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Perfobond strip (PBL) connectors, consisting of a perforated steel plate with steel rebar passing through the
holes and embedded in concrete to transfer the shear action between the concrete and steel components, are
increasingly used in composite and hybrid girders and columns. Though many studies on the behavior of PBL
connectors can be found in the literature, the load transferring mechanism of PBL still needs further clarification
because noticeable discrepancies can be found among the existing equations for predicting the shear capacity of
the connectors. This paper presents an experimental study of the structural response of PBL connectors under
push-out loading. Twelve push-out specimens fabricated according to the design used for the connectors in
the steel–concrete joints in a hybrid cable-stayed bridge have been investigated. The behavior of the connectors,
including the failuremodes, ductility, and the components of the ultimate shear-resistant capacity, is discussed in
depth. The results indicate that themechanical properties of the PBL specimens are improved due to the bond at
the interface between the perforated plate and the concrete. The transverse rebar located in the center of the
steel plate hole is important for ensuring the connector's ductility. Furthermore, an analytical model and
corresponding equation for predicting the ultimate resistance of PBL connectors with shear failure of the
dowel are proposed, and the feasibility of the developed equation has been verified by the experimental results
from related references.

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

Steel–concrete composite and hybrid structures have been widely
used in civil engineering, and shear connectors are the most important
element for the transmission of force between steel and concrete. The
headed stud is the most commonly used shear connector in structures
because it can be automatically welded and produced on a large scale.
However, with their wide use in bridges, the fatigue problem of the
studs becomes serious [1]. An alternative new connector, called the
perfobond strip (PBL), consisting of a perforated steel plate with steel
rebar passing through the holes and embedded in concrete to transfer
the shear action between the concrete and steel components, was
introduced in 1987 [2]. The shear resistance of PBL is comprised of the
bonding effects at the interface between the perforated steel plate and
concrete, the resistance of the concrete dowel, the resistance of the
transverse rebar passing through the holes in the steel plate and the
local bearing effects between the end of the steel plate and the concrete.
PBL connectors have been widely used in composite structures,
particularly in the composite beams and steel–concrete joints of hybrid
girder bridges.
Theperformance of PBL connectors in composite beamshas been ex-
tensively studied through push-out tests with the standard separated
type of specimen recommended in EC. 4 [3] and as shown in Fig. 1(a).
Because the effort of separation between the steel girder and the con-
crete slab caused by the bending moment in composite beams cannot
be ignored, lubricating oil is required on the steel flange to eliminate
the bonding effect and possible friction in the standard push-out test
procedure. The failure mode of PBL by standard push-out tests in
previous studieswas commonly controlled by the cracking of a concrete
slab [4–17].

By comparison, the PBL in a steel–concrete joint of a hybrid bridge is
embedded in a thick concrete block, and its failure generally results
from the fracture of the dowel of concrete and the transverse rebar
caused by the holes on the steel plate. No uplift force is found between
the perforated plate and the concrete, and the bonding effects at the
interface between the steel plate and the concrete could make a contri-
bution to the shear strength of the connectors. Meanwhile, because a
sufficient quantity of PBL is usually adopted to transfer the enormous
shear force between the steel components and the concrete in hybrid
joints, the effects of the local concrete at the end of the perforated
plate are negligible [18]. As a result, the differences between the load
transferring mechanism of PBL in steel–concrete joints and composite
beams are significant.
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Fig. 1. The push-out test model: (a) The separated type of push-out specimen; (b) The plug-in type of push-out specimen.
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As the failure of PBL in steel–concrete joints differs from the connec-
tors in composite beams, the push-out test with the separated type
of specimen is not appropriate for simulating the failure mode of PBL
connectors in hybrid joints. Su et al. [19] suggested a push-out test pro-
cedure, using the plug-in type of specimen composed of a concrete
block and a single perforated steel plate with transverse rebar passing
through the hole, as shown in Fig. 1(b), to simulate the performance
of the PBL in the steel–concrete joints of hybrid girder bridges. On the
bottom of the specimen there is no support at the end of the steel
plate to eliminate the local bearing for the steel plate. This plug-in
type of push-out specimen was used by Q.H. Zhang et al. [20], L. Xiao
et al. [21] and W.M. Wu [22] to study the behavior of PBL with the
shear failure modes of the concrete and/or transverse rebar dowels
crossing the holes in the steel plate.

The recently completed Nujiang bridge, as shown in Fig. 2(a),
located in Yunan, China, with a single pylon and a single cable plane
aswell as a span arrangement of 81m+175m, is a cable-stayed bridge
Fig. 2. Nujiang bridge: (a) Elevation view (unit: m); (b) Steel–concrete joint
with a hybrid girder consisting of three parts: the Prestressed Concrete
(PC) girder, the steel girder and a 2 m long steel–concrete composite
joint. The joint is composed of a steel back bearing plate and sever-
al steel cells filled with concrete, and PBL connectors are installed
in the steel cells to transfer the shear force between the concrete
and the steel plates, as shown in Fig. 2(b) to (d). Based on the geo-
metric configuration of the connectors in this bridge, a test was
conducted to simulate the mechanical properties of PBL connectors
in steel–concrete joints.

