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In recent years, there is a rapid increase in the application of perforated steel rib shear connectors in steel and concrete composite
structures. +e connectors must not only ensure shear transfer but also sufficient uplift resistance. +e shear behavior of
connectors has been extensively investigated. However, studies on uplift resistance are lacking so far. +erefore, three push-out
test specimens were tested to investigate the shear and tension behavior of perforated L-shaped and plain steel rib shear
connectors. +e failure modes of connectors were analyzed, and analytical models for the determination of uplift resistance were
derived based on test results. +e results showed that the ductility of perforated steel rib shear connectors under uplift force was
smaller than that under shear force, and more severe concrete damage surrounding the rib and larger bending deformation of
transverse steel bar was observed.+e rib flange of L-shaped perforated rib has a significant contribution to the uplift resistance. It
was suggested to increase the rib height of L-shaped rib to avoid the horizontal crack at the height of the rib flange. +e validity of
the proposed analytical models was confirmed by comparing the failure modes and capacities of specimens.

1. Introduction

In steel and concrete composite structures, various types of
shear connectors, such as headed stud shear connector [1]
and perforated steel rib shear connector [2], are arranged to
ensure the composite action between the steel and concrete
components. A perforated steel rib shear connector is a thin
steel plate with a number of uniformly spaced holes. After
the holes in the perforated rib are filled with concrete, the
concrete dowel can resist longitudinal shear and prevent
uplift separation between steel and concrete components
[2–5]. +ough the headed stud shear connector is still the
most widely used shear connector, there is an increase in
applications of perforated steel rib shear connectors in the
composite structures [5–9], owing to their ease of manu-
facture, excellent load bearing and deformation properties,
superior antifatigue performance, and usefulness in slender
concrete slabs [10].

In the literature, the shear behavior of perforated steel
rib shear connectors has been studied extensively
[4, 11, 12] since the earlier research work of Leonhardt
et al. [2], and several formulas for estimating the shear
resistance of perforated steel rib shear connectors have
been proposed for the shear design of the connectors in
composite structures. +e research studies on perforated
steel rib shear connectors have shown that the shear be-
havior is significantly influenced by a number of param-
eters, including the hole diameter, the number of holes, the
compressive strength of concrete, the thickness, length
and height of the steel plate, the configuration of trans-
verse steel bar in the hole, and the dimension of concrete
slab [4]. Besides the traditional perforated steel rib with
closed recesses, rib connectors with open recesses have
developed in recent times. For the rib connectors with
open puzzle-shaped geometry, intense research for the
assessment of the shear behavior of rib shear connectors
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was performed in [13, 14] for steel failure, in [15–17] for
concrete failure, and in [18] for fatigue failure. +ese
experimental and theoretical studies led to the develop-
ment of design principles for puzzle-shaped rib shear
connectors under shear forces.

With the increase of composite structures and the
widespread use of perforated steel rib shear connectors, it is
becoming more common for connectors to be subjected to
uplift forces. +e behavior of composite structures would be
significantly affected by the performance of perforated steel
rib shear connectors under uplift forces. As shown in
Figure 1(a), the connectors in steel-concrete composite
beams exposed to bending should provide sufficient re-
sistance against the uplift of the concrete slab. In composite
slabs, the perforated steel rib shear connector is subjected to
both the shear and uplift forces, especially when the shear
crack occurs in the slab and results in vertical relative slip
between steel ribs and concrete, as shown in Figure 1(b). In
integral steel bridges, perforated steel rib shear connectors
were reported to be installed at the end diaphragm of the
steel girder to improve load- and crack-resisting capacity of
the girder-abutment joints (Figure 1(c)) [19]. In Figure 1(d),
the out-plane deformation of steel tube in concrete-filled
steel tubular columns could be restrained by perforated steel
rib shear connectors which thus were in tension [20]. In such
composite structures, the perforated steel rib shear con-
nectors must not only ensure shear transfer but also suffi-
cient uplift resistance. According to the design provisions for
composite beams in Eurocode 4 [21], shear connectors
should be designed to resist a nominal ultimate tensile force,
perpendicular to the plane of the steel flange, of at least 0.1
times the design ultimate shear resistance of the connectors.
While headed stud shear connectors are generally assumed
to provide sufficient resistance to uplift [21], there are no
official guidelines for the design of the uplift resistance of rib
shear connectors in the codes. Only few tests on puzzle-
shaped rib shear connectors with open recesses were carried
out to investigate the resistance of rib shear connectors
under tension [22–25] or combined shear and tension
[26, 27]. However, studies on rib shear connectors with
closed recesses (traditional perforated steel rib) are lacking
so far. +erefore, the focus in this study is on the behavior of
perforated steel rib shear connectors subjected to uplift
forces.

