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1. Introduction 

 
Double skin composite (DSC) structure is a relative new 

type of structure that was originally developed for an 
immersed tube tunnel in UK (Tomlinson et al. 1990, Nie et 
al. 2013). Since then, this type of structure develops fast 
and exhibits versatile applications as shear wall, bridge 
deck, nuclear construction walls, oil containers, offshore 
decking, protective structures, shield tunnels, and ice-
resistant wall in the Arctic offshore structures (Yan et al. 
2016). More recently, research interests have been attracted 
to DSC shear walls used in high-rise buildings (Nie et al. 
2013, Ji et al. 2015, 2017) and nuclear facilities (Kurt et al. 
2016, Sener and Varma 2014, Zhang et al. 2014). A typical 
DSC composite structure usually comprises three layers of 
materials, i.e., a concrete core and two external layers of 
steel face plates. Different mechanical shear connectors or 
chemical bonding measures were used to bond the concrete 
core and two external steel faceplates together and make 
sure them working compositely. Friction-welded straight 
bar connectors have been developed for ‘Bi-steel’ type of 
DSC structure by Xie and Chapman (2005). However, the 
equipment for the friction-welding limited the depth of DSC 
structures within 0.2~0.7 m. Angle connectors were widely 
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adopted for DSC structures in Japan (Malek et al. 1993). 
Due to the shallow anchoring depth, peeling off failure of 
the angle connectors compromised the integrity of DSC 
structures. Laser-welded corrugated steel strip connectors 
have been used in DSC structures by Leekitwattana et al. 
(2011). However, the laser-welding technology limits the 
thickness of the steel face plates used in the DSC structure. 
Headed stud connectors may be the most widely used shear 
connectors in steel-concrete and DSC composite structures 
(Shanmugam et al. 2002, Wright et al. 1991). Wright et al. 
(1991), Roberts and Dogan (1998), and Narayanan et al. 
(1997) developed the ‘Double skin’ composite structure 
using overlapped headed shear studs. This type of structure 
exhibits versatile advantages in terms of easy construction, 
saving site labor force and formworks, increased 
construction efficiency and shortened construction period, 
and high resistances under different loading scenarios (Nie 
et al. 2013, Hu et al. 2014, Yan et al. 2015). Thus, this 
paper develops the DSC shear walls with overlapped 
headed shear studs as shown in Fig. 1. 

Headed stud connectors play essential roles in a DSC 
shear wall. As shown in Fig. 1, since the DSC shear walls 
were under applied axial compression and bending moment, 
headed studs firstly provide interfacial shear resistance 
along the steel-concrete interface that guarantee the 
composite action of a cross section; secondly, under 
compression, the steel face plates in the DSC composite 
wall tend to buckle outwards and would be pulled back by 
the headed studs welded to them, and the headed studs were 
thus under tension and their tensile resistances significantly 
influences the compressive resistance of steel surface plates. 
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Thus, the shear and tensile resistances of headed studs 

are essential to the structural behaviors of DSC shear wall 
structures. 

The shear resistance of headed studs is usually obtained 
through standard push-out tests as specified in different 
design codes, e.g., Eurocode 4 (2004). Extensive experi-
mental studies have been reported on the shear resistance of 
headed studs through standard push-out tests. Viest (1957) 
performed the pilot push-out tests on headed studs in steel-
concrete composite structures. Ollgaard et al. (1971) 
investigate the shear resistance of headed studs in steel-
concrete composite structures with normal and lightweight 
concrete. Based on their push-out test results, the design 
equations were developed and incorporated in the design 
codes of many countries, e.g, Eurocode 4 (2004), 
ANSI/AISC (2010), and AASHTO (2004). Continuous 
push-out tests were performed by Oehlers and Johnson 
(1987), An and Cederwall (1996), Slobodan and Dragoljub 
(2002), Xue et al. (2008), and Han et al. (2015, 2017). 
These works promote the applications of steel-concrete 
composite beams or slabs in the buildings or bridges. 
However, the specimens for all these push-out tests 
typically consist of an I-beam with welded headed studs and 
two concrete slabs that simulates the working state of 
headed studs in steel-concrete composite structures. This 
tends to be different from the working state of headed studs 
in the DSC shear wall structure where the headed studs 
were mainly welded to two external steel face plates. Thus, 
it is of interest to carry out the push-out tests that could 
properly simulate the working state of the headed studs in 
DSC shear walls. 