Though there have been studies of PBL in steel–concrete joints,
few were focused on the bonding effects at the interface between the
perforated plate and the concrete or on its load transferringmechanism
in hybrid joints. In this paper, the push-out test using the plug-in type
specimen is introduced, and based on the experimental results, the
effects of the interface bond, the dowels of concrete and the transverse
rebar in the hole on the properties of PBL, aswell as the suitability of the
existing equations for predicting the resisting capacity of PBL are
part (unit: cm); (c) Section of I–I; (d) PBL connectors in the steel cells.
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discussed; and finally, an analytical equation for the capacity prediction
of PBL regarding the shear failure modes of the concrete and/or
transverse rebar dowels through the holes is developed and verified
by experimental results.

2. Experimental details

2.1. Specimen design

The test parameters in this work include the bond state of the steel
plate surfaces, the type of dowel passing through the hole and the inter-
action of the bond and dowels. The 12 tested plug-in type push-out
specimens, as shown in Fig. 1(b) and in Table 1, were divided into
6 groups with 2 identical samples of each group. The 6 groups of
specimens were: the pure bond specimen, unbonded concrete dowel
specimen, bonded concrete dowel specimen, bonded rebar specimen,
unbonded PBL specimen and standard PBL specimen. The pure bond
specimens were utilized to investigate the bonding effect at the
interface between the steel plate and the concrete; the unbonded
concrete dowel specimenswere used to study the shear capacity of con-
crete dowel by the hole; the bonded concrete dowel specimens were
used to explore the combined action of the bond and concrete dowel;
the bonded rebar specimens were used to study the combination of
the bond and transverse rebar in shear; the unbonded PBL specimens
were used to investigate the interaction of the concrete dowel and the
transverse rebar near the hole and the standard PBL specimens were
used to explore the compound action of the interface bond, concrete
dowel and transverse rebar near the hole.

In the specimen codes shown in Table 1, C represents C50 normal
concrete; b, r, and d represent the interface bond, the transverse rebar
and the concrete dowel near the hole, respectively, and the number
1 or 0 after the b, r, or d indicateswhether the corresponding part exists,
with 1 for Yes and 0 for No. For example, “C-b1r0d1” indicates a
specimen fabricated using C50 normal concrete with the interface
bond and the concrete dowel near the hole but without the transverse
rebar passing through the hole.

Fig. 3 shows the detailed dimensions of the specimens, in each of
which a steel plate, with a nominal yield stress of 345 MPa, width ×
height × thickness of 300 mm × 555 mm × 25 mm, a circular hole
with diameter of 21mm for C-b1r1d0 and 60mm for the others (except
for specimen C-b1r0d0 without any holes on its steel plate), is plugged
into the concrete block, and a 20 mm-diameter transverse rebar with a
nominal yield stress of 335 MPa was placed through the hole for those
specimens with the transverse rebar.

2.2. Material properties

Tables 2 and 3 show the properties of the concrete and reinforce-
ment for the specimens, respectively. The cubic compressive strength
of the concrete was measured on 150 mm × 150 mm × 150 mm
cubes, and the prismatic strength and elastic modulus of the concrete
were measured on 150 mm × 150 mm × 300 mm prisms; HPB235
rebar with a diameter of 10 mm and nominal yield strength of
235 MPa was used as the primary reinforcement for the concrete
Table 1
Specimen characteristics.

Group No. Specimen code State Components of re

Bond Concr

1 C-b1r0d0 Pure bond √
2 C-b0r0d1 Unbounded concrete dowel √
3 C-b1r0d1 Bonded concrete dowel √ √
4 C-b1r1d0 Bonded rebar √
5 C-b0r1d1 Unbonded PBL √
6 C-b1r1d1 Standard PBL √ √
block, and HRB335 rebar with a diameter of 20 mm and nominal yield
strength of 335 MPa was used as the transverse rebar in the hole.
2.3. Test layout and instrumentation

All the tests were performed in a universal testing machine with a
capacity of 2000 kN, as shown in Fig. 4(a). The relative slip between
the steel plate and the concrete block was measured by the 2 linear
variable differential transformers (LVDTs) installed on the 2 opposite
sides of the concrete block, as shown in Fig. 4(b). The loading process
complied with the procedure recommended in EC. 4. First, a cyclic
load ranging from 5% to 40% of the expected failure load was applied
at the rate of 5 kN/s for 25 cycles, then a monotonic load controlled by
the relative slip between the steel and concretewas applied until failure
of the specimens in not less than 15 min.
3. Test results and discussion

3.1. General results

Table 4 shows the ultimate load Vu and the relative ultimate slip Su.
Here we defined the maximum load experienced Vu and the slip Su at
Vu as the ultimate load and ultimate slip, respectively. The ultimate
loads and slips, especially the ultimate loads, of the 2 different
specimens in each group are relatively close. As such, the subsequent
description of the behavior of the specimens in each group will be
based on the average values of the 2 specimens in the group.