+e perforated steel ribs can act as not only shear
connectors but also stiffeners for the steel plate in com-
posite slabs. +e perforated L-shaped ribs proposed by Xu
et al. [5] and used in composite slabs, as shown in Figure 2,
have been proved to reduce the shear crack risk of com-
posite bridge deck slabs and have a larger contribution to
the loading-carrying capacities of composite slabs than
plain ribs. However, it is still not clear that how perforated
ribs resist the vertical relative slip between steel ribs and
concrete after the shear crack occurred. In this study,
perforated L-shaped and plain steel rib shear connectors
were tested under uplift forces. +e failure modes of two
types of rib shear connectors were analyzed, and analytical
models for the determination of the uplift resistance were
derived based on test results.

2. Push-Out Tests

To investigate the structural behavior of perforated steel rib
shear connectors, three push-out test specimens were fab-
ricated and tested with no redundancy, among which two
specimens reflecting the real state of perforated rib in
composite slabs were designed and tested for the uplift
resistance. +e failure modes and load-slip curves of the
specimens are reported.

2.1. Test Programs. Table 1 summarizes the geometric
properties of the specimens together with the properties of
materials used in this study. d and ds are, respectively, the
diameter of the hole and steel bar in the hole, and the yield
strength of the bar (fy,bar) is 450MPa. +e yield strength of
the steel rib (fy,rib) is 365MPa. +e concrete cubic and
cylinder compressive strength (fcu and fc′), tensile strength
(fct), and modulus of elasticity (Ec) on the day of the test are
presented.

+e specimens were designed based on the design of the
composite slabs reported in [5]. +eir details are shown in
Figure 3. +e photos of steel members of the specimens are
shown in Figure 4. S-1 specimen is a traditional push-out test
specimen. Two steel plate of 6mm thickness, 350mm height,
and 100mmwidth were welded in vertical direction to a steel
plate of 20mm thickness. +e thicker steel plate was sub-
jected to a vertical load which produces a shear load along
the interface between the concrete slab and steel member. At
the end of the steel plate, plastic foam blocks were set to
eliminate the end-bearing effect of concrete. T-1 and T-2
specimens were designed to study the uplift behavior of the
perforated rib in steel and concrete composite slabs. One
steel plate of 6mm thickness, 100mm height, and 180mm
width was welded in horizontal direction to a steel plate of
20mm thickness. +rough two vertical steel plates, vertical
loads were applied symmetrically to two ends of the hori-
zontal steel plate. S-1 and T-1 specimens were fabricated
with plain steel ribs, while L-shaped steel rib was used in T-2
specimen. +e width of the L-shaped steel rib flange was
30mm, as shown in Figure 3(c). All steel members were cast
into concrete block with a thickness of 150mm which is the
same with that of the bridge deck slab reported by Xu et al.
[5]. Referring to Figure 5, in all the specimens, transverse
steel bars of 14mm diameter were placed through the center
of the holes. Reinforcing bars of 10mm diameter were
arranged above the steel ribs with a spacing of 100mm.
Additional rebars were placed under the transverse bars in
T-type specimens to avoid the premature bending failure of
specimens. +ese rebars were placed more than 100mm
away from the ribs in order to minimize their effects on the
failure modes of the connectors.

As shown in Figure 6, the test setup is similar to that used
in earlier push-out tests [4]. Load was applied using a hy-
draulic testing machine of 2000 kN capacity. +e loading
procedure is shown in Figure 7. Pu is the estimated ultimate
load, which was obtained through preliminary calculation
before the tests. It was initially taken as 380 kN, and then it
was adjusted to 360 kN after the test of S-1 specimen. After
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preloading, five low level and five high level load cycles were
applied before the specimens were loaded to failure or the
slip up to 20 cm. +e loading speed was controlled under
30 kN/min or 1mm/min.

Figure 8 presents the arrangement of the measuring
system. D1 to D4 are displacement transducers (LVDTs) to
measure the vertical relative slip between the concrete slab
and the steel member. Strain gauges (G1 to G8) were at-
tached to the steel members and bars. In this figure, the long
side of the black rectangle representing the strain gauge is
the direction of the strain gauge. Data were acquired using a

personal computer-based data acquisition system and were
continuously sampled at a rate of 1Hz during the test.

2.2. FailureModes. +e failure of S-1 specimen was triggered
by the longitudinal splitting of the concrete lab, followed by
the crushing of concrete on the bottom of the specimen as
shown in Figure 9(a). +e concrete cracks were firstly ob-
served at the load of about 570 kN, and then they propagated
and the crack width increased with the increase of the load
and the number of the load cycles.

(b) (c)(a)

Figure 2: Application of perforated L-shaped steel ribs in composite slabs [5]. (a) L-shaped steel rib. (b) Perforated L-shaped steel ribs. (c)
Steel members of steel and concrete composite slabs.

Table 1: Specimen characteristics and material properties.

