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Abstract.   A newly puzzle shape of crestbond rib shear connector is a type of ductile perfobond rib shear connector. 
This shear connector has some advantages, including relatively easy rebar installation and cutting, as well as the 
higher shear resistance strength. Thus, this study proposed a newly puzzle shape of crestbond rib with a “ʊ” shape, 
and its shear resistance behaviors and shear strengths were examined using push-out tests. Five main parameters 
were considered in the push-out specimens to evaluate the effects of shear resistance parameters such as the 
dimensions of the crestbond rib, transverse rebars in the crestbond dowel, concrete strength, rebar strength, and dowel 
action on the shear strength. The shear loading test results were used to compare the changes in the shear behaviors, 
failure modes, and shear strengths. It was found that the concrete strength and number of transverse rebars in the 
crestbond rib were significantly related to its shear resistance. After the initial bearing resistance behavior of the 
concrete dowel, a relative slip occurred in all the specimens. However, its rigid behavior to shear loading decreased 
the ductility of the shear connection. The cross-sectional area of the crestbond rib was also shown to have a minor 
effect on the shear resistance of the crestbond rib shear connector. The failure mechanism of the crestbond rib shear 
connector was complex, and included compression, shear, and tension. As a failure mode, a crack was initiated in the 
middle of the concrete slab in a vertical direction, and propagated with increasing shear load. Then, horizontal cracks 
occurred and propagated to the front and rear faces of the specimens. Based on the results of this study, a design shear 
strength equation was proposed and compared with previously suggested equations. 
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1. Introduction 
 

Shear connectors have played an important role in steel–concrete composite and mixed 
structures. They produce a composite action between the concrete and steel, allowing them to 
behave as a single unit and transfer a force from each material member. Recently, various steel–
concrete composites or mixed structures have been proposed and researched to increase the span 
length or decrease the thickness of members. In addition, high-strength concrete has been 
developed and researched. Thus, various shear connectors have also been proposed for application 
to a newly proposed composite system or to produce a composite action in a high-strength 
concrete member Bui (2010). 

The shear connectors for a composite structure or mixed structure can generally be divided into 
ductile-type shear connectors. A head stud shear connector is a representative ductile-type shear 
connector, and its strength and application have been examined over a long period by many 
researchers (Jayas and Hosain 1989, Mohammad et al. 2011, Xue et al. 2012, Shim et al. 2011). 
For another type of shear connector, the shear strengths, ductile behaviors, and design equations of 
various ductile -type shear connectors have recently been examined using push-out and composite 
beam loading tests (Maleki and Bagheri 2008, Shariati et al. 2011). Accordingly, various shape of 
shear connector was investigated such as C-shaped angle (Shariati et al. 2012), V-shaped angle 
(Shariati et al. 2016a), Chanel shear connector (Maleki and Mahoutian 2009), and Shariati et al. 
(2016b) compared the performance of channel and angle shear connectors in high strength 
concrete composites. 

A T-perfobond shear connector is another type of connector that was examined by Vianna et al. 
(2008). The results were presented and discussed, focusing on the T-perfobond structural response 
in terms of the shear transfer capacity, ductility, and collapse modes, and a comparison of the 
experimental results with the existing analytical formulae was also made to develop guidelines for 
designing T-perfobond connectors. 

Kim et al. proposed a Y-type shear connector (Kim et al. 2013, 2014a, b, 2015). It was found 
that a Y-type perfobond rib shear connector had a higher shear resistance and ductility than the 
conventional perfobond rib shear connector by comparing and estimating the experimental results. 
Lastly, the effects of the bearing resistance, transverse rebar, dowel resistance by holes, and dowel 
resistance by Y-shape ribs on the shear resistance were estimated using a regression analysis. 
Based on these results, a shear resistance equation was suggested to predict the shear resistance of 
a Y-type perfobond shear connector. 

A perfobond rib shear connector with a flat steel plate with holes for rebar is another type of 
connector that It resists horizontal shear and vertical uplift forces at the steel concrete interface 
using a concrete end-bearing zone, concrete dowels, and transverse rebars in the rib holes. It has 
been studied and widely used because of its utility, easy fabrication, and high shear resistance. It 
was developed in Germany starting with the research by Leonhardt et al. (1987), Oguejiofor and 
Hosain (1994). Many researchers have conducted studies on its shear failure and shear resistance 
behaviors, as well as its shear strength, and have proposed design equations for a perfobond rib 
shear connector based on the rib holes, number of rebars, and bearing capacity of the rib (Valente 
and Cruz 2004, Vianna et al. 2009, Kim et al. 2011, Ahn et al. 2010). 

