards
Australia International (SAI) [2]. In addition, deterioration of bridges
due to severe environmental conditions can lead to spalling and crack-
ing of concrete resulting in severe cases of structural deficiency and
poor riding surface. Finally, the increase in traffic flow leads to a signif-
icant increase in the demand for newbridge constructionorwidening of
existing bridges. Given the considerable reduction in the shear strength
due to the aforementioned factors, a thorough evaluation is needed
since the existing shear-keys with steel stirrups are theoretically insuf-
ficient to transmit the shear force between the two blocks across the
.
ology, Irbid, Jordan.
connection interface [3–5]. In some cases, the integral action might be
lost entirely [6]. Therefore, shear-keys need to be maintained in order
to stay in a good condition using a faster and amore economical system.

Various repair techniques were previously used to regain the inte-
gral action in order to prevent the slippage between cast-in-situ slab
and precast concrete girder. This can be achieved through the use of tra-
ditional technique of steel dowels that extend from the slab into the
main girder or through attaching shear steel keys [7]. The well-
anchored steel dowels will be stressed to their yield strength when
shear failure is reached [8]. An alternative technique is to use fiber rein-
forced polymers (FRP) that are consideredmore economical and techni-
cally superior, lighter, more durable, possessing higher corrosion
resistance, and have higher strength-to-weight ratio than traditional
techniques. With these advantages, there were wide ranges of recent,
current, and potential applications of FRP composites that are applicable
for strengthening both existing and new structures. Among the various
types of FRP composites, Carbon Fiber Reinforced Polymer (CFRP) is
used extensively in structural engineering. Externally bonded FRP com-
posites technique is usually applied due to its less required labor, equip-
ment for strengthening/repairing, and also it is a simple installation
procedure [9–12]. Several studies have tackled the topic of FRP anchor-
age for the purpose of preventing their slippage under relatively low
loads [13–16].

Zanardo et al. [17] investigated the performance of a total of 32
shear-key specimens in terms of concrete roughness at the interface,
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Nomenclature

FEA finite element analysis
CFRP carbon fiber reinforced polymer
AASHTO American Association of State Highway Officials
SAI Standards Australia International
FRP fiber reinforced polymers
βt shear transfer coefficient
fch horizontal shear stress
U/

V ultimate shear force for ultimate load design
Qc firstmoment of area of the section portion above the in-

terface with respect to the neutral axis of the section
Ic moment of inertia of the uncracked cross section
b width of the shear interface
Vuf ultimate longitudinal shear strength at the interface
β4 shear plane surface coefficient for steel
β5 shear plane surface coefficient for concrete
d effective depth of the cross-section
sst centre-to-centre spacing of the reinforcement crossing

the shear plane
fct
/ characteristic principal tensile strength of the concrete
sfal failure shear slippage
Vls longitudinal shear force
s slip
Vu ultimate longitudinal shear force
su ultimate longitudinal shear slippage
Vc longitudinal shear strength of concrete
sc longitudinal slip of concrete
Vs longitudinal shear strength of steel stirrups
ss longitudinal slip of steel stirrups
Vf longitudinal shear strength of CFRP composites
sf longitudinal slip of CFRP composites
α material influence factor for longitudinal shear strength