Label Force Rib type Number of holes d (mm) ds (mm) fy,rib (MPa) fy,bar (MPa) fcu (MPa) fc′ (MPa) fc (MPa) Ec (MPa)

S-1 Shear Plain 2
50 14 365 450 51.8 43.0 4.6 40600T-1 Uplift Plain 1

T-2 Uplift L-shaped 1

Relative slip

Steel girder

Concrete slab

(a)

Concrete slab Shear crack

Relative slip Steel member

(b)

Abutment

Steel girder

Relative slip

(c)

Out-plane deformation

Relative slip

Steel tube

Concrete core

(d)

Figure 1: Perforated steel rib shear connectors subjected to uplift forces. (a) Composite beam. (b) Composite slab. (c) Girder-abutment
joint. (d) Concrete-filled steel tubular column.
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Two T-type specimens exhibited similar failure modes.
Approaching the ultimate load, at the bottom surface of the
concrete block, transverse concrete cracks were observed
on both sides in Figure 9. At the end of the test, concrete

cones with a height of about 5 cm between the two
transverse cracks were punched out along with the steel
member. In Figure 10, the sectional views through both test
specimens show the punching cracks and concrete cones

Plastic foam

Rebar, ϕ10

B-B

Plastic foam

35

Front view

35

35
0

A-A

28
5

50

B

90
57

5

40

50

600

17
5

90

20

17
5

100

45

12
5

50

45
0

32
0

50

75

40

40

400

240

50

40210

150

600

11
5

150

5@100

Transverse bar, ϕ14

50

50

210

B

50

11
5

320

ϕ5
0

220

A

100

100

A

45
0

85
30

0
65

3@
10

0

40

75

45

(a)

Rebar, ϕ10

Rebar, ϕ14

135

40

16
0

40

5@100
Transverse bar, ϕ14

30

A

10
0

47

215

30

600

40

250

30

600

600

220

20
0

A

3@
50

100

100

600

22
0

145

50

310

85

37
5

100

B

Plastic foam

10
0

3@
50

270

34
5

6

215

60
0

250

20
0

60
0

30

145

80

135

35

22
0

25

50

B

10
0

30

ϕ50

20

47

170

24
0

380

20

40

Front view B-BA-A

(b)

Rebar, ϕ10

Rebar, ϕ14
6 30

25

47

600

10
0

20
0

50

20145

3@
50

A

B-B

600 600

30

135

22
0

135

16
0

37
5

40

10
0

47

30

600 215

5@100

34
5

30

A

A-A

20

Plastic foam

4040

100

80

380

35

40

22
0

6

30

250
170

24
0

50

B

145

270 220

85

30

20
0

60
0

10
0

Front view

100

3@
50

B

310
250

215

60
0Transverse bar, ϕ14

100

ϕ50

(c)

Figure 3: Details of the specimens (mm). (a) S-1. (b) T-1. (c) T-2.
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clearly. In the T-2 specimen with L-shaped rib, horizontal
cracks were initiated near the short leg of L-shaped rib
while during the test of T-1 specimen, no crack was
observed.

+e concrete slabs were opened after the experiment.
Considerable bending and shear deformation of the trans-
verse steel bars were observed, as shown in Figure 11. At the
locations of perforation, the deformation of steel bars was
the largest, which resulted in V-shaped bars. +e bar in T-1
specimen was deformed almost symmetrically, while in T-2
specimen, the right part of the bar, which was at the same
side with the short leg of L-shaped rib, had smaller bending
deformation.

As shown in Figure 12, local plastic deformation oc-
curred on the top edge of the holes in T-1 and T-2

specimens. Meanwhile, in T-2 specimen, the rib flange bent
up visibly under the pressure from the concrete below.

2.3. Load-Relative Slip Curves and Load Capacities.
Figure 13 shows the load-relative slip curves. It is noted that
for S-1 specimen, the load for one rib connector is the half of
the applied load in the test. At the early stage of loading,
there was almost no relative slip between the steel plate and
the concrete block.+e shear force was mainly carried by the
initial interface bond. +en, with the initiation and devel-
opment of the relative slip, the interface bond was failed and
the bond stress gradually reduced. At the same time, the
dowels through the holes in the ribs started to resist the
increasing external force. S-1 specimen presents the largest

(a) (b)

(c)

Figure 4: Photos of steel members. (a) S-1. (b) T-1. (c) T-2.
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ductility. After reaching the peak point, the load in T-type
specimens deceased rapidly while in S-1 specimen, the load
gradually dropped only by 10%.

Table 2 summarizes the residual load capacity Fr, the
ultimate load Fu, and the relative ultimate slip Su. Fr is
defined as the load value at the relative slip of 15mm. Fr of
S-1 specimen is more than 2 times as large as those of T-type
specimens. T-1 specimen has an ultimate strength 12.0%

larger than that of T-2 specimen. Su of S-1 specimen is also
the largest. It indicates that when the perforated rib is
subjected to uplift force, the capacity and ductility are
smaller than those under shear force.