A crestbond rib shear connector is another type of shear connector. It is also a flat plate-type 
shear connector with open holes. A crestbond rib shear connector has advantages similar to those 
of a perfobond rib shear connector, such as a high shear strength. The existence of open holes can 
create an advantage in placing reinforcing bars though the holes. The open holes of crestbond rib 
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shear connectors were designed to be able to obtain two crestbond ribs when cutting a steel rib 
(PreCo-Beam 2006, Preco+ 2011). It is welded along the length of a steel beam at the interface of 
the concrete slab and top flange of the steel beam. However, there have been relatively few studies 
on crestbond rib shear connectors compared to those on perfobond ribs, and various parameters 
were not considered (Lorenc et al. 2010, Chromiak and Studnicka 2006). In this study, therefore, a 
newly puzzle shape of crestbond rib with a “ʊ” shape was proposed, and its shear resistance 
strengths and behaviors were examined in relation to shear resistance parameters such as the 
strength of the concrete in the concrete matrix, dimensions of the crestbond rib, and rebar in the 
crestbond. Therefore, six push-out test specimens were fabricated, and their shear behaviors, 
failure modes, and shear strengths were compared using test results. Then, a shear strength design 
equation for the newly puzzle shape of crestbond rib shear connector was proposed based on a 
linear regression analysis of the test results and compared to previously suggested equations for a 
newly puzzle shape of crestbond rib shear connector with a flat plate with holes and rebar because 
of their similarity. 
 
 

2. Push-out test of the newly puzzle shape of crestbond rib shear connector 
 

To examine the shear strength and behaviors of a shear connector, a push-out test is generally 
applied. Thus, in this study, the standard push-out tests were conducted to examine and compare 
the shear resistance characteristics of the newly puzzle shape of crestbond rib shear connector. The 
test procedure and evaluation of the test results were performed according to the guideline of 
Eurocode 4 (C, E.C.f. Standardisation 1992). To compare the shear resistance strength of a typical 
head stud shear connector, an additional push-out test of a head stud shear connector was also 
conducted. 

 
2.1 Push-out-test specimens 
 
In this study, push-out-test specimens were fabricated according to Eurocode 4 (C, E.C.f. 

Standardisation 2004). The composite dowels consist of different structural components 
interacting with each other to establish the bond between the compound materials steel and 
concrete, which includes the steel-dowel, the concrete-dowel and the dowel-reinforcement located 
within the concrete-dowel (Preco+ 2011), as shown in Fig. 1. Thus, a push-out specimen consisted 
of three main parts: the steel member, the newly puzzle shape of crestbond rib welded in the flange 
of the steel member, and concrete matrix placed at both sides of the steel member. The dimensions 
of all the push-out specimens were identical. The thickness of the crestbond rib was fixed at 8 mm, 
and the diameter of the rebars used was fixed at 12 mm. As test parameters of the crestbond rib 
shear connector specimens, the rib dimensions of the crestbond rib were considered, as shown in 
Fig. 2. As shown in Fig. 2, category A had a crest rib open hole area of 3920 mm2, and category B 
had a crest rib open hole area of 4490 mm2. In addition, the number of rebars was changed from 0 
to 2 in the test specimens, and two concrete strengths for the concrete matrix were considered, i.e., 
B25 (35.5 MPa) and B40 (50.0 MPa). Accordingly, the shear resistance of the newly puzzle shape 
of crestbond rib shear connector depended on the bearing resistance, longitudinal resistance by the 
concrete dowel, vertical resistance by the concrete dowel, and longitudinal resistance by the 
transverse rebar. The test specimens were called AS1 and BS1~BS5, depending on the rib 
dimensions, number of rebars, and concrete strength. During specimen fabrication, a gap of 20 mm 
was left at the end of the crestbond to exactly simulate the actual behavior of a composite beam, 
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Fig. 1 Components of a Composite Dowel (Preco+ 2011) 
 
 

 
Bearing resistance Longitudinal resistance by concrete dowel 

 
 

Vertical resistance by concrete dowel Longitudinal resistance by transverse rebar 

(a) Modified crestbond rib concept 
 

(b) Tested crestbond rib 

Fig. 2 Dimensions of the newly puzzle shape of crestbond rib shear connector 
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(a) Group AS1 
 

(b) Group BS1 (B25 concrete) 
 

(c) Group BS2 (B25 concrete) 

Fig. 3 Configuration and dimensions of specimen 

8

1212

RebarØ12

10
0

50
90

40
12

0
30

30
40

50
0

30
0

20

 2
60

20

60 6030 30

30
0

50
 2

00
50

50
35

0
10

0

10
0

80
20

50
10

0
10

0
20

30

304020 30200 40 20

10
0

50
90

40
12

0
30

30
40

50
0

380

200 9090 80 70

300

8070

380

20090 90

50
35

0
10

0

10
0

80
20

50
10

0
10

0
20

30

8

1212

RebarØ12

304020 30200 40 20

60
60

20
10

0
30

90
12

0
30

50
0

50

10
0

80
20

50
10

0
10

0
20

30

35
0

10
0

30
0

50
 2

00
50

60 6030 30

60
60

20
10

0
30

90
12

0
30

50
0

30
0

20

 2
60

20

80 70

300

8070

380

20090 90

380

200 9090

50
35

0
10

0

10
0

80
20

50
10

0
10

0
20

30

8

1212

RebarØ12

304020 30200 40 20

50
10

0
30

90
12

0
30

50
0

50
35

0
10

0

10
0

80
20

50
10

0
10

0
20

30

30
0

50
 2

00
50

50
10

0
30

90
12

0
30

50
0

30
0

20

 2
60

20

50
35

0
10

0

10
0

80
20

50
10

0
10

0
20

30

80 70

300

8070

380

20090 90

380

200 9090

60 6030 30

1161



 
 
 
 
 
 