and corresponding slip
ft. concrete tensile strength
fc
/ concrete compressive strength at 28 days
Ac interface area between the two blocks
d effective depth of the cross section
ns number of steel stirrups on each side of the shear plane
fsy yield strength of the steel stirrups
As cross-sectional area of the stirrups
nf number of CFRP sheets on each side of shear plane
Af cross-sectional area of the CFRP composite
wf CFRP width
τmax maximum bond stress
so maximum slip
βw geometric factor
bf width of the bonded CFRP plate
bc width of the spacing between the CFRP plates
Lf length of the bonded CFRP sheet
Lc length of the concrete specimen
θ orientation of CFRP plate
wfa width of CFRP anchorage sheet
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concrete strength, reinforcement at the interface, fiber direction, weav-
ing pattern, anchorage/bonding, and thickness of the epoxy bonded
fiber composites. His findings were compared with the results of this
study in the next sections. Gazal [18] investigated the potential recover-
ing and strengthening the performance of composite reinforced con-
crete bridges using fibrous composite materials. Fourteen reinforced
concrete push off specimens were casted and tested. Two specimens
were left as control without any strengthening scheme, and 12 RC spec-
imens were strengthened with CFRP sheets and plates with different
geometric configurations using special resins. For six specimens, the
surface of one part was grooved a depth of 25–30mm to anchor the car-
bon polymeric plates attached to the other part of the push of specimen.
The carbon sheet and plates were cut with a special scissor to the de-
sired length before attached to the two perpendicular planes of the
specimens. Two specimens were strengthened with discontinuous FRP
plates anchored with steel plates on the top and anchored in concrete
of the other part of the specimen. The locations of steel plates were
identified so that the centerlines of the steel plate matched the center-
lines of the anchored carbon plates. The steel plates were attached to
the concrete using special 10 mm screws inserted into female implant
that were drilled into the concrete over the anchored fiber plate. The
RC specimenswere tested using push-off test to investigate the longitu-
dinal shear transfer. The compression forcewas applied at the top of the
specimen using a hydraulic testing machine of a capacity of 400 kN
under a loading rate of 0.02 kN/s. The load was obtained from the load
cell of themachine, whereas strain in concrete, slippage, and separation
were obtained from LVDTs. The data were collected electronically using
a data acquisition system and analyzed to understand the mechanical
behavior of the tested specimens. The results showed an increase in
the ultimate load capacity, stiffness, toughness and ultimate slip in the
specimens strengthened with external CFRP composites. Using anchor-
age techniques in the strengthened specimens improved their stiffness
and increased the effectiveness of the external CFRP composites. The
highest improvement in the ultimate load and slip was achieved in
specimen strengthened with CFRP plates inserted in concrete from
one side and anchored with strips of sheets from the other side [18].

2. Research significance

Reduction in the integral action between cast-in-situ slabs and pre-
cast prestressed concrete girders in composite concrete bridges may re-
sult from the increase in truck loads; increase in the allowable stress at
service loads; exposure to severe environmental conditions; and the in-
crease in traffic flow. Therefore, it is a necessity to regain the integral ac-
tion by strengthening against horizontal shear. The proposed
strengtheningmethodology in this paper is based on providing different
strengthening schemes of CFRP composites in order to balance the deg-
radation in shear strength to an adequate global structural perfor-
mance; thus, the shear capacity and serviceability of the shear-keys
can be fully restored or enhanced using a faster and more economical
system.

3. Finite element analysis (FEA)

The finite element software package ANSYS V12.1 [19] is used in this
study to simulate the behavior of shear-key specimens.

3.1. Shear-key details and test variables

Thirty two push off specimens were simulated with various param-
eters including: concrete compressive strength, shear stirrups size, CFRP
sheet spacing, and CFRP plate spacing, orientation, and anchorage
length. The configuration and reinforcement details of the control
shear-key are shown in Fig. 1 and summarized in Table 1. The strength-
ening schemes of the shear-key specimens are illustrated in Fig. 2.

3.2. Element types

Concrete was modeled using element SOLID 65, which can be used
for 3D modeling of solids with or without reinforcing bars. SOLID 65 is
defined by eight nodes having three degrees of freedom at each node
with translations in the nodal x, y, and z directions. The most important
aspects of this element are the treatment of nonlinear material proper-
ties and its capability of cracking (in three orthogonal directions),
crushing, plastic deformation, and creep. LINK 8 (3D spar) elements
were used to model the steel reinforcement. This 3D spar element is a



Fig. 1. The configuration and reinforcement details of the control shear-key specimen.
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uniaxial tension-compression elementwith three degrees of freedom at
each node with translations in the nodal x, y, and z directions. The ele-
ment is capable of plastic deformation. The steel plates at supports
Table 1
Various strengthening schemes using CFRP composites.