2.4. Strain in Steel Members and Transverse Steel Bars. In
Figure 14, the results of vertical strain gauges located
100mm above or below the rib hole in S-1 specimen were
plotted with the relative slip. +e value of the strain gauge
above the hole was negative and increased with the relative
slip. It indicates that the upper part of the rib was in
compression. +e compressive stress was applied to the rib
through the upper part of the rib hole by concrete. +e value
of the strain gauge below the hole was also negative when the
slip was smaller than 0.1mm. It then became a positive value
at the slip of about 0.6mm. +e reversal in the sign of strain
was thought to occur when the natural bond between
concrete and steel rib failed. +e large differences between
two strain gauges implied that the shear force had been
transferred to concrete through the rib hole.

Transverse bar

(a)

Transverse bar

(b)

Figure 5: Photos of steel bar arrangement. (a) S-1. (b) T-type specimen.

(a) (b)

Figure 6: Test setup. (a) S-1. (b) T-type specimen.
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ad
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Figure 7: Push-out test loading sequence.
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Figure 9: Failure modes of specimens. (a) S-1. (b) T-1. (c) T-2.
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Figure 10: Cracks in T-type specimens. (a) T-1. (b) T-2.
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Figure 11: Deformation states of transverse steel bars. (a) T-1. (b) T-2.
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+e results of vertical strain gauges near the rib holes in
T-1 and T-2 specimens are shown in Figure 15. It was found
that the tensile strain in the rib slightly increased at low level

of load when the natural bond between concrete and steel rib
mainly resisted the uplift forces, while after the natural bond
failed, the strain gradually increased with the load. According
to these results, the initial slip loads were evaluated to be
178 kN and 130 kN for T-1 and T-2 specimens, respectively.

Figure 16 shows the horizontal strain in the flange of the
steel rib in T-2 specimen.+e upside face of the flange was in
tension when the load was larger than the initial bond load.
When the rib flange was pulled down by the rib web, its
deformation was resisted by the surrounding concrete and it
would be in bending and tension. +e flexural deformation

Plastic deformation

(a)

Plastic deformation

Bent-up region

(b)

Figure 12: Plastic deformation of the steel ribs. (a) T-1. (b) T-2.
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Figure 13: Load-slip curves. (a) S-1. (b) T-1. (c) T-2.

Table 2: Experimental results.

Label Force Fr (kN) Fu (kN) Su (mm)
S-1 Shear 358.0 363.3 2.15
T-1 Uplift 162.0 367.8 0.43
T-2 Uplift 136.2 328.5 0.44
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of the rib flange, which was also observed in Figure 12,
implied that the rib flange has a significant contribution to
the uplift resistance of the L-shaped shear connector.

When perforated ribs transfer the longitudinal and
vertical shear forces between steel and concrete members,
the transverse bars will deform with the concrete around
the holes, according to Zheng et al. [4]. +e deformation of
transverse bars can be taken as an indication of shear forces
transferred by perforated ribs. Figures 17 and 18 show the
results of strain gauges in the transverse bars in S-1
specimen. It can be seen that the transverse bar was in
tension. No. 3 strain gauge is closer to the rib hole, and
larger tensile strain was observed. It can be concluded that
the tensile force and bending moment decreased along the
bar from the rib hole to the bar end. +e force exerted to
the bar by the concrete in the hole was balanced by the
bearing force and bond stress from the concrete around the
bar.

+e results of no. 3 strain gauges in T-1 and T-2
specimens are shown in Figure 18. +e values of strain in
transverse bars in these two specimens were more than 4
times larger than that in S-1 specimen. +e transverse bars
almost or already yielded at a slip smaller than 3mm, which
indicates that the transverse bars in T-1 and T-2 specimens
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Figure 14: Results of vertical strain gauges above or below the rib hole in S-1 specimen. (a) Above the hole. (b) Below the hole.
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Figure 15: Results of vertical strain gauges near the rib holes in T-type specimens. (a) T-1. (b) T-2.
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had larger bending deformation than those in S-1 specimen.
+e possible reason is that the concrete layer below the
transverse bar is thicker in S-1 specimen and thus its
constraint on the overall bending deformation of the bar is
stronger.

In Figure 19, results of no. 5 and no. 6 strain gauges in
transverse bars in T-type specimens are presented. It was
found that the bars were in tension and the tensile forces
increased with the relative slip, which was also reported in
[26, 27]. Compared with the results of strain gauges at the
same position in S-1 specimen, it is clear that the bars in
T-type specimens have larger deformation.

3. Analytical Models for Predicting
Uplift Resistance

+e uplift resistance of rib connectors is affected by the
performance of concrete, steel rib, and steel bar. In Figure 20,
the steel rib, concrete, and bar in the rib hole are detached
from the specimen, and the reactions that the remaining
concrete and steel bar exert on this free body are shown.+e
tensile force in the web of steel rib is in vertical equilibrium
with four forces: the shear force in the steel rib (Fhs), the
shear force in the concrete (Fhc), the bond and friction in the

interface between concrete and steel rib (Fb), and the vertical
force applied to the flange of the L-shaped rib (Ff ). +ese
forces are all the resultant of the stresses at the shear con-
nector surface. +e equilibrium equation is written as
follows:

F � Fw � Fh + Fb + Ff ,

Fh � Fhs + Fhc.
(1)

3.1.TensileStrengthofSteelRibWeb. +e tensile failure of the
steel rib web under Fw is ductile. +e strength of the web can
be evaluated by the following equation:

Fw,u � fy,ribAw � fy,ribaribtrib, (2)

where fy,rib is the yield strength of the steel rib and Aw is the
cross-sectional area of the web of steel rib. For T-type
specimens with steel ribs of 180mm width (arib) and 6mm
thickness (trib), the tensile strength was calculated to be
394.2 kN.