T.H.V. Chu, D.V. Bui, V.P.N. Le, I.T. Kim, J.H. Ahn and D.K. Dao 

(d) BS3 (B40 concrete) 
 

(e) Group BS4 (B40 concrete) 
 

(f) Group BS5 (without rebar) 

Fig. 3 Continued 
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(g) Group HS1 (B25 concrete) 

Fig. 3 Continued 
 
 

 
 

(a) A newly puzzle shape of crestbond rib (b) Welded crestbond rib on steel beam 
  

 

(c) Preparation before concrete casting (d) Concrete casting 
 

(e) Completion 

Fig. 4 Fabrication of test specimens 
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Table 1 Properties of specimens 

Group 
Number of 
specimen 

Number of 
head stud 

Section area 
of hole (mm2) 

Concrete grad Number of rebar

AS1 2  3920 B25 2 

BS1 2  4490 B25 2 

BS2 2  4490 B25 1 

BS3 2  4490 B40 2 

BS4 2  4490 B40 1 

BS5 2  4490 B25 - 

HS1 3 4 - B25 - 
 
 

because a continuous crestbond rib was welded along the beam length. The width of this gap 
equaled the thickness of the crestbond rib. Beside that one more type of specimen was designed 
and denoted HS1, this type was the same size with the others, and concrete strength B25 (35.5 
MPa) was also used. However, head stud shear connectors were applied in specimens HS1 to 
compare the shear strength of the crestbond rib with that of head stud connectors. Fig. 3 shows the 
dimensions of each push-out test specimen. The preparation of the specimens is shown in Fig. 4. 
Table 1 summarizes the characteristics of the seven test specimen groups used in this study. 

 
2.2 Material properties 
 

In this study, two concrete strengths were used for the concrete matrix: B25 and B40. Their 
aggregate components are presented in Table 2. Accordingly, super plasticizer was added to the 
B40 concrete with a content equal to 1.0% of the cement mass. Compression tests were carried out 
to determine the material properties of the concrete strength specimens. These were performed on 
the same day as the push-out tests. The mean compressive strength of each concrete cylinder and 
mean axial tensile strength of the concrete are presented in Table 3. For the steel crestbond rib and 
H beam, the CT3 grade with a yield strength fy = 250 MPa was used. A steel rebar with a 330-MPa 
yield strength was used. Table 4 lists the material properties of the steel used in this study. 

 
2.3 Test program 
 

To evaluate the shear strengths and shear behaviors of the push-out specimens with the newly 
puzzle shape of crestbond rib, the relative slip between the concrete and steel was measured using 

 
 

Table 2 Concrete aggregate components 

Components Unit 
Density kg/m3 

B25 B40 

Cement HOLCIM Quick cast (PC50) kg 385.0 410.0 

Aggregate kg 760.0 740.0 

Coarse aggregate 10×20 mm kg 1040.0 1210.0 

Water kg 200.0 140.0 

Super plasticizer (MAPEI) kg 0.0 4.1 
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Table 3 Material properties of concrete 

Grad B25 B40 

Compressive strength fcm (MPa) 35.5 50.0 

Elastic modulus (MPa) 29.0×103 33.0×103 

Elastic strain limit εelas (‰) 1.8 1.5 

Maximun compressive strain limit εelas (‰) - 2.59 

Tensile strength in flexural fctm (MPa) 3.36 3.59 

CMOD (mm) 0.041 0.024 
 
 

Table 4 Properties of reinforcement and steel CT3 (crestbond rib and H beam) 

Parameters Rebar CT3 

Yield strength (MPa) 330 250 

Ultimate strength (MPa) 500 390 

Yield strain εyield (‰) 1.8 1.8 

Elastic modulus (MPa) 200×103 200×103 
 
 

 
(a) Instrumentation 

 

(b) Push-out test setup 

Fig. 5 Push-out test instrumentation and test setup 
 

FRONT SIDE

LVDT2 LVDT1

Load P

Gap

LVDT3

8

PLANE

LVDT3

LVDT4

LEFT AND RIGHT SIDE

LVDT2

Load P

Gap

L
V

D
T

2

L
V

D
T

1

65

380

90 200 9085

300

65 85

380

200 9090

20
80

35
0

50

50

30
0

 2
00

50

80
20

35
0

50

1165



 
 
 
 
 
 

T.H.V. Chu, D.V. Bui, V.P.N. Le, I.T. Kim, J.H. Ahn and D.K. Dao 

 

Fig. 6 Loading process 
 
 

Fig. 7 Definition of characteristic load (Prk) 
 
 
 
linear variable displacement transducers (LVDTs) on both sides of the concrete matrix (LVDT-3 
and LVDT-4), as shown in Fig. 5. Additionally, to identify the concrete crack propagation in the 
concrete slab, LVDTs (LVDT-1 and LVDT-2) were also laterally installed at the concrete surface 
of each concrete matrix. A load cell with a load capacity of 1000 kN was used to record the 
applied shear load on a push-out specimen. 