Case
number

fc
/,
MPa

Steel
stirrups

CFRP
composite

CFRP
plate
angle (θ),
degree

CFRP sheet
anchorage
length (wfa),
mm

Figure number

SK1 25 2ϕ8 – – – Fig. 1
SK2 30 Fig. 1
SK3 35 Fig. 1
SK4 40 Fig. 1
SK5 45 Fig. 1
SK6 50 Fig. 1
SK7 55 Fig. 1
SK8 30 1ϕ8 Fig. 1
SK9 3ϕ8 Fig. 1
SK10 4ϕ8 Fig. 1
SK11 2ϕ8 1 strip sheet 90 Fig. 2
SK12 2 strip sheet Fig. 2
SK13 3 strip sheet Fig. 2
SK14 4 strip sheet Fig. 2
SK15 5 strip sheet Fig. 2
SK16 6 strip sheet Fig. 2
SK17 1 strip plate Fig. 2
SK18 2 strip plate Fig. 2
SK19 3 strip plate Fig. 2
SK20 4 strip plate Fig. 2
SK21 5 strip plate Fig. 2
SK22 6 strip plate Fig. 2
SK23 2 strip plate 75 Fig. 2
SK24 60 Fig. 2
SK25 45 Fig. 2
SK26 30 Fig. 2
SK27 90 25 Fig. 2
SK28 50 Fig. 2
SK29 75 Fig. 2
SK30 100 Fig. 2
SK31 125 Fig. 2
SK32 150 Fig. 2
and loading points were modeled using element SOLID 45, which is de-
fined by eight nodes having three degrees of freedom at each nodewith
translations in the nodal x, y, and z directions. Element Shell 99 that al-
lows for up to 250 layers was used to model the CFRP composites. The
element has six degrees of freedom at each node: translations in the
nodal x, y, and z directions and rotations about the nodal x, y, and z-
axes. This element is capable of capturing the composite action between
the concrete and the CFRP composites.
3.3. Material properties

3.3.1. Concrete
Concrete is a brittle, non-homogenousmaterial that has different be-

havior in compression and tension. The two input strength parameters,
i.e. the ultimate uniaxial tensile and compressive strengths, are needed
to define a failure surface for concrete. Based on Kent and Park [20], the
nonlinear behavior of concrete after cracking and the softeningbehavior
after peak stress are considered. The concrete stress–strain relationship
exhibits nearly linear elastic response up to about 30% of the compres-
sive strength. This is followed by gradual softening until reaching the
concrete compressive strength. Beyond the compressive strength, the
concrete stress–strain relationship exhibits strain softening until failure.
For strain greater than the corresponding strain at peak stress, the soft-
ening branch of the stress–strain relationship is approximated by a
straight line as shown in Fig. 3. The tensile stress of concrete is calculat-
ed based on ACI 318-08 [21] and the concrete tension softening as-
sumed to be linear as shown in Fig. 3. The used concrete compressive
strengths were 25, 30, 35, 40, 45, 50, and 55MPa and the corresponding
initial Young's moduli were 23,500, 25,740, 27,806, 29,725, 31,529,
33,234, and 34,856 MPa, respectively, as well as the corresponding ten-
sile strengths were 3.10, 3.40, 3.67, 3.92, 4.16, 4.38, and 4.60 MPa, re-
spectively. A value of 0.2 was used for the Poisson's ratio. The shear
transfer coefficient (βt) represents the condition of the crack face with
values ranging from 0 to 1.0, with 0 representing a smooth crack (com-
plete loss of shear transfer) and 1.0 representing a rough crack (no loss
of shear transfer) [19]. The values of βt used in previous varied between



Fig. 2. The strengthening schemes of shear-key specimen.
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0.05 and 0.25 [22]. A conservative value of 0.2 for βt was used in this
study.

3.3.2. Steel reinforcement and steel plate
The steel for the FEA model was assumed to be an elastic-perfectly

plastic material that is identical in tension and compression. Poisson's
ratio of 0.3, yield stress of 235 MPa, and elastic modulus of 200 GPa
were used for the steel reinforcement. Steel plates were added at the
supports and loading points to provide a more even stress distribution
over the support areas. The steel plateswere assumed tobe linear elastic
Fig. 3. Stress–strain curve for unconfined concrete [20].
materials with an elasticmodulus equal to 200 GPa and a Poisson's ratio
of 0.3.

3.3.3. CFRP composites
CFRP composites are materials that consist of two insoluble constit-

uents combined at amacroscopic level. One constituent is the reinforce-
ment, which is embedded in a continuous polymer called the matrix
[23]. The reinforcing material is in the form of fibers, i.e. carbon and
glass, which are typically stiffer and stronger than the matrix. The
CFRP composites are anisotropic materials with properties not the
same in all directions. The unidirectional lamina has three mutually or-
thogonal planes of material properties (i.e., xy, xz, and yz planes). The
xyz coordinate axes are referred to as the principal material coordinates
where the x direction is the same as the fiber direction, and the y and z
directions are perpendicular to the x direction. It is a so-called especially
orthotropic material [23]. Linear elastic properties of the CFRP compos-
ites were assumed throughout this study.