For those specimenswith a hole in the steel plate, the dowel near the
hole was finally shorn off at the ultimate load, as indicted in other
similar studies [18–22]. For the specimens without the transverse
rebar through the hole, such as the pure bond specimens in group
C-b1r0d0 and the bonded and unbonded concrete dowel specimens in
groups C-b1r0d1 and C-b0r0d1, few cracks were found on the surfaces
of the concrete block, as shown in Fig. 5(a) due to the smaller slip at
the ultimate load; however, for the specimens with the transverse
rebar in the hole, such as the bonded rebar specimens in group
C-b1r1d0, the unbonded PBL specimens in group C-b0r1d1 and the
standard PBL specimens in group C-b1r1d1, more and wider cracks
could be seen on the concrete block, as shown in Fig. 5(b), resulting
from the larger steel plate slip at the ultimate load.

All concrete blocks were cut off after testing to observe the state of
the dowels in the hole. For group C-b1r1d0, with a rebar of 20 mm
diameter in a hole in the plate of 21 mm diameter and with almost no
concrete dowel surrounding the rebar, the transverse rebar was shorn
off directly at the interface between the steel plate and the concrete,
as shown in Fig. 5(c). In comparison, for groups C-b0r1d1 and
C-b1r1d1, with a rebar of 20 mm diameter in a much larger hole of
60 mmdiameter in the plate and thus with a concrete dowel surround-
ing the rebar, the failure mode of the transverse rebar within the con-
crete dowel could be attributed to fracture under the bend–shear
interaction, and thus a much larger plastic deformation before failure
was found in these specimens, as shown in Fig. 5(d).
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Fig. 3. Structural layout of the specimens: (a) C-b1r0d0; (b) C-b1r1d0; (c) C-b1r0d1 and C-b1r1d1; (d) Specimen for testing.
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3.2. Load–slip curves

Fig. 6 shows the load–slip curves for all the specimens in this study.
As plotted in the figures, those specimens without transverse rebar
experienced a maximum slip of 1.91 mm at the ultimate load, which
is much smaller than the required slip capacity of 6 mm for a ductile
connector in EC. 4 [3]. In comparison, all specimens with transverse
rebar in the hole demonstrated a ductile behavior because all had slip
at the ultimate load greater than 6 mm.

Fig. 6(a) shows the load–slip curves for the 2 pure bond specimens
in group C-b1r0d0. The average ultimate load and slip in the group
were 302 kN and 0.61 mm, respectively; and the residual load capacity
of the interface friction was approximately 141 kN and remained nearly
constant. The bond stresses on the interface between the steel plate and
concrete at theultimate and residual loadswere 1.06MPa and 0.51MPa,
respectively.

Fig. 6(b) and (c) presents the load–slip curves for the unbonded and
bonded concrete dowel specimens in groups C-b0r0d1 and C-b1r0d1,
respectively. For the specimens with only the concrete dowel, group
C-b0r0d1, the average ultimate load and slip at the concrete dowel
fracture were 247 kN and 0.82 mm, respectively, and the residual load
Table 2
Properties of the concrete.

Type Nominal
strength (MPa)

Cubic compressive
strength (MPa)

Prismatic
strength (MPa)

Elastic
modulus (GPa)

C50 50 58.1 46.1 37.2
capacity of the friction on the fractured dowel interface was approxi-
mately 173 kN. In comparison, for the specimenswith both the interface
bond and concrete dowel, group C-b1r0d1, the average ultimate load
and slip at dowel fracture were 370 kN and 1.91 mm, respectively,
and the residual load capacity of the friction on the interface was
approximately 291 kN. It is seen that the residual load difference be-
tween groups C-b0r0d1 and C-b1r0d1, which is caused by the friction
at the plate surface, is 118 kN. Due to the effect of the interface bond,
the ultimate load and slip of group C-b1r0d1 increased by 50% and
133%, respectively, compared to group C-b0r0d1.

Fig. 6(d) is the load–slip curves for the specimens in group C-b1r1d0
with both the interface bond and rebar dowel but without the concrete
dowel, in which a 20-mm-diameter rebarwas set in a 21-mm-diameter
hole in the plate and with almost no concrete dowel surrounding the
rebar. The average ultimate load and slip at the rebar dowel fracture
were 326 kN and 6.81 mm, respectively. According to the compatibility
of the slip deformation between the specimens in groups C-b1r1d0 and
C-b1r0d0, at the ultimate slip of 6.81 mm in C-b1r1d0, the shear-
resistant capacity of the friction on the steel plate interface should be
approximately equal to 141 kN, which was the residual load capacity
of the pure bond specimens in group C-b1r0d0. As such, the shear-
resistant capacity supplied by the rebar dowel was approximately
185 kN. Comparing the results of group C-b1r1d0 with those of group
C-b1r0d0, although the ultimate load only increased slightly by 8%
because the maximum shear-resistant capacity separately provided by
the interface bond and rebar dowel could not occur simultaneously,
the slip at the ultimate load increased by 11 times. It was obvious
that the deformability of the connectors resulted from the transverse
rebar near the hole. Additionally, according to the tensile strength of
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Table 3
Properties of the reinforcements.