An incremental loading process was performed according to Eurocode 4. In this loading 
process, the first loading stage consisted of 2 cycles of loading/unloading from zero to 40% of the 
expected failure load. The second stage included 25 cycles of loading/unloading from 10% to 40% 
of the expected failure load, and in the last stage, the load was gradually increased until the 
specimen failed, as shown in Fig. 6. Repetitions of the loading process were carried out to 
eliminate friction between the concrete and structural steel, as well as any residual strain in the 
experiment. Before evaluating the test results, the test values of stages 1 and 2 were eliminated. To 
evaluate the shear strength of the newly puzzle shape of crestbond rib shear connector, the shear 
load–relative slip curve was obtained from the load increment stage. The relative slip of the tested 
shear connector (δk) was obtained based on the level of characteristic load (Prk), which was defined 
as the collapse load of 90% of the peak load after reaching the peak load, as shown in Fig. 7. 

20kN
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Time

Load (kN)

0
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3. Push-out test results and discussion 
 

3.1 Push-out test results and failure modes 
 
Fig. 8 presents the mean shear load–mean relative slip curves of the push-out test specimens. 

The test results are also summarized in Table 5. In Table 5, Pmax is the peak load, Prk is defined as 
the characteristic load and is equal to 90% of the peak load, Prk,1 is the average load value per 
crestbond rib hole, and δu is the relative slip at the characteristic load. Fig. 8 shows the behaviors 
of a typical rigid shear connector with an initially stiff shear resistance behavior before the ductile 
behavior begins. After the initial bearing resistance behavior of the concrete dowel, a relative slip 
occurred in all the specimens. The push-out specimen with the higher concrete strength (B40) and 
two rebars showed a higher shear-resistance strength. The number of rebars increased its shear 
strength as a result of the rebar resistance effect, and the shear resistance behaviors of push-out 
specimens with rebar showed higher shear strengths and ductile behaviors than specimens without 
rebar, as shown in Fig. 8(a). Push-out specimens with the B25 concrete strength also showed 
higher ductile behaviors for lateral cracks than push-out specimens with the B40 concrete strength, 
as shown in Fig. 8(b). When comparing the shear strength of the crestbond rib with that of head 
stud connectors, its shear strength was 2.37–3.84 times higher than that of the head stud, although 
it was difficult to directly compare these shear connectors because of the application conditions 
and shapes. 

The failure mechanism of the crestbond rib shear connector was complex, and included 
compression, shear, and tension, as shown in Fig. 9. Under shear loading on a push-out test 
specimen, the load was first applied to the concrete dowel, which failed at the interface between 
the concrete dowel and crestbond, while two sides of the crestbond were in tension and cracks 
began in the middle of the specimen. During the test process, cracks were observed and plotted 
following every loading stage. Fig. 10 shows the typical failure mode of the specimens after the 
loading tests. The crack occurrence and propagation had the same tendency for all the specimens. 
Cracks initiated in the middle of the concrete slab in the vertical direction, and then propagated 
with insignificant loading. The shear resistance strength decreased when horizontal cracks 
developed, and finally, cracks occurred in the front and rear faces. After reaching the ultimate 

 
 

(a) Relative slip between steel beam and concrete matrix (b) Lateral elongation of concrete slab 

Fig. 8 Summary of push-out test results 
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Table 5 Push-out test results for each group 

Group Specimen 

Concrete 
strength 
(MPa) 

and rebar 
installation 

Ultimate load 
(Pmax), 

(kN) 
Prk (kN) 

Relative slip 
δmax (mm) 

Elongation of 
concrete slab 

(mm) 

Test Avg. Test Avg. Test Avg. Test Avg.

AS1 

AS1-A 35.5 

Left side 548.88 493.99 8.42 0.117 

Right side 548.88 493.99 10.92 0.062 

ASI-B 549.53 494.6 8.99 0.19

Left side 550.18 495.16 8.90 0.383 

Right side 550.18 495.16 7.72 0.209 

BS1 

BS1-A 35.5 

Left side 547.20 492.48 8.06 0.205 

Right side 547.20 492.48 8.43 0.228 

BS1-B 563.01 506.7 7.51 0.17

Left side 578.83 520.94 6.60 0.078 

Right side 578.83 520.94 6.95 0.173 

BS2 

BS2-A 35.5 

Left side 497.33 447.59 8.11 0.915 

Right side 497.33 447.59 9.72 0.467 

BS2-B 487.2 438.5 9.34 0.48

Left side 477.08 429.38 9.49 0.393 

Right side 477.08 429.38 10.03 0.165 

BS3 

BS3-A 50 

Left side 762.31 686.07 2.77 0.117 

Right side 762.31 686.07 2.03 0.002 

BS3-B 790.99 711.89 5.31 0.069

Left side 819.68 737.71 9.52 0.017 

Right side 819.68 737.71 6.93 0.139 

BS4 

BS4-A 50 

Left side 680.67 612.60 5.93 0.002 

Right side 680.67 612.60 7.25 0.000 

BS4-B 693.26 623.94 6.59 0.020

Left side 705.86 635.28 0.034 

Right side 705.86 635.28 0.043 

BS5 

BS5-A 35.5 

Left side 489.39 440.45 2.77 0.046 

Right side 489.39 440.45 5.84 0.060 

BS5-B 462.83 4.61 0.037

Left side 436.27 392.64 4.13 0.022 

Right side 436.27 392.64 5.68 0.019 
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Table 5 Continued 

Group Specimen 

Concrete 
strength 
(MPa) 

and rebar 
installation 

Ultimate load 
(Pmax), 

(kN) 
Prk (kN) 

Relative slip 
δmax (mm) 

Elongation of 
concrete slab 

(mm) 

Test Avg. Test Avg. Test Avg. Test Avg.