The CFRP sheets have a 0.17 mm-thickness and manufactured in
300 mmwide-rolls with unidirectional-continuous fiber in the form of
tow sheet. The elastic modulus, ultimate tensile strength, and ultimate
strain capacity were 230 GPa, 3900 MPa, and 0.015, respectively. The
CFRP plates have a 1.2 mm-thickness and manufactured in 500 mm
wide-rolls with unidirectional-continuous fiber in the form of tow
sheet. The elasticmodulus, ultimate tensile strength, and ultimate strain
capacity were 165 GPa, 2800 MPa, and 0.017, respectively.

3.3.4. Finite element discretization, nonlinear solution and failure criteria
As an initial step, the FEA requires meshing of the model. In other

words, the model is divided into a number of small elements, and
after loading, stresses and strains are calculated at integration points



Table 2
Longitudinal shear force and corresponding slip of tested [18] and FEA shear-key
specimens.

Specimen type Ultimate load, kN Slippage, mm

Experimental FEA Error, % Experimental FEA Error, %

S1 [18] 78.0 78.93 −1.2 0.697 0.690 1.0
S2 [18] 102.0 104.70 −2.6 0.792 0.827 −4.4
S6 [18] 134.0 130.80 2.4 1.123 1.065 5.2
S3 [18] 115.0 114.83 0.1 0.872 0.870 0.2
S5 [18] 133.0 130.40 2.0 1.032 1.030 0.2
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of these small elements [24]. An important step in FEA is the selection of
the mesh density. A convergence of results is obtained when an ade-
quate number of elements are used in a model. This is practically
achieved when an increase in the mesh density has a minor effect on
the results [25]. Fig. 4 shows a typical mesh for the control shear-key
specimenwith a fixed elements size of 25mm for all parts. Full bondbe-
tween the concrete and steel reinforcement aswell as between theCFRP
composites and epoxy are assumed. The total applied load was divided
into a series of load increments or load steps. Newton–Raphson equilib-
rium iterations provide convergence at the end of each load increment
within tolerance limits equal to 0.001 with load increment of 0.35 kN.
Load step sizes were automated by ANSYS [19] for the maximum and
minimum load step sizes. Failure for each model was identified when
the solution for 0.0035 kN load increment was not converging.
4. Results and discussion

4.1. Validation of the FEA models

The analytical values of the shear force and the corresponding slip of
the simulated joints are summarized in Table 2, along with the corre-
sponding experimental values reported by Gazal [18]. The predicted
shear force and corresponding slip for the shear-keys are all in good
agreement with the corresponding experimental results with a
small average difference of about 3%. This indicates that the model
used in the analysis is generally reliable in predicting the behavior of
shear-keys of composite concrete bridges strengthened with CFRP
composites.
Fig. 4. Typical mesh for control a
4.2. Failure modes

Depending on the observed failure mode, the simulated shear-key
specimens were divided into three groups, which reflect the character-
istics of the internal and external CFRP composites at the connection in-
terface. The three groups were identified as: (a) the control shear-key
specimen connected via stirrups only; (b) the strengthened shear-key
specimens connected via stirrups and external CFRP composites; and
(c) the strengthened shear-key specimens connected via stirrups and
anchored external CFRP composites as shown in Fig. 5.
4.3. Load slippage behavior

Fig. 6 shows the load–slip and separation–slip curves for the control
and CFRP strengthened shear-key specimens. Inspection of Fig. 6 reveals
that the shear-key specimens strengthened with external CFRP sheets
nd strengthened shear-key.



Fig. 5. Typical mode of failure.

Fig. 6. FEA load–slip and separation–slip curves for strengthened shear-key with CFRP
sheets.
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showed higher shear load and corresponding slip than the control
shear-key specimen. Also, the shear load and slip increased with the in-
crease in the number of CFRP sheets. The longitudinal shear force versus
slip behavior can be divided into three stages based on the FEA results
and mode of failure as shown in Fig. 7. Deformations in the direction
of the longitudinal shear force are intended in terms of relative slip be-
tween the girder and slab (two blocks). The slope of the initial linear
part of the curves gives an indication about the stiffness of the shear-
Fig. 7. Typical load slippage behavior.
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key specimens. While toughness is defined as the ability of the shear-
keys to absorb energy, which is meant by the area under the load–slip
curve, and it is a significant factor in composite bridges because tough-
ness is highly related to impact and dynamic loadings as shown in
Table 3. In particular, Fig. 8 summarizes the results in terms of normal-
ized shear load and corresponding slip as well as stiffness and tough-
ness. It can be seen that all schemes of externally strengthened
shear-key specimens with CFRP composites resulted, considerably,
in an enhancement in the longitudinal shear force and corresponding
slip.