Diameter (mm) Grade Yield strength fy (MPa) Tensile strength fu (MPa) Elastic modulus E (GPa) Elongation rate δ (%)

10 HPB235 286 446 201 25
20 HRB335 388 549 207 26
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549 MPa for 20-mm-diameter rebar, the theoretical ultimate capacity
under pure or direct shear with two symmetric shear failure faces for
the rebar is 199 kN. Although it is slightly larger than the value of
185 kN deduced above, the two could be viewed as close considering
that only a single shear face occurred in the latter, resulting from the
fact that an ideal symmetric shear failure was actually impossible. As
such, it is appropriate to conclude that the failure at ultimate load of
the rebar with almost no concrete dowel surrounding it in the speci-
mens of group C-b1r1d0, as shown in Fig. 5(c), was due to direct shear.

Fig. 6(e) and (f) shows the load–slip curves for the unbonded and
standard bonded PBL specimens in groups C-b0r1d1 and C-b1r1d1,
respectively. For the unbonded PBL specimens in group C-b0r1d1 with
the reinforced concrete dowel but without the interface bond and a
20-mm-diameter rebar with a surrounding concrete dowel in a
60-mm-diameter hole in the plate, the average ultimate load and slip
at the dowel fracture were 449 kN and 14.16 mm, respectively. In com-
parison, for the standard PBL specimens in group C-b1r1d1 with the in-
terface bond and the same reinforced concrete dowel, the average
ultimate load and the corresponding slip were 547 kN and 17.65 mm,
respectively. Obviously, with the interface bond, the ultimate load and
slip of group C-b1r1d1 are 22% and 25% higher, respectively, than
those of group C-b0r1d1.

Moreover, comparing the results of the unbonded PBL specimens in
group C-b0r1d1 with those of the unbonded concrete dowel specimens
in group C-b0r0d1, it can be found that a 20-mm-diameter rebar inside
the concrete dowelwould result in the ultimate load and slip increasing
by 82% and 17 times, respectively. Similarly, a comparison of the results
between the standard PBL specimens in group C-b1r1d1 and the
bonded concrete dowel specimens in group C-b1r0d1 indicates that
providing a rebar inside the concrete dowel can increase the ultimate
load and slip by 48% and 10 times, respectively. It is apparent that for
both the bonded and unbonded PBL specimens, the bulk of the ultimate
deformability was contributed by the action of the transverse rebar
inside the concrete dowel.

Additionally, compared to the bonded rebar specimens in group
C-b1r1d0 with a 20-mm-diameter rebar in a 21-mm-diameter hole in
the plate and with almost no concrete dowel surrounding the rebar,
Fig. 4. Push-out test setup: (a) General layou
the ultimate load and slip at the dowel fracture of the standard PBL
specimens in group C-b1r1d1, with a rebar of 20 mm diameter in a
much larger hole of 60 mm diameter in the plate and thus with a
concrete dowel surrounding the rebar, increase by 68% and 2.6 times,
respectively. As such, although the failure modes of the specimens in
the two groups C-b1r1d0 and C-b1r1d1 all resulted from fracture of
the transverse rebar, the ultimate load and slip in the latter were im-
proved largely because the transverse rebar in the latter was fractured
under the bend–shear interaction rather than direct shear due to the
support and confinement effect of the concrete dowel outside its
transverse rebar. Similarly, according to the compatibility of the slip
deformation of the specimens in groups C-b0r1d1 and C-b0r0d1, at
the ultimate slip of 14.16 mm of C-b0r1d1, the shear-resistant capacity
by the concrete dowel action in C-b0r1d1 should be approximately
175 kN, which was the residual load capacity of the pure concrete
dowel specimens in group C-b0r0d1 at the ultimate slip of 14.16 mm;
further, the corresponding shear-resistant capacity supplied by the
rebar dowel in the C-b0r1d1 specimens was approximately 274 kN
(calculated as the ultimate load of 449 kN of the C-b0r1d1 specimens
minus 175 kN), which is much larger than the value of 185 kN of the
rebar dowel contribution in the C-b1r1d0 specimens without any con-
crete dowel surrounding the rebar due to the bending-shear failure
rather than the direct shear failure in the rebar dowel in C-b0r1d1.