3.2. Resistance of Concrete Dowel and Transverse Steel Bar.
Studies on perforated rib shear connectors under shear load
have shown that the shear capacity of the connector is
mainly contributed by the concrete dowel, chemical bond,
and the bar in the hole, and the slip at the ultimate load is
generally larger than 1mm [12].

In this study, equation (3) proposed by Zheng et al. [4] is
adopted to estimate the shear capacity of the perforated
shear connector:

Fh,u � 1.76αA Ah −Abar( fc′ + 1.58Abarfy,bar, (3)

αA � 3.8
Abar

Ah
 

2/3

, (4)

where αA is the effective shear area ratio of concrete dowel
per hole, reflecting the confinement effect of bar on concrete;
Ah and Abar are the area of the rib hole and steel bar (mm2),
respectively; fc′ is the concrete cylinder compressive strength
(MPa); and fy,bar is the yield strength of the transverse bar
(MPa). As shown in Table 3, the shear capacity is calculated
to be 204.8 kN, which is smaller than the experimental uplift
resistance. +e strength is underestimated because the
contribution of the chemical bonding effect to shear re-
sistance is ignored in equation (3).

Equation (3) is based on the results of traditional push-
out tests. In these tests, steel bars in the rib holes almost
failed in shear with limited bending deformation [4].
However, in T-type specimens, the bars have much larger
bending deformation. It implies that, as shown in Figure 21,
the moment (Mhs) in the bar section A is larger in T-type
specimens, and thus that the normal stress is larger. Based
on the von Mises yield criterion, it is known that the steel
bar would yield under smaller shear stress when normal
stress is larger. It means the shear resistance of bars in hole
in T-type specimens is smaller than that in S-type
specimens.
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3.3. Bond Strength. For steel and concrete composite con-
structions without shear connectors, natural bonding,
friction, and mechanical interlocking actions transfer the
stress between steel and concrete members. +e stress is
referred to as bond stress. +e bond stress capacity (τu) is
reached with the rupture of the chemical adherence between
the steel and concrete. +en, the bond stress reduces rapidly

to a value and remains relatively stable after a certain slip.
+is value is referred to as residual bond stress. Since 1962,
many studies [28–30] have addressed the bond stress ca-
pacity of steel and concrete composite constructions. +e
encased steel section compared with the concrete encase-
ment (ρ), the thickness of the concrete cover, and the length
of the bond stress region (Lb) was deemed to affect the bond
stress capacity [31]. T- and S-type specimens have large
differences in the values of ρ and Lb.+e bond stress capacity
was then estimated through equation (5) by Roeder et al.
[31]:

τu � 2.91− 0.300
Lb

d
 − 14.97ρ, (5)

where τu is the bond stress capacity (MPa); ρ is the encased
steel section compared with the concrete encasement ρ
and is equal to (As/At); and d is the depth of steel section
(mm). +en, the strength of the bond (Fb,u) is written as
follows:

Fb,u � τuAb, (6)

where Ab is the contact area between the steel rib and
concrete.

+e bond fails at a small slip. +e ultimate slip at the
loaded end of specimens was evaluated according to Yang
et al. [32]:

Sbu � 4.098 × 10−4le. (7)

+e calculated results are presented in Table 4. +e
calculated bond stress capacity of S-1 specimen is smaller
than those of T-type specimens due to the larger contact
area. +ese results are consistent with experimental ones.
+e calculated Sbu is about 20% of Su, which indicates that
the bond had failed before the specimens reached their
ultimate strengths. +erefore, the value of the bond stress at
the failure of the specimen was assumed to be equal to the
residual bond stress. Only a few studies have been performed
to investigate the residual bond stress. In this study, it was
taken as 63% of the bond stress capacity according to the test
results of 16 push-out specimens by Yang et al. [32]. +en,
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Figure 19: Results of no. 5 and no. 6 strain gauges in transverse bars of T-type specimens. (a) T-1. (b) T-2.

Bearing forceForces in rib holes
Fh = Fhs + Fhc

Bond and friction
Fb

Plain steel rib shear connector

Moving direction

L-shaped steel rib shear connector
Fw

Ff

Fw

Steel bar
Concrete
Steel rib

Figure 20: Free-body diagram of shear connectors.

Table 3: Calculation results of the resistance of concrete dowel and
transverse bar.