Hanson [26] identified the slip critical value; i.e. the slip value at
which the composite action will be lost between a slab and its
supporting girders, as 0.125 mm near the quarter-span points. Table 3
shows that the FEA critical slippage is 0.141 mm for the shear-key
with concrete compressive strength of 25 MPa and increases with the
increase in the concrete compressive strength. Therefore, concrete com-
pressive strength contribution is significant only at small deformations.
Fig. 8 also reveals that the increase in the concrete compressive strength
has a significant direct effect on the shear force, slip, stiffness, and
toughness.

It was also noted that shear-key specimens strengthened with CFRP
plates performed better than those strengthened with CFRP sheets in
terms of toughness, shear force, slip, and stiffness. This might be due
to that CFRP plates are anchored in the other block to a depth of
25 mm. Therefore, CFRP plate-strengthening scheme performed well
at small deformations with particularly a ductile failure mechanism.
Fig. 7 shows that the strengthening contribution is considerable
only at large deformations, it is unlikely that the strength given by
the external CFRP composites is mobilized at service conditions.
Finally, the angle and the anchorage length had a strong impact on
the performance of the shear-keys strengthened with CFRP plates
as shown in Fig. 8.
Table 3
Longitudinal shear force, slip, stiffness, and toughness of FEA shear-key specimens.

Case number Concrete failure CFRP Composite
failure

Steel failure

Load, kN Slip, mm Load, kN Slip, mm Load (Vu), kN

SK1 21.09 0.141 0.00 0.000 78.15
SK2 22.75 0.152 0.00 0.000 78.93
SK3 24.56 0.164 0.00 0.000 80.72
SK4 26.65 0.178 0.00 0.000 83.65
SK5 27.96 0.186 0.00 0.000 84.34
SK6 29.74 0.198 0.00 0.000 86.62
SK7 30.94 0.206 0.00 0.000 87.38
SK8 22.75 0.152 0.00 0.000 51.63
SK9 22.75 0.152 0.00 0.000 106.97
SK10 22.75 0.152 0.00 0.000 137.08
SK11 22.75 0.152 37.12 0.258 94.17
SK12 22.75 0.152 47.78 0.283 103.96
SK13 22.75 0.152 56.85 0.316 113.01
SK14 22.75 0.152 65.04 0.363 122.04
SK15 22.75 0.152 69.90 0.418 126.27
SK16 22.75 0.152 74.55 0.526 131.43
SK17 22.75 0.152 42.06 0.286 98.24
SK18 22.75 0.152 58.70 0.330 115.75
SK19 22.75 0.152 70.50 0.368 126.65
SK20 22.75 0.152 81.83 0.430 138.82
SK21 22.75 0.152 88.72 0.503 145.10
SK22 22.75 0.152 95.15 0.645 152.04
SK23 22.75 0.152 59.02 0.328 115.20
SK24 22.75 0.152 63.18 0.337 119.33
SK25 22.75 0.152 73.35 0.363 130.35
SK26 22.75 0.152 93.14 0.398 149.51
SK27 22.75 0.152 66.69 0.441 122.87
SK28 22.75 0.152 69.82 0.462 125.97
SK29 22.75 0.152 72.84 0.481 129.84
SK30 22.75 0.152 73.48 0.486 129.86
SK31 22.75 0.152 75.30 0.498 132.19
SK32 22.75 0.152 75.66 0.500 132.09
4.4. Separation (crack opening)

The separation or the crack opening occurred as soon as loadwas ap-
plied. After the creation of the crack, both separation and slip started to
increase with the increase of the applied load until failure. Inspection of
Fig. 6 reveals that the separation versus slip response is a mirror of the
shear force versus slip response. The separation or crack opening versus
slip response of the control shear-key can be considered a sign for
roughness of its shear plane surface. While for the strengthened
shear-keys, the separation versus slip response can be considered as
an indirect sign for the efficiency of the CFRP composites strengthening
scheme. Normally, shear-keys characterized by steeper separation ver-
sus slip behavior appeared to absorb higher energy before creation of
cracks. Fig. 6 shows that the CFRP composites enhanced the strength
and decreased the separation values at the same load value.