3.3. Constitutive analysis of the shear-resistant capacity in PBL connectors

Fig. 7 shows the load–slip curves of the different specimens from
groups C-b1r1d1, C-b1r0d1, C-b0r0d1 and C-b1r0d0 simultaneously
so that the shear-resistant capacity constitution of a PBL connector can
be explained explicitly.

Regarding the standard PBL specimen in group C-b1r1d1, its shear-
resistant capacity is a combination of the interface bond and the shear
resistance of the concrete and transverse rebar dowels through the
hole in the steel plate. The contribution of each part can be found
from the load–slip curves of the relative specimens shown in Fig. 7.

The average ultimate load and slip of the specimens in group
C-b1r1d1 were 547 kN and 17.65 mm, respectively. According to the
t and equipment; (b) Layout of LVDTs.
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Table 4
Static experimental results.

No. Specimen Code Ultimate load Vu (kN) Slip at ultimate load Su (mm) Failure modes

Spe.-1 Spe.-2 Ave. Spe.-1 Spe.-2 Ave.

1 C-b1r0d0 309 294 302 0.56 0.66 0.61 Shear failure at the interface
2 C-b0r0d1 232 261 247 0.71 0.93 0.82 Shear failure of concrete dowel in the hole
3 C-b1r0d1 359 381 370 2.18 1.63 1.91 Shear failure of concrete dowel in the hole
4 C-b1r1d0 324 327 326 7.24 6.38 6.81 Shear failure of transverse rebar in the hole
5 C-b0r1d1 446 452 449 14.70 13.61 14.16 Shear failure of the dowels in the hole
6 C-b1r1d1 543 551 547 17.10 18.20 17.65 Shear failure of the dowels in the hole
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compatibility of the slip deformation among the specimens in groups
C-b1r0d0, C-b0r0d1 and C-b1r0d1, at the ultimate slip of 17.65 mm of
C-b1r1d1, the shear-resistant capacity of the friction on the steel plate
interface should be approximately equal to 141 kN,which is the residual
load capacity of the pure bond specimens in group C-b1r0d0 at the
slip of 17.65 mm; the capacity of the concrete dowel should be approx-
imately 154 kN, which is obtained on the basis of the residual load
capacity of 173 kN of the unbonded concrete dowel specimens in
group C-b0r0d1 but considering the reduction in area occupied by the
rebar in the concrete dowel in the standard PBL specimens in group
C-b1r1d1; further, the capacity of the transverse rebar inside the
concrete dowel could be approximately determined as 256 kN,
which is the load difference between groups C-b1r1d1 and C-b1r0d1
at the slip of 17.65 mm. As such, the sum of the three separate
Fig. 5. Failure of the push-out specimens: (a) Crack distribution in specimenswithout transvers
rebar in group C-b1r1d0; (d) Failure of transverse rebar in groups C-b0r1d1 and C-b1r1d1.
components − the interface friction, concrete dowel and rebar − was
551 kN, which is almost equal to the measured ultimate load of
547 kN for C-b1r1d1.

Using the same method, each component of the shear-resistant
capacity of the bonded concrete dowel specimen in group C-b1r0d1
could also be obtained, as summarized in Table 5. A good agreement
between the measured and the estimated shear resistance was found,
which indicates that the shear resistance of a PBL connector could be
obtained by adding the contributions of the interface bond, the concrete
and the transverse rebar dowels on the basis of the compatibility of the
slip deformation at the ultimate load. It also can be observed that the
shear resistance provided separately by the interface bond, the concrete
dowel and the transverse rebar accounted for 26%, 28% and 46%, respec-
tively, of the overall capacity in the present standard PBL connector.
e rebar; (b) Crack distribution in specimenswith transverse rebar; (c) Failure of transverse
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Fig. 6. Load–slip curves for different connector types: (a) Pure bond specimen; (b) Unbonded concrete dowel specimen; (c) Bonded concrete dowel specimen; (d) Bonded rebar specimen;
(e) Unbonded PBL specimen; (f) Standard PBL specimen.
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4. The equations for the shear-resistant capacity of the PBL

4.1. The existing equations

A number of equations for predicting the shear-resistant capacity of
PBL have been developed by different researchers [2,4,6,7,9,11,12], and
some typical ones are listed in Table 6.

Table 7 presents a comparison of the test results from the present
work and the calculated results from the equations in Table 6. In
Table 7, the numerator indicates the test or the calculated shear resis-
tance, and the denominator is the relevant predictive error between
the calculated and the experimental results.

It can be seen from the results of the comparison shown in Table 7
that the shear-resistant capacity of the PBL connectors from the present
test can only rarely be predicted well by the existing equations listed
in Table 6. In the case of the standard PBL specimens in group
C-b1r1d1, the relevant predictive errors by those equations ranged
from 19%–51%, and those for the unbonded PBL specimens in group
Fig. 7. Analytical diagrams of the standard PBL.
C-b0r1d1 ranged from 1%–40%. As such, it is imperative to develop a
more applicable model to provide better capacity estimation for the
PBL connectors in the steel–concrete joints of hybrid bridges.