HS1 

HS1-A 60 

Left side 

 
 

140.93 126.84 1.00 - 

Right side 140.93 126.84 1.00 - 

HS1-B 205.80 185.22 1.17 

Left side 202.17 181.96 1.43 - 

Right side 202.17 181.96 1.43 - 

HS1-C 

Left side 274.30 246.87 1.08 - 

Right side 274.30 246.87 1.08 - 
 
 

Fig. 9 Failure mechanism of crestbond rib shear connector (Kraus and Wurzer 1997) 
 
 

(a) Specimen AS1 (b) Specimen BS1 

Fig. 10 Crack distributions in concrete slab after push-out tests 

Tensile region

Compressive region

Crack region
P

Steel plate

Concrete

Tensile region
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(c) Specimen BS2 (d) Specimen BS3 
  

(e) Specimen BS4 (f) Specimen BS5 

Fig. 10 Crack distributions in concrete slab after push-out tests 
 
 

 
(a) Specimen AS1 (b) Specimen BS1 (c) Specimen BS2 

Fig. 11 Deformation of shear connectors and transverse rebars in crestbond holes 
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(d) Specimen BS3 (e) Specimen BS4 (f) Specimen BS5 

Fig. 11 Continued 
 
 
3.2 Analysis of push-out test results 
 
3.2.1 Effects of dimensions of the newly puzzle shape of crestbond rib 
To compare the effects of the dimensions of the crestbond rib on its shear strength and 

behaviors, the shear load–relative slips are presented in Fig. 12. In this study, the crestbond 
specimens in categories A and B (3920 mm2 and 4490 mm2 cross-sectional areas for holes) showed 
similar shear resistance strengths and behaviors. The ductile behavior of BS1 was slightly larger 
than that of AS1, and the cross-sectional area of the crestbond rib also had a minor effect on the 
shear resistance of the crestbond rib shear connector. 

 
3.2.2 Effect of transverse rebar 
In order to examine the effect of the reinforcement on the shear resistance of the crestbond rib 

connector, push-out tests with different numbers of rebars were carried out. Push-out test 
specimens BS1 and BS2 had the same concrete compressive strength of 35.5 MPa, but the ultimate 

 
 

(a) Relative slip curves (b) Elongation of concrete slab 

Fig. 12 Effects of dimensions of crestbond rib 
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(a) Relative slip curves (b) Elongation of concrete slab 

Fig. 13 Effects of rebar in BS1, BS2, and BS5 with 35.5-MPa concrete strength 
 
 

(a) Relative slip curves (b) Elongation of concrete slab 

Fig. 14 Effects of rebar in BS3 and BS4 with 50.0-MPa concrete strength 
 
 

load of specimen BS1 (563.01 kN) increased 15.56% in comparison with that of specimen BS2 
(487.2 kN), as shown in Fig. 13. A similar comparison of specimens BS3 and BS4, which had the 
same concrete compressive strength of 50.0 MPa, showed that the ultimate load of specimen BS3 
increased 14.1% in comparison with that of specimen BS4, as shown in Fig. 14. In the case of 
specimen BS5 without rebar, the ultimate load decreased approximately 17.8% and 5.0% in 
comparison with those of BS1 and BS2, respectively, and its relative slip decreased to about 61.1% 
and 70.6% in comparison with those of BS1 and BS2, respectively. Thus, it could be confirmed 
that the number of rebars in the crestbond had an effect on its ductile behaviors. A crestbond rib 
connection with a single rebar produced a higher ductile behavior than a crestbond rib connection 
with two rebars under all the concrete strength conditions, as shown in Figs. 13 and 14. 

 
3.3.1 Effect of concrete strength on shear behavior of crestbond rib 
In order to evaluate the effect of the concrete compressive strength on the shear resistance 

behaviors, the results for push-out specimens BS1 and BS2, which had a concrete compressive 
strength of 35.5 MPa, were compared to those of push-out specimens BS3 and BS4, which had a 
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(a) Relative slip curves (b) Elongation of concrete slab 

Fig. 15 Effects of concrete compressive strength for two rebars: BS1 (35.5 MPa) and BS3 (50.0 MPa) 
 
 

(a) Relative slip curves (b) Elongation of concrete slab 

Fig. 16 Effects of concrete compressive strength for one rebar: BS2 (35.5 MPa) and BS4 (50.0 MPa) 
 
 
concrete compressive strength of 50.0 MPa, as shown in Figs. 15 and 16. The ultimate shear load 
of specimen BS3 increased approximately 40.5% in comparison with that of specimen BS1. 
Nearly the same result was seen with specimens BS2 and BS4, where the ultimate load of 
specimen BS4 increased approximately 42.3% in comparison with that of specimen BS2. This 
showed that the compressive strength of concrete appreciably improves the shear resistance of the 
connection. Therefore, it can be concluded that the concrete compressive strength significantly 
affects the shear resistance of the modified crestbond rib shear connection. 
 