αA
Ah

(×103mm2)
Abar

(×103mm2)
fc′

(MPa)
fy,bar
(MPa)

Fh,u
(kN)

0.90 1963.5 153.9 43.0 450.0 204.8

Shear stress
Stresses in section A

σhc

Fhs Mhs

Section A

Steel bar

Concrete in the rib hole

FhsMhs

Normal stress

Mhs

Fhs

Figure 21: Forces and stresses in the transverse steel bar.
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the residual bond strength (Fb,r) was estimated and is
presented in Table 4.

3.4. Contribution of Rib Flange to the Load Capacity. +e
force at the flange of the rib (Ff ) causes a bending moment
at the fixed end of the flange. When the force is large
enough, a plastic hinge would form.+is force is referred to
as Ffrib,u. Meanwhile, the equal and opposite forces by the
rib flange on the concrete would lead to local crushing or
tensile failure of concrete. +us, the following relationship
is obtained:

Ff ,u � min Ffrib,u, Ffc,u , (8)

where Ff ,u is the ultimate load at the rib flange and Ffc,u is the
strength of concrete surrounding the rib flange.

+e rib flange embedded in concrete is subjected to
complex loading, as shown in Figure 22. +e shear force in
the left side of the flange is in vertical equilibrium with the
reaction forces from concrete. For the rotation equilibrium,
moment at the left side of the flange is induced. Here, the
concrete bearing stress distribution acting on the rib flange
was simply assumed to a triangle in which the width is
equal to the width of the rib flange, as shown in Figure 22.
+en, the capacity of rib flange (Ffrib,u) can be calculated as
follows:

Ffrib,u �
Mfrib,u

bf /3
�

fy,rib aribt2rib/4( 

bf /3
, (9)

where Mfrib,u is the ultimate sectional bending moment of
the rib flange (N·mm) and bf is the width of the rib flange
(mm).

+e local bearing strength of concrete under the
rib flange was calculated according to the ACI standard
[33]:

Ffc,u1 � 8Ab,0fc′ � 8aribbffc′, (10)

where Ab,0 is the net bearing area of the rib flange on the
concrete.

After the tension force was transferred by the shear
connector to concrete, it induces shear force and bending
moment in concrete transverse sections. In Figure 22, sec-
tion B, which is the weakest concrete section and which
passed through the right end of the rib flange, is paid at-
tention to. Section B has a width of 200mm (ac) and a height
of 100mm (hrib), and the internal forces in this section
consist of a force equal to (Ffc,2/2) and a moment equal to
(bf·Ffc,2/2). It was assumed that concrete crack occurred
when the maximum tensile stress reached the concrete
tensile strength. +en, the concrete cracking load is evalu-
ated through the following equation:

Ffc,u2 � 2 ×
Mfc,u

bf
� 2 ×

fct ach
2
rib/6 

bf
, (11)

where ac is the width of section B, hrib is the rib height, and
Mfc,u is the ultimate sectional bending moment of section B.
+e calculated results are presented in Table 5.

3.5. Punching Strength of Concrete. +e shear connector
exerts on the remaining concrete and steel bar forces equal
and opposite to the forces exerted by the remaining concrete
and steel bar on the shear connector. +e forces in the
concrete lead to punching shear failure. Concrete cone
would be punched out, and its geometry shows the me-
chanical characteristics of the shear connector and was
reported to be influenced by steel bar diameter [24]. Con-
crete cones developed on both sides of the shear connectors
in the T-type specimens, as shown in Figure 23. +e ge-
ometry of the concrete cones was carefully measured and is
presented in Table 6 with the aim to estimate the load when
the concrete failure prism forms. +e height of the cones is
about half of the height of the steel rib, while the inclination
of the shear cracks ranges from 11.1° to 22.3°. +e strength
was estimated by referring to the calculation method for the
punching shear strength of concrete slab. Steel re-
inforcements were not arranged in the concrete cones.
+erefore, the concrete cones were assumed to form when
the tensile stress of concrete along the cone surface reached
its tensile strength. +en, equation (12) is derived as

Fc,u � fctAp � fctBp Lp,left + Lp,right , (12)

where Ap is the projected area of concrete cone, Bp is the
width of concrete cone, Lp is the length of the concrete cone,
and θ1 is the concrete cone angle.

4. Discussions

+e calculated results are summarized in Table 7. +e failure
modes of the specimens are discussed by the comparison
between the calculated and experimental results.

S-1 specimen which failed in ductile mode of failure is a
traditional push-out test specimen. Its failuremode is similar
to that reported in [12]. Its shear capacity can be written as
the sum of the strength of the concrete dowel and transverse
steel bar in the hole and the residual bond strength, as shown
in equation (13). +e ratio of the predicted strength to the
tested one is 1.09, which shows a good level of accuracy of
the predict method.

Fu � Fh,u + Fb,r. (13)

T-1 specimen failed in brittle mode of failure. +e es-
timated Fc,u for T-1 specimen is close to the experimental

Table 4: Calculation results of bond strength.