The perfobond connector was first developed by Leonhardt et al.
[2] and Hans-Peter [4], and in the original design of the connector,
the transverse rebar through the hole was not a necessary component;
thus, the equations proposed by Leonhardt et al. [2] and Hans-Peter [4]
did not include the effect of the transverse rebar. The failure of
the specimens in their experimental research was due to the yield
of the steel component between the two adjacent holes. As such,
the equations proposed cannot predict the capacity well for the
present specimens.

In the expressions proposed by Oguejiofor and Hosain [6], Ahn et al.
[7], Al-Darzi et al. [9], and Vianna et al. [11], the contribution of the local
bearing of the concrete at the end of the steel plate was considered.
However, for those multiple PBL in a series layout in the steel–concrete
joints of hybrid girder bridges, the influence of the local bearing due to
the concrete at the end of the steel plate on the capacity is negligible
[18], and as such, the local bearing effect is eliminated in the present
test. As shown in Table 7, the capacity calculated by these equations
[6,7,9,11] but without considering the effect of the local bearing
is far lower than the actual values obtained for the connectors in
the test. Additionally, the failure of push-out specimens tested by
these researchers [6,7,9,11] also occurred in the concrete slabs.

The equation suggested by Hosaka et al. [12] was based on the test
results from standard push-out specimens as shown in Fig. 1(a) that
generally experienced a failure of the concrete slabs next to the steel
component, whereas the failure mode of the plug-in type push-out
specimen shown in Fig. 1(b) in the present work mainly resulted from
dowel fracture. Therefore, the capacity of the present specimens cannot
be estimated well by the equations developed by Hosaka et al. [12].

4.2. The proposed equation

Because the shear capacity of the PBL connectors in the steel–
concrete joints of hybrid bridges cannot be evaluated well by the
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Table 5
Components of connector shear resistance.

Specimen code Measured shear resistance (kN) Contribution of each part (kN) Estimated shear resistance (kN) Measurement/Estimation

Interface bond Concrete dowel Transverse rebar

C-b1r1d1 547 141 154 256 551 0.99
C-b1r0d1 370 161 221 0 382 0.97
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existing equations mainly for the PBL connectors in composite
beams, a more applicable model is necessary for predicting the
shear capacity of PBL connectors in the case of dowel fracture as
the failure mode.

Considering that the shear capacity of a PBL connector could be
achieved by adding the contributions of the interface bond, the concrete
and the transverse rebar dowels on the basis of the compatibility of the
slip deformation at the ultimate load, as mentioned above, the ultimate
shear capacity of a standard PBL connector is assumed to be as in Eq. (1).

Vu ¼ Vbv þ Vcv þ Vsv ð1Þ

where:

Vu The ultimate resistance of a PBL connector;
Vbv, Vcv and Vsv The resistance of the interface bond on the steel plate

surface, concrete and transverse rebar dowels in the hole,
respectively and were determined as follows.

I) The resistance of the interface bond

The resistance of the interface bond between steel plate and the
concrete can be defined as

Vbv ¼ τbAb ð2Þ

where:

τb The bonding strength between the steel plate and the
concrete (MPa);

Ab The area of the contact surface between the steel plate and
the concrete (mm2).

The expression for the bonding strength between the flat steel plate
and the concrete can be obtained as [23]:

τu ¼ −0:054 f cu þ 0:7
ffiffiffiffiffi
f 0c

q
−1:193 ð3Þ

where:

τu The ultimate bonding strength between the steel plate and
the concrete (MPa);

fc′ The cylindrical concrete compressive strength (MPa).
Table 6
Some typical models for the shear resistance of PBL.

Authors Predicting models

Leonhardt et al. [2] Vu=2.553D2fc′
Hans-Peter [4] Vu=2.257D2fc′
Oguejiofor and Hosain [6] Vu ¼ 4:5hsctsc f

0
c þ 0:91Atr f y þ 3:31nD2

ffiffiffiffiffi
f 0c

q

Ahn J.H. et al. [7] Vu ¼ 3:14hsctsc f
0
c þ 1:21Atr f y þ 1:895nπD2

ffiffiffiffiffi
f 0c

q

Al-Darzi et al. [9] Vu ¼ 255:31þ 7:62� 10−4hsctsc f
0
c−7:59� 10−7Atr

Vianna J.C. et al. [11] Vu ¼ 31:8þ 1:9� 10−3hsctsc f
0
c þ 0:53� 10−3Atr f y−

Hosaka et al. [12] Vu=4.3A−39×103 for 17×

A ¼ 0:2
Vu=1.85A−26×103 for 40×

A=0.25
Considering the relation between the cubic and the cylindrical
compressive strength, with fc′=0.83fcu as in reference [24], Eq. (3)
can be expressed as

τu ¼ −0:045 f cu þ 0:638
ffiffiffiffiffiffiffi
f cu

q
−1:193 ð4Þ

where:

fcu The cubic compressive strength of the concrete (MPa).
With the help of the model CEB-FIP MC90 [25] for the bond–slip

relation between the rebar and the surrounding concrete, as shown
in Fig. 8(a), and the test results from the pure bond specimens in
group C-b1r0d0 in present study, the bond–slip curve between the
flat steel plate and the concrete is developed as Eq. (5) and shown
in Fig. 8(b).