5. Empirical model

5.1. General

The American Concrete Institute (ACI) Code define the failure of
shear-key as when the stress in of the steel reinforcing stirrups
connecting the cast in place slab to the concrete girder exceeds the
yielding point [21]. In the early versions of the ACI Code, the following
formula proposed by Saemann andWasha [4] was used for the calcula-
tion of the applied shear stress at ultimate load:

f ch ¼ U=
vQc

Icb
ð1Þ

where fch is the horizontal shear stress,U/
V is the ultimate shear force for

ultimate load design,Qc is thefirstmoment of area of the section portion
Vf, kN sf, kN Stiffness, kN/mm Toughness, kN mm

Slip (su), mm

0.687 74.24 0.928 113.69 47.24
0.690 74.98 0.932 114.38 49.40
0.702 76.68 0.948 115.00 51.43
0.724 79.47 0.977 115.55 53.36
0.727 80.12 0.981 116.06 55.20
0.743 82.29 1.004 116.52 56.97
0.747 83.01 1.009 116.95 58.68
0.427 49.05 0.577 120.80 19.41
0.959 101.62 1.294 111.57 93.11
1.246 130.22 1.683 109.98 150.54
0.804 89.46 1.086 117.08 66.61
0.821 98.76 1.108 126.61 77.43
0.854 107.36 1.153 132.33 87.61
0.909 115.94 1.227 134.24 97.76
0.958 119.96 1.294 136.76 109.00
1.071 124.86 1.446 142.75 124.50
0.825 93.33 1.113 119.14 73.48
0.877 109.96 1.183 132.06 89.22
0.907 120.32 1.224 139.71 104.23
0.976 131.88 1.318 142.24 119.38
1.043 137.84 1.409 149.06 136.37
1.190 144.44 1.606 157.78 160.03
0.866 109.44 1.169 133.02 90.50
0.876 113.37 1.182 136.29 94.85
0.909 123.83 1.227 143.42 104.38
0.938 142.04 1.266 159.40 126.32
0.979 116.73 1.322 125.47 109.15
1.000 119.67 1.350 126.02 114.32
1.028 123.35 1.387 126.34 117.58
1.026 123.37 1.385 126.58 120.00
1.043 125.58 1.408 126.76 121.94
1.041 125.48 1.405 126.92 123.58



Fig. 8. Normalized longitudinal shear force, slip, stiffness, and toughness.
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above the interface with respect to the neutral axis of the section, Ic is
the moment of inertia of the uncracked cross section, and b is the
width of the shear interface. The applicability condition of Eq. (1) is
when fch is equal or greater than 0.5 MPa. In 1994, it was documented
that Eq. (1) does not give an exact illustration of the fch at the ultimate
limit state because the stress distributionwas assumed to be linear elas-
tic along the shear interface, while the distribution will not be elastic [5,
27]. In the new provision of the SAI given in AS 5100 [2], a new formula
was proposed to predict the longitudinal shear stress at the interface
expressed as:

Vuf ¼ β4
Asd
sst

f sy þ β5bdf
=
ct ≤0:2 f

=
cbd ð2Þ

where Vuf is the ultimate longitudinal shear strength at the interface, β4

and β5 are shear plane surface coefficients for stirrups and concrete [2],
respectively, As is the cross-sectional area of the reinforcement an-
chored on each side of the shear plane, d is the effective depth of the
cross-section, sst is the centre-to-centre spacing of the reinforcement
crossing the shear plane, fsy is the yield strength of the reinforcing
steel, fct/ is the characteristic principal tensile strength of the concrete,
and fc

/ is the characteristic compressive strength of concrete. The first
term of Eq. (2) represents the contribution of stirrups and the second
term represents the concrete contribution.

5.2. Development of longitudinal shear force–slip relationship

A parametric study was undertaken herein to study the longitudinal
shear strength-slip behavior of the shear plane, considering the effects
of a number of key parameters such as concrete compressive strength;
steel stirrups number; CFRP sheet number; CFRP plate number; angle
of CFRP plate; and anchorage of CFRP plate. Based on the FEA results,
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the longitudinal shear force–slip curve consists of increasing part up to
ultimate point (Vu,su) followed by a decreasing part up to failure point
(sfal) at 1.35su. Also, the initial stiffness of the increasing behavior is
completely linear elastic and it is much larger than the secant stiffness
at the peak stress point. Based on the above remarks, a two stage longi-
tudinal shear force–slip relationship is proposed for shear-keys
strengthened with CFRP composites as illustrated schematically in
Fig. 7. That is, a simple mathematical expression fits the longitudinal
Fig. 9. Regression ana
shear force–slip relationship shown in the following equation:

Vls ¼ Vu 2
s
su

� �
−

s
su

� �2
 !

if 0≤s≤sfal ð3Þ

where, Vls and s are the longitudinal shear force and corresponding slip
at any point, respectively, and Vu and su are the ultimate longitudinal
shear force and corresponding slip at the intersection point between
the first and second stages. The following equations for Vu and su can
be expressed in terms of the internal forces in the CFRP composites,
steel, and concrete instead of Eq. (2) that just takes into account the
lysis coefficients.