Label Lb (mm) d (mm) ρ (%) Ab (×103mm2) Sbu (mm) τu (MPa) Fb,u (kN) Fb,r (kN)
S-1 400 400 4.8 160 0.20 1.89 302.8 190.8
T-1 and T-2 150 100 1.1 36 0.07 2.29 82.6 52.0
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ultimate strength. It seems that the punching shear failure of
concrete triggered the failure of the specimen, though the
calculated (Fh,u+Fb,r) is smaller than Fc,u. Considering that
equation (13) for traditional push-out test specimen might
not apply to T-type specimen, the capacity of T-1 specimen
was calculated through equation (14). It can be seen that the
predicted method is good.

Fu � Fc,u. (14)

T-2 specimen also failed in brittle mode of failure. Fc,u
for T-2 specimen is about 72.7% of that for T-1 specimen.
In T-2 specimen, Fc,u was thought to be affected by the
horizontal crack initiated near the rib flange. Ffc,u1 and

Ffc,u2 are larger than Ffrib,u, which implies that when the
plastic hinge formed, the concrete under the rib flange
would not crush or crack. +e contribution of the rib flange
to the uplift resistance Ff,u was equal to Ffrib,u and remained
constant after the plastic hinge formed. +e capacity of T-2
specimen was calculated through equation (15). As shown
in Table 7, a good level of accuracy of the predict method
was obtained.

Fu � Fc,u + Ff ,u. (15)

In summary, there are three potential failure modes of
the perforated rib shear connector under uplift forces, as
shown in Figure 24. One is the yielding of the steel rib web.

σfc

Section B

Concrete crack

arib

hrib

Ffc,1

Plastic
hinge

bf

Mfc Ffc,2/2

Mfrib,u

Concrete
Mf

Ff
σfc

σfc

Forces acting on the flange

Figure 22: Force diagram of L-shaped steel rib shear connector.

Table 5: Calculation results of the contribution of rib flange to the load capacity.

Label bf
(mm)

arib
(mm)

ac
(mm)

trib
(mm)

hrib
(mm)

fy,rib
(MPa)

fc′
(MPa)

fct
(MPa)

Ab,0
(×103mm2)

Ffrib,u
(kN)

Ffc,u1
(kN)

Ffc,u2
(kN)

Ff,u
(kN)

T-2 30 180 200 6 100 365 43.0 4.6 6 59.1 1857.6 102.2 59.1

Lp

θ1

θ2

Bp

hp

Concrete cone

Figure 23: Concrete cone in T-type specimen.

Table 6: Calculation results of the punching strength of concrete.

Label fct (MPa) Bp (mm) Lp,left (mm) Lp,right (mm) θ1,left (deg) θ1,right (deg) Ap (×104mm2) Fc,u (kN)
T-1 4.6 200 160.1 255.0 17.3 11.1 8.3 381.9
T-2 4.6 200 121.7 180.3 22.3 15.5 6.0 277.8

Table 7: Summary of calculated results.

Label Fu
(kN)

Fw,u
(kN)

Fh,u
(kN)

Fb,u
(kN)

Fb,r
(kN)

Fc,u
(kN)

Ffrib,u
(kN)

Ffc,u1
(kN)

Ffc,u2
(kN)

Ff,u
(kN)

Fh,u+Fb,r
(kN)

Fu,CAL
(kN) Fu,CAL/Fu

S-1 363.3 — 204.8 302.8 190.8 — — — — — 395.6 395.6 1.09
T-1 367.8 394.2 204.8 82.6 52.0 381.9 — — — — 256.8 381.9 1.04
T-2 328.5 394.2 204.8 82.6 52.0 277.8 59.1 1857.6 102.2 59.1 256.8 336.9 1.03
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+e second one is the shear failure of the concrete dowel and
transverse steel bar in the hole, which is a ductile failure
mode and is similar to that when the shear connector is
under shear forces. +e last one is the punching shear failure
of concrete under the steel rib, which is a brittle failure
mode. +e uplift resistance of the shear connector is the
smallest failure capacity of these three failuremodes, as given
in the following equation:

Fu � min Fw,u, Fh,u + Fb,r + Ff ,u, Fc,u + Ff ,u . (16)

In this study, the horizontal crack at the height of the rib
flange has a significant unfavorable effect on the uplift re-
sistance of the L-shaped rib shear connector. +us, a proper
design of the rib flange is required to avoid premature cracks
in concrete, and the rib flange should be designed tomeet the
following inequality equation (17). According to equation
(11), Ffc,u2 is in proportion to the height of the rib and
inversely proportional to the width of the rib flange. Con-
sidering that the bond strength and the concrete punching
shear strength also increase with the height of the rib, in-
creasing the rib height is recommended to avoid the hori-
zontal crack.