τb ¼
τu

s
0:61

� �0:29

τu 1:24−0:47sð Þ
0:48τu

0 ≤ s ≤ 0:61
0:61b s ≤ 1:65
1:65 b s

8><
>:

ð5Þ

where s is the slip between the steel plate and the concrete (mm).
As indicted above, the ultimate slip of the standard PBL is much

larger than 1.65 mm, and as such, the bonding strength of the steel
plate/concrete interface at the ultimate load of a standard PBL can be
obtained from Eq. (5) as follows:

τb ¼ −0:022 f cu þ 0:306
ffiffiffiffiffiffiffi
f cu

q
−0:573: ð6Þ

II) The resistance of the concrete dowel in the hole

The load state of the concrete dowel is illustrated in Fig. 9, where
σA is the compressive stress from the steel plate, σB is the supporting
stress of section B, σc is the lateral compressive stress from the
concrete blocks alongside, and I–I is the fracture section of the
concrete dowel.

The contribution of the concrete dowel resistance shown in
Fig. 9(c) can be calculated by

Vcv ¼ 2τcvAc ð7Þ
Notation

Vu: Shear capacity of connector
D: Diameter of the hole
fc′: Cylindrical concrete strength

hsc: Height of connector
tsc: Thickness of connector

f y þ 2:53� 10−3Asc

ffiffiffiffiffi
f 0c

q
Atr: Area of transverse rebars

0:6� 10−6Asc

ffiffiffiffiffi
f 0c

q
fy: Yield strength of reinforcement

103bAb152×103 n: Number of the hole

5πD2 ffiffiffiffiffiffiffiffiffiffi
tsc =D

p
f 0c ds: Diameter of transverse rebar

103bAb383×103 Asc: Shear area of concrete dowels
π(D2−ds

2)fc′+0.25πds2fu fu: Ultimate strength of reinforcement



Table 7
Comparisons between calculated and experimental results.

Specimen code The test Vtest/kN The calculated shear capacity Vcal./kN and the relative error

Leonhardt et al. [2] Hans-Peter [4] Oguejiofor and Hosain [6] Ahn et al. [7] Al-Darzi et al. [9] Vianna et al. [11] Hosaka et al. [12]

C-b0r1d1 449 443
−1%

392
−13%

270
−40%

324
−28%

299
−33%

340
−24%

414
−8%

C-b1r1d1 547 443
−19%

392
−28%

270
−51%

324
−41%

299
−45%

340
−38%

414
−24%
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where:

τcv The shear strength of the concrete under multiaxial stresses
(MPa);

Ac The sectional area of the concrete dowel, andAc=π(D2−ds
2)/4,

D — The diameter of the hole (mm), and ds — The diameter of
the transverse rebar through the hole (mm).

The strength of the concrete under direct shear can be found by [26].

τc ¼ 0:25 f c ð8Þ

where:

τc The direct shear strength of the concrete (MPa);
fc The prismatic strength of the concrete (MPa).

Considering that the shear strength of the concrete dowel in the PBL
would be improved by the confinement effect from the hole and the
lateral compressive stress [16,17], here a strength enhancement
coefficient ψc is introduced, and the relative shear strength of the
concrete can be expressed by Eq.(9) with fc = 0.8fcu [24].

τcv ¼ 0:2ψc f cu: ð9Þ

Then, the resistance of the concrete dowel through the hole can be
obtained as the following

Vcv ¼ 0:4ψcAc f cu: ð10Þ

According to the present experimental results, the contribution of
the concrete dowel Fcv is 154 kN (see Table 5) when D, ds and fcu are
60 mm, 20 mm and 58.1 MPa, respectively. Therefore, the value of
ψc=2.64 can be obtained. The resistance of the concrete dowel through
the hole can be calculated by:

Vcv ¼ 1:06Ac f cu: ð11Þ

III) Resistance of the transverse rebar in the hole

The transverse rebar in the hole is subjected to the combined action
of tension, bendingmoment and shear. Fig. 10 shows the situation of the
transverse rebar in a standard PBL connector.
Fig. 8. The bond–slip relation between flat steel plate and concrete: (a) CEB-FIP M
Similar to the calculations for the concrete dowel, the contribution of
the transverse rebar can be defined as:

Vsv ¼ 2 f vAs ð12Þ

where:

fv The shear strength of the transverse rebar (MPa);
As The sectional area of the transverse rebar, and As=πds2/4.