 
4. Analysis of shear resistance design equation for the newly puzzle shape of 

crestbond rib shear connector 
 

4.1 Previous shear strength equations for perfobond rib shear connector 
 
The shear resistance strengths of the perfobond rib shear connector consist of the horizontal 

shear and vertical uplift resistances at the steel concrete interface as a result of the concrete end-
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bearing zone, concrete dowels, and transverse rebars in the rib holes. Thus, many design equations 
for perfobond rib shear connectors have been proposed based on the values of these shear 
resistance parameters determined using various tests (Bui 2010, Oguejiofor and Hosain 1994, Kim 
et al. 2013, Medberry and Shahrooz 2002, Verissimo et al. 2006, Suhaib and Liu 2007). The 
crestbond rib shear connector has similar shear resistance characteristics because of its geometric 
features. The previously suggested design equations can be referenced or compared when 
proposing a design equation for the crestbond rib shear connector. Thus, the previously suggested 
design equations for a perfobond rib shear connector were analyzed and confirmed. 

In the case of the design equations for the perfobond rib, there are four main factors that 
influence its shear resistance, including the dimensions of the perfobond steel plate, transverse 
rebars in the holes, concrete strength, and steel plate strength. The effects of these factors are 
described in the following shear strength equations suggested by various researchers. 

Oguejiofor and Housain (1994) proposed a shear capacity equation for a perfobond rib using a 
regression analysis, which was based on a model that took into account the contributions of the 
concrete dowel formed by the rib holes, the transverse reinforcement, and the strength of the 
concrete. This shear capacity equation is given by Eq. (1). 

 

' 2 '0,59. . 1,233. . 2,871. .u cc c tr y cq A f A f n d f    (1)
 

where qu is the shear capacity at the shear connector (n), Acc is the shear area of the concrete slab 
(mm2), Atr is the area of the transverse rebars in the rib holes (mm2), n is the number of rib holes, d 
is the diameter of the rib holes (mm), and fc’ and fy are the compressive concrete strength (MPa) 
and yield strength of the transverse rebar (MPa), respectively. 

Medberry and Shahrooz (2002) also proposed a shear capacity equation. A comparative study 
was conducted of the predicted and ultimate loads of 16 tests performed with normal weight 
concrete specimens (Oguejiofor and Hosain 1994, 1997). A more general equation for the 
calculation of this strength was proposed based on the push-out-test results. The shear capacity 
equation is given by Eq. (2). 

 

2

0,747 0,413 0,9 1,66
2u ck f c tr y ck
D

q bh f b L A f n f       
 

 (2)

 

where qu is the shear capacity at the shear connector (n), b is the thickness of the concrete slab 
(mm), h is the distance between the end of the perfobond rib and the end of the concrete slab (mm), 
bf is the width of the steel beam flange (mm), Lc is the contact length between the concrete slab 
and the steel beam flange (mm), n is the number of rib holes, D is the diameter of the rib holes 
(mm), and fck and fy are the compressive concrete strength (MPa) and yield strength of the 
transverse rebar (MPa), respectively. 

Verissimo et al. (2006) proposed another equation for predicting the shear capacity of a 
perfobond rib using a regression analysis, which was based on the results of Oguejiofor and 
Hosain (1997). A modified shear-capacity equation is given by Eq. (3). Three main parameters 
were considered from this expression, including the concrete dowels passing through the 
perfobond rib holes, the concrete slab subjected to shear, and the transversal reinforcement. 

 

2 64,04 2,37 0,16 31,85 10sc tr
u sc sc ck ck cc ck

cc

h A
q h t f nD f A f

b A
      (3)
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where qu is the shear capacity at the shear connector (n), Acc is the shear area of the concrete slab 
(mm2), Atr is the area of the transverse rebars in the rib holes (mm2), n is the number of rib holes, d 
is the diameter of the rib holes (mm), and fck and is the compressive concrete strength (MPa). 

Suhaib and Liu (2007) also proposed a shear capacity equation using a regression analysis, as 
shown in Eq. (4). The effects of the concrete dowels, strength of the concrete slab, and number of 
transverse reinforcements contributed to this equation. 

 
4 ' 7 3 '255,31 7,62.10 . . . 7,59.10 . . 2,53.10 . .u c r y sc cV h t f A f A f       (4)

 

where Vu is the shear capacity at the shear connector (n) (mm), Atr is the area of the transverse 
rebars in the rib holes (mm2), and fc′ and fy are the compressive concrete strength (MPa) and yield 
strength of the transverse rebar (MPa), respectively. 

Tue et al. (2008) proposed another equation for predicting the shear capacity of a perfobond rib. 
The simulation results for the shear resistance were combined with full sets of experimental results 
for a linear regression analysis. An experimental study pointed out that the bearing capacity of the 
connector depends on the concrete dowel and rebar in the dowel, as well as the transverse 
reinforcement in the front cover. A numerical simulation indicated that the deformation and 
yielding of the steel rib also contributed. A simple prediction equation for the bearing capacity of 
the connector is shown in Eq. (6) 

 

, , ,3, 4579. . . . 1,1259. . 0,4054. . 0,2296. . .u dw o ck r y r rf y r y aP n b d f A f A f t f     (5)
 

where Pu is the shear capacity at the shear connector (n); ndw is the number of dowels in the 
connector; fck is the cylinder compressive strength of the concrete in megapascals; bo and d are the 
critical perimeter and depth of the shearing cone in millimeters, respectively; t is the thickness of 
the steel rib in millimeters; Ar and Arf are the total areas of the transverse reinforcement in the 
concrete dowel and front cover in square millimeters, respectively; fy,r and fy,a are the 
corresponding yield strengths of the reinforcement and structural steel in megapascals; and Ø is 
the diameter of the perforated holes. 