Fu ≤Ffc,u2. (17)

5. Conclusions

+is paper presented the test results of 3 push-out specimens
for perforated steel rib shear connectors. Two of them were
designed to reflect the real state of perforated steel rib shear
connectors in steel and concrete composite slabs with the
aim of investigating the uplift behavior of the connectors.
+e failure modes of the rib shear connectors are analyzed,
and analytical models for the determination of the uplift
resistance are derived based on test results. +e following
conclusions can be drawn:

(1) Since the thickness of concrete block to support the
steel bar in the hole of the perforated rib is small, the
failure mode of the specimens under uplift force is
different from that under shear force. +e concrete
below the bar was pushed out, and the transverse
steel bars had much larger bending deformation.
+ough the ultimate strength of perforated rib in
composite slab under uplift force was close to that
under shear force, the ductility and residual capacity
were smaller.

(2) When the L-shaped perforated rib was under uplift
force, cracks would develop at the height of the short
leg of the L-shaped rib and propagate horizontally.
As a result, the L-shaped rib shear connector had an
ultimate strength 10.7% smaller than that of the plain
rib shear connector.

(3) +e punching shear failure of concrete triggered the
failure of the plain rib shear connector. For the
L-shaped rib shear connector, a plastic hinge would
form at the end of the rib flange. +e contribution of
the rib flange to the uplift resistance would remain
constant after the plastic hinge formed and should be
taken into consideration.

(4) +e validity of the analytical models was confirmed
by comparing the failure modes and load capacities
of specimens. It was suggested to increase the rib
height of the L-shaped rib to avoid the horizontal
crack at the height of the rib flange.

Our study contributes to the understanding of the be-
havior of perforated steel rib shear connectors.+e proposed
equations for the uplift resistance of the connector are
beneficial to the design and maintenance of composite
structures. +e experimental results of this paper represent a
relatively small database. In the future, additional experi-
mental and theoretical studies will be conducted to validate
the proposed models.

Fu
uplift resistance

Shear failure
of the dowel

Punching failure 
of concrete

Yielding of 
steel rib web

Fw,u
yielding of 

steel rib web

Fb,r
residual bond

Fc,u
punching failure

of concrete

Ff,u
failure of 

steel flange

Fhc,u
shear failure of 
concrete dowel

Fhs,u
shear failure 
of steel bar

Ffrib,u
yielding of steel flange

Ffc,u
concrete failure

Ffc,u1
bearing failure

Ffc,u2
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Fh,u
shear failure 
of the dowel

Figure 24: Scheme of failure mechanisms of perforated rib shear connectors under uplift forces.
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Notations

ac: Width of the weakest concrete transverse section
arib: Width of the web of steel rib
Ab: Contact area between the steel rib and concrete
Abar: Area of the steel bar
Ab,0: Net bearing area of the rib flange on the concrete
Ah: Area of the steel rib hole
Ap: Projected area of the concrete cone
As: Area of the encased steel section
At: Area of total cross section of the specimen
Aw: Cross-sectional area of the web of steel rib
bf: Width of the flange of the L-shaped rib
Bp: Width of concrete cone
d: Depth of steel section
dh: Diameter of the rib hole
ds: Diameter of the transverse bar
Ec: Elastic modulus of concrete
fc′: Concrete cylinder compressive strength
fct: Concrete tensile strength
fcu: Concrete cube compressive strength
fy,bar: Yield strength of the transverse bar
fy,rib: Yield strength of the steel rib
Fb: Bond and friction
Fb,r: Residual bond strength
Fb,u: Ultimate bond strength
Ff: Force applied on the flange of the L-shaped rib
Ffc,1: Local bearing force of concrete under the flange of

the L-shaped rib
Ffc,2: Shear force in the weakest concrete transverse

section
Ffc,u: Strength of concrete under the flange of the

L-shaped rib
Ffc,u1: Local bearing strength of concrete under the flange

of the L-shaped rib
Ffc,u2: Cracking strength of concrete under the flange of

the L-shaped rib
Ffrib,u: Load of the plastic hinge forming in the flange of the

L-shaped rib
Ff,u: Maximum value of Ff
Fhc: Shear force in the concrete dowel
Fhs: Shear force in the transverse bar
Fr: Residual load capacity
Fw: Tensile force in the rib web
Fw,u: Maximum value of Fw
Fu: Ultimate load
Fu,CAL: Calculated load capacity
hrib: Rib height
Lb: Length of steel section or bond stress interface

length
Lp: Length of concrete cone
Mf,u: Ultimate sectional bending moment of the flange of

the L-shaped rib
Mfc,u: Ultimate sectional bending moment of the weakest

concrete transverse section
Mhs: Moment in the transverse bar
Pu: Estimated ultimate load
Sbu: Ultimate slip when the bond fails
Su: Ultimate slip when the specimen fails

trib: +ickness of the steel rib
Wfc: Proportional limit force
αA: Effective shear area ratio of concrete dowel per hole
θ1: Concrete cone angle
ρ: At/Ac
σfc: Compressive stress on the rib flange
τu: Bond stress capacity.
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