The shear strength of the transverse rebar can be calculated by its
yield strength fy:

f v ¼ f y
.

ffiffi
3

p : ð13Þ

As shown in Fig. 10, the transverse rebar presented typical bending-
shear deformation, and the local concrete under rebar helps to increase
the capacity of the connector. Because the effect of the local concrete is
related to the deformation of the rebar, a coefficient ψs is introduced to
calculate the contribution of the transverse rebar:

Vsv ¼ 1:15ψsAs f y: ð14Þ

According to the present experimental results, the contribution of
the concrete dowel Fsv is 256 kN (see Table 5) when ds and fcu are
20 mm and 58.1 MPa, respectively. Therefore the value of ψs=1.82
can be obtained. The resistance of the transverse rebar in the hole can
be calculated by:

Vcv ¼ 2:09As f y: ð15Þ

Therefore, the ultimate shear capacity of a standard PBL connector
can be calculated by:

Vu ¼ τbAb þ 1:06Ac f cu þ 2:09As f y: ð16Þ

4.3. Validation of the proposed equation

The related experimental results obtained separately by the third
parties Q.T Su et al. [19], Zhang Q.H. et al. [20], Xiao L. et al. [21],
WuW.M. [22], and Eiichi T. et al. [27] were introduced to verify the ac-
curacy of theproposed Eq. (16). The concrete strength of these push-out
specimens varies from35.7MPa to 58.9MPa, and the ratio of dowel area
C90 bond–slip model; (b) Fitting results of the bond–slip curve in this work.

Image of Fig. 8


Fig. 9. Analytical diagram for concrete dowel: (a) Concrete dowel by the hole; (b) Stress diagram of concrete dowel; (c) Concrete dowel in shear.
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to interfacial bonding area is between 0.02 and 0.13. It is noted that all
the test results were from PBL specimens with the same failure mode
as in present test, namely, the dowel being sheared off. Fig. 11 shows
the comparison of the experimental and predictive results. The mean
value and the standard deviation are 1.03 and 0.01, respectively; the co-
efficient of determination and the Pearson Correlation Coefficient are
0.98 and 0.99, respectively, which demonstrates that proposed
Eq. (16) can predict the shear-resistant capacity of PBL connectors in
steel–concrete joints of hybrid bridges well.
5. Conclusions

This paper presents a study of the performance of perfobond strip
connectors in steel–concrete joints by push-out tests on twelve
plug-in type push-out specimens, which is different from the separated
Fig. 10. Stress diagram for transverse rebar.
type of standard push-out specimen in EC. 4. Based on the results, the
following conclusions can be drawn:

The steel plates in all types of connectors are pushed out from the
concrete and the dowels in the holes in the steel plate are fractured at
the end of the experimental procedure. The shear-resistant capacity of
a PBL connector consists of the bonding effect at the steel plate/concrete
interface and the resistance of the concrete and the rebar dowel in the
hole. The bonding effect at the interface can improve the shear capacity
of PBL connector, and the test results indicate that the maximum and
residual bonding strengths between steel plate and the C50 concrete
were 1.06 MPa and 0.51 MPa, respectively. The concrete dowel in the
hole helps to transfer the loads from the steel plate to the transverse
rebar inside the concrete dowel; with the concrete dowel surrounding
the transverse rebar, the ultimate shear capacity of a PBL connector
was significantly improved; the contribution of the concrete dowel is
28% of the overall capacity in a standard PBL connector in this work.
For the PBL connector with a transverse rebar in the hole, the ultimate
shear resistance and the bulk of the ultimate deformability of the
connector were contributed by the action of the transverse rebar.

The shear-resistant capacity of the PBL connectors with the failure
mode of dowel fracture cannot be evaluated well by the existing equa-
tions developed for connectors with failure occurring in the concrete
slab. Using these equations to predict the shear capacity of the standard
PBL connector in this study, the relevant predictive errors between the
calculated andmeasured capacities range from19%–51%. To yield better
capacity estimation for the PBL connectors in the steel–concrete joints
Fig. 11. Comparison between tests and calculations.
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of hybrid bridges, an analytical model for predicting the shear-resistant
capacity of PBL connectors is developed. Themodel is verified by the ex-
perimental results and can be used to predict the ultimate shear–shear
resistant capacity of PBL connectors in the steel–concrete joints of
hybrid bridges.

Furthermore, because multiple PBL connectors are usually set in the
steel–concrete joints of hybrid bridges, the interaction between the PBL
connectors would prevent the shear capacity of themultiple connectors
from reaching the sum of the resistances of the individual PBL connec-
tors. As such, it is necessary to perform additional push-out tests for
the case of multiple PBL connectors. Moreover, since shear connectors
in steel–concrete joints of hybrid girder bridges are inevitably subjected
to repeated stresses caused by traffic loads, the fatigue behavior of PBL
connectors also needs to be further investigated.
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