Kim et al. proposed a Y-type shear connector (Kim et al. 2013, 2014a, b, 2015). It was found 
that a Y-type perfobond rib shear connector had a higher shear resistance and ductility than the 
conventional perfobond rib shear connector by comparing and estimating the experimental results. 
Lastly, the effects of the bearing resistance, transverse rebar, dowel resistance by holes, and dowel 
resistance by Y-shaped ribs on the shear resistance were estimated in a regression analysis. 

Based on the results, a shear resistance equation was suggested to predict the shear resistance of 
a Y-type perfobond shear connector. This shear capacity equation is given by Eq. (6) 

 
23,428.( / 2 2 ). . 1,213. . 1.9. . ,( / 2) . 0,438. . . .ck r y ck ckQ d h t f A f n d f m h s f      (6)

 
where Q (kN) represents the shear resistance of the Y-type perfobond rib shear connector, d (mm) 
is the dowel hole’s diameter, h (mm) is the individual rib height, t (mm) is the rib thickness, fck 
(MPa) is the concrete compressive strength, Atr (mm2) is the transverse rebar’s cross-sectional area, 
fy (MPa) is the transverse rebar’s yield strength, n is the number of dowel holes, m is the number of 
dowel areas formed between ribs bent in a Y-shape, and s (mm) is the net distance between ribs 
that are bent in the same direction. 
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4.2 Shear resistance equation for crestbond rib shear connector 
 
As a perfobond rib shear connector, the shear resistance strength of a crestbond rib depends on 

the dimensions of the crestbond rib, transverse rebars in the crestbond dowel, concrete strength, 
rebar strength, and dowel action. Its design equation can also be derived using the shear resistance 
parameters. Therefore, the design equation of the newly puzzle shape of crestbond rib shear 
connector can be represented by Eq. (7) 

 

1 2 3u dc r dwQ P P P     (7)
 

where Qu is the shear capacity at the shear connector; Pdc, Pr, and Pdw are the resistance capacities 
of the crestbond rib, transverse rebar in the crestbond holes, and concrete dowel, respectively. βi is 
the weighting factor of each contribution, which is determined using a linear regression analysis. 
Pdw is determined based on the effect of the dimension of the crestbond hole and the concrete 
strength, and is expressed by Eq. (8) 

 

, ,
3

,

cr h cr h
dw ck

cr h

h b
P n f

A
  (8)

 

The remaining components are calculated using Eq. (9) 
 

1dc cr cr ckP h t f ; 2cr r yP A f (9)
 

where hcr,h and bcr,h are the height and width of the crestbond hole (mm), respectively; fck is the 
concrete strength (MPa); hcr is the height of the crestbond rib (mm); tcr is the thickness of the 
crestbond (mm); Atr is the area of the transverse rebar in the crestbond holes (mm2); fy is the yield 
strength of the transverse rebar (MPa); and n is the number of crestbond rib holes. 

 
 

Table 6 Comparison with derived design equation values 

Group Specimen 
Concrete strength (MPa) and 

rabar installation 
Ultimate load (Pmax), (kN)  

Test Avg. Equation Error (%)

AS I 

AS I-A 35.5   

Left side 

 

548.88   

Right side 548.88   

AS I-B 549.53 528.30 -3.86 

Left side 550.18  

Right side 550.18  

BS I 

BS I-A 35.5   

Left side 

 

547.20   

Right side 547.20   

BS I-B 563.01 584.52 3.82 

Left side 578.83   

Right side 578.83   
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Table 6 Comparison with derived design equation values 

Group Specimen 
Concrete strength (MPa) and 

rabar installation 
Ultimate load (Pmax), (kN)  

Test Avg. Equation Error (%)

BS II 

BS II-A 35.5   

Left side 

 

497.33   

Right side 497.33   

BS II-B 487.21 543.58 11.57 

Left side 477.08   

Right side 477.08   

BS III 

BS III-A 50   

Left side 

 

762.31   

Right side 762.31   

BS III-B 790.99 696.60 -11.93 

Left side 819.68   

Right side 819.68   

BS IV 

BS IV-A 50   

Left side 

 

680.67   

Right side 680.67   

BS IV-B 693.26 655.66 -5.42 

Left side 705.86   

Right side 705.86   

BS V 

BS V-A 35.5   

Left side 

 

489.39   

Right side 489.39   

BS V-B 462.83 502.64 8.60 

Left side 436.27   

Right side 436.27   

 
 
 
From multiple linear regressions with the least squares procedure based on test results, the 

assumed design equation for a crestbond rib shear connector is shown in Eq. (10) 
 

, ,3.05 1.0971 4.168 ( )0.841u cr cr ck r y cr h cr h ckQ h t f A f n h b f    (10)
 