Table 4
Average ratio of predicted to test value using literature data.

Specimen number Ultimate load, kN Slippage, mm

Tested Predicted Predicted
Tested

Tested Predicted Predicted
Tested

Ahmad Gazal [18]
S1 [18] 78 79.50 1.02 0.697 0.690 0.99
S2 [18] 102 104.70 1.03 0.792 0.827 1.04
S6 [18] 134 130.80 0.98 1.123 1.065 0.95
S3 [18] 115 114.83 1.00 0.872 0.870 1.00
S5 [18] 133 130.40 0.98 1.032 1.030 1.00

Zanardo et al. [17]
11 [17] 102.64 94.35 0.92 0.490 0.827 1.69
17 [17] 96.24 135.39 1.41 0.449 1.220 2.72
23 [17] 68.98 97.48 1.41 0.360 0.848 2.36
29 [17] 119.05 138.51 1.16 0.490 1.241 2.53
16 [17] 151.13 135.12 0.89 0.828 1.028 1.24
22 [17] 168.65 176.16 1.04 0.899 1.422 1.58
28 [17] 157.39 143.06 0.91 0.729 1.073 1.47
34 [17] 168.02 184.09 1.10 0.895 1.466 1.64

Fig. 10. Regression analysis coefficients for angle and anchorage length.
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contribution of concrete and steel materials:

Vu ¼ Vc þ Vs þ V f ¼ αV;cAc f t
� �þ 2nsαV;sAs f sy

� �
þ 2nfαV; fαV ;θαV ;AnAf τmax
� � ð4Þ

su ¼ sc þ ss þ s f ¼ αs;cAc f t
� �þ 2nsαs;sAs f sy

� �
þ αs; fαs;θαs;Anso
� � ð5Þ

where (Vc, sc) are the longitudinal shear strength and the corresponding
slip of concrete, (Vs, ss) are the longitudinal shear strength and the cor-
responding slip of steel stirrups, (Vf, sf) are the longitudinal shear
strength and the corresponding slip of CFRP composites, α is a material
influence factor for longitudinal shear strength and corresponding slip
obtained from regression analysis of FEA data as shown in Fig. 9, ft. is

the concrete tensile strength which is equal to 0.62
ffiffiffiffiffi
f =c

q
[21], fc/ is the

concrete compressive strength at 28 days, Ac is the interface area be-
tween the two blocks which is equal to b (the effective width of the
cross section) by d (the effective depth of the cross section), ns is the
number of steel stirrups on each side of the shear plane, fsy is the yield
strength of the steel stirrups,As is the cross-sectional area of the stirrups,
nf is the number of CFRP sheets on each side of shear plane, Af is the
cross-sectional area of the CFRP composite equals to the CFRP length
(Lc + 25mm) by the CFRPwidth (wf) as illustrated in Fig. 2, and finally,
(τmax, so) are the maximum bond stress and corresponding slip that
were proposed by Lu et al. [28] as follows:

τmax ¼ 1:5βW f t ð6Þ

so ¼ 0:0195βW f t ð7Þ
where βw is a geometric factor expressed by Lu et al. [28] as:

βw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:25−

wf

bc

1:25þwf

bc

vuuuut ð8Þ

where bf and bc are thewidth of the bonded CFRP plate and thewidth of
the spacing between the CFRP plates, which is equal to d/nf as illustrated
in Fig. 2., respectively. The relationships between the longitudinal shear
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force and the corresponding slip versus the angle and CFRP anchorage
length are shown in Fig. 10. Based on regression analysis of the FEA re-
sults, Eqs. (9) through (12) are proposed for calculating the coefficients
for the effect of the CFRP angle and anchorage length:

αV ;θ ¼ 1
sinθ

ð9Þ

αV ;An ¼ 1:5
wfa

Lc

� �0:1

ð10Þ

αs;θ ¼
ffiffiffiffiffiffiffiffiffiffi
1

sinθ

r
ð11Þ

αs;An ¼ 2
wfa

Lc

� �0:1

ð12Þ

where Lf and Lc are the length of the bonded CFRP sheet and the length
of the concrete specimen as illustrated in Fig. 2., respectively. θ is the ori-
entation of CFRP plate and wfa is the width of CFRP anchorage sheet as
shown in Fig. 2. Substituting the values of these coefficients in
Eqs. (4) and (5) leads to the following general expressions for calculat-
ing the ultimate longitudinal shear force and corresponding slip at the
Fig. 12. SAI Code [2] prediction vs. FEA longitudinal shear force.
interaction point between the first and second stages:

Vu ¼ 0:15Ac f tð Þ þ 2:4nsAs f sy
� �

þ
0:54nf

wfa

Lc

� �0:1
Af τmax

sinθ

0
B@

1
CA ð13Þ

su ¼ 0:001Ac f tð Þ þ 0:023nsAs f sy
� �

þ 6:6
wfa

Lc

� �0:1
ffiffiffiffiffiffiffiffiffiffi
1

sinθ

r
so

 !
ð14Þ

5.3. Proposed model versus literature results

Results of push off shear-key specimens including CFRP configura-
tion, compressive strength of concrete and steel reinforcement ratio pa-
rameters along with corresponding data reported by various research
studies were used to examine the predictability of the proposed
model. The data provided by Gazal [18] and Zanardo et al. [17] were
used to validate the predictability of the proposed model in terms of
the ultimate longitudinal shear force and corresponding slip. The pre-
dictability of the proposed model is checked by calculating the ratio of
predicted to test values as listed in Table 4. Inspection of Table 4 reveals
that the predictability of the model was good when using the data re-
ported byGazal [18] since the FEAmodelswere validated against his ex-
perimental values. Therefore, in order to prove the predictability of the
proposed model, the predicted data was checked against experiential
data reported by Zanardo et al. [17] as listed in Table 4. The results in
Table 4 show that the predicted values are also in a good agreement
with their experimental values in terms of the force (11% average differ-
ence) indicating that the proposed model is effective in predicting the
longitudinal shear strength of shear-keys. However, the predicted slip
values were larger than the results reported in Zanardo et al. [17] by
amounts ranged from25% to 170%. This difference in the slip values can-
not be justified properly due to themany involved parameters in the ex-
perimental testing such as the sensitivity of the measuring devices, and
loading rate, especially for such small slip values that are less than
1 mm. On the other hand, the FEA simulations assume ideal conditions
in terms ofmaterials properties, load application, and loading rate. All of
these factors may have contributed to the large difference between the
predicted slip values and the reported ones in Zanardo et al. [17]. Finally,
the longitudinal shear force–slip response is checked against the exper-
imental test results reported by Gazal [18] as shown in Fig. 11. The pre-
dicted response is in acceptable agreement with the experimental
results in the first and second stages.

5.4. Comparison with the SAI code [2]

Fig. 12 compares the FEA longitudinal shear force with the nominal
ones derived from Eq. (2) after assigning β4 and β5 values of 0.6 and
0.2, respectively, for the shear plane surface coefficients [2]. Inspection
of Fig. 12 reveals that the predicted values by Eq. (2) are, on average,
65% smaller than the FEA values since the particular friction coefficients
related to the roughness of the surface at the interface are conservative.

6. Conclusions

The following conclusions are drawn based on the FEA results and
comparison with the literature results:

(1) External strengthening with CFRP composites is an effective
technique for enhancing the performance of shear-keys in
terms of the longitudinal shear strength and corresponding slip.

(2) The simulated shear-key specimens experienced different failure
modes reflecting the characteristics of the internal and external
CFRP composites at the connection interface.

(3) Shear-key specimens strengthened with CFRP plates performed
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better than those strengthened with CFRP sheets in terms of
toughness, shear force, slip, and stiffness. This could be attributed
to that CFRP plates are typically 25 mm anchored in the other
block of the shear-key.

(4) The load–slip and separation–slip responses of the control shear-
keys are a direct sign for the increase in the roughness of shear
plane surface as the concrete compressive strength increases,
whereas for the strengthened shear-keys, the load–slip and
separation–slip responses can be considered indirect sign for
the efficiency of the CFRP composites as a strengthening scheme.

(5) The CFRP composites anchorage length and angle had a notable
impact on the longitudinal shear force and corresponding slip,
failure mode, stiffness, and toughness.

(6) The proposed empirical model was in good agreement with ex-
perimental results available in literature [17,18] in predicting
the ultimate shear load of shear-keys.
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