The results of the derived design equation for the newly puzzle shape of crestbond rib shear 
connector were compared to the test results, as shown in Table 6 and Fig. 17. The shear strength 
value of a crestbond rib estimated using the derived design equation shows good agreement with 
the test results. The coefficient of correlation between the test results and estimated values was R = 
0.987, which indicated that they were relatively proper and reliable. Therefore, the derived Eq. (10) 
could be used to determine the design shear strength of the newly puzzle shape of crestbond rib 
shear connector. 
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Fig. 17 Comparison of test and estimated values of the newly puzzle shape of crestbond rib shear connector
 
 
4.3 Comparison of design equations for the newly puzzle shape of crestbond rib 

and perfobond rib 
 
The shear resistance strengths from the derived design equation for the newly puzzle shape of 

crestbond rib shear connector were also compared with those from the suggested design equation 
for a perfobond rib shear connector to examine the relative accuracy or applicability of the derived 
equation, as shown in Table 7 and Fig. 18. For a given concrete strength and number of rebars, the 
design values for a crestbond rib shear connector calculated using the previous suggested 
equations, (1)-(6), were compared. In Table 7, the design shear strength of the crestbond rib is 
shown to be higher than those of the perfobond rib when using Eqs. (2)-(5), and relatively lower 
when using Eqs. (1) and (6). From this comparison, the derived design equation for the crestbond 
rib shear connector can be thought to estimate a design value that is similar to the design values 
calculated by the previous design equations, and it can also be used to make conservative 
predictions. Thus, the derived equation could be used to determine the actual design of a 
composite beam with a crestbond rib shear connector. 

 
 

Table 7 Design value comparison of results of derived crestbond rib equation and previous equations 

 Design equations 

Design value of crest bond shear connector (Pu), (kN) 

35.5 MPa 50.0 MPa 

2@D12 mm 1@D12 mm 2@D12 mm 1@D12 mm 

1 In this study 584.5 543.5 790.9 655.7 

2 Oguejiofor and Hosain (1994) 785.2 601.1 906.6 722.5 

3 Medberry and Shahrooz (2002) 493.7 359.4 554.4 420.0 

4 Suhaib and Liu (2007) 520.0 520.1 603.1 603.2 

5 Tue et al. (2008) 512.9 344.9 590.3 422.3 

6 Kim et al. (2014b) 796.8 615.7 992.8 811.7 
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(a) Design value comparisons for B25 concrete (35.0 MPa) 

 

 

(b) Design value comparisons for B40 concrete (50.0 MPa) 

Fig. 18 Design value comparisons of results of derived crestbond rib equation and previous equations 
 
 
5. Conclusions 
 

This paper presented the results of an experimental study on the newly puzzle shape of 
crestbond rib shear connector using push-out tests, with the main focus on the shear resistance and 
slip behaviors of the shear connector to examine its composite characteristics. This newly puzzle 
shape of crestbond rib shear connector has advantages that include relatively easy rebar installation 
and cutting, and a higher shear resistance strength and ductility. A standard push-out test was 
conducted to examine and compare the shear resistance characteristics of the crestbond rib shear 
connector. The test procedure and evaluation of the test results were performed following the 
guideline of Eurocode 4. Accordingly, the main parameters of the newly modified crestbond rib, 
including the concrete strength, transverse rebars in the crestbond rib holes, and cross-sectional 
area of the crestbond rib, were considered to evaluate the effects of various design variables. The 
test results provided the following conclusions: 
 

● In these tests, the perfobond hole dimension had an insignificant effect on the connection 
behavior, which may be explained by the small difference in the dimensions between the 
hole categories. The number of reinforcements significantly affected the ultimate load and 
slip of the connection. The specimen without reinforcement had the smallest shear 
resistance and relative slip. In the case of the specimen without reinforcing bars, the relative 
slip was smaller than 6 mm, and this was not classified as a ductile connection. The 
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compressive strength of the concrete had a considerable effect on the behavior of the 
perfobond shear connection, with an increase in the compressive strength of the concrete 
from 35.5 MPa to 50.0 MPa improving the ultimate load resistance by nearly 50%. 

● The ductility of the connector depended on the concrete strain. Thus, the concrete part 
enclosing the steel bars decreased when the transverse reinforcement was increased, the 
concrete failed more quickly, and the ductility of the connector decreased. Increasing the 
transverse reinforcement in the concrete slab produced significantly higher ductile behaviors, 
as seen in push-out test results. Thus, although the transverse rebar in a crestbond rib hole 
could be thought to be related to the structural characteristics, in this case the load capacity 
was not improved. 

● The occurrence and propagation of cracks followed the same rule for all the specimens. 
Cracks began in the middle of the concrete slab in the vertical direction, and the load 
capacity began to decrease when horizontal cracks developed. Cracks occurred in the front 
and behind faces. After reaching the ultimate load, cracks were initiated in the concrete slab 
bottom, and these cracks propagated from the perfobond position to the bottom of the 
concrete slab. 

● A new equation for estimating the shear capacity of the newly puzzle shape of crestbond rib 
was proposed, which was based on the experiment results. The shear resistance strength of 
the newly puzzle shape of crestbond rib depended on the dimensions of the crestbond rib, 
transverse rebars in the crestbond dowel, concrete strength, rebar strength, and dowel action. 
This newly puzzle shape of crestbond rib shear connector could be used as an alternative to 
headed stud shear connectors. 
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