Tensile resistance of the single headed stud in concrete 
has also been studied through direct tensile tests. The tensile 
tests on the headed studs have been extensively reported by 
Fuchs et al. (1995), Lynch and Burdette (1991), Cook et al. 
(1992), Eligehausen and Balogh (1995), Zamora et al. 
(2003), and Hamad et al. (2011). As observed in these 
tensile tests, typical failure modes of a single headed stud 

 
 
under tension are tensile fracture of the steel shank, 
breakout out failure of the concrete slab, and pullout failure. 
Corresponding design equations on tensile resistance of the 
headed stud were provided in ACI 318 (2008) and ACI 349 
(2001). However, these studies only focused on the tensile 
resistance of the headed studs that were used as the 
anchorage/fasteners in the reinforced concrete or 
prestressed concrete structures. The tensile tests were 
designed for the working state of the headed stud as 
anchorage/fasteners that were directly subjected to the 
tensile forces. This was different from headed studs in the 
DSC shear wall. It is necessary to propose a proper testing 
method that could appropriately reflect the working 
scenario of headed studs under tension in DSC structures. In 
addition, the information of experimental studies on tensile 
and shear resistances of headed studs in the DSC structure 
are still quite limited. 

This paper experimentally studied the shear and tensile 
resistances of headed stud connectors in DSC shear wall 
structure. 11 push-out and 11 tensile tests were carried out 
to investigate the shear and tensile resistance of headed 
studs in DSC structure with normal weight concrete, 
respectively. Including the experimental studies, analytical 
models were also developed to evaluate the shear and 
tensile resistances of headed stud connectors used in DSC 
structures. Finally, corresponding design approaches were 
also proposed for the determinations of tensile and shear 
resistances of headed studs in DSC shear wall structure. 

 
 

2. Test program 
 
2.1 Push-out test on headed stud connectors 

in DSC structure 
 
2.1.1 Specimens 
In order to properly simulate the working state of 

headed shear studs in DSC structures, the push-out test 

Fig. 1 DSC shear wall and internal stresses of headed studs 
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specimen simulates a segment of the DSC shear wall as 
shown in Fig. 2. Different from the standard push-out test 
specimens in Eurocode 4 (2004), the push-out test specimen 
in this study used the steel plate instead of the I-beam as 
specified in Eurocode 4 (2004). As shown in Fig. 2, in order 
to offer close simulation on the working state of the headed 
stud connectors in the DSC shear wall, a typical push-out 
specimen is geometrically symmetric that consists of a 
middle steel plate with a pair of head studs welded on its 
two opposite surfaces, two concrete slabs, two side steel 
plates with four headed studs on each plate, and a loading 
plate. The four headed studs welded to the side steel plates 
provide the neighboring confinement on the headed stud 
welded to the middle steel plate. In order to avoid local 
buckling of the steel face plate under compression, 16 mm 
thick steel face plates were used. The diameter for the studs 
used in the push-out tests is 10 mm with varying heights for 
different specimens. 

The thickness of the concrete slab equals to the typical 
thickness of a DSC shear wall of 100 mm. Fig. 3 shows the 
geometric details of connectors in the specimen for the 
push-out and tensile tests. It can be seen that with the given 
thickness of the DSC shear wall there are four parameters 
that can be used to describe the geometry of the specimen, 
i.e., spacing of the connectors in the side plates (L), spacing 
between the stud on the middle steel plate and side steel 
plate (S), height of the headed stud h, and the inclination 

 
 

 
 
angle (θ) between the lines connecting the heads of the stud 
connectors and the plane of the sandwich wall. Since with 
the given (h) and any two values of L, S, and (θ), the 
geometry of the specimen can be determined. Thus, before 
designing the test program for push-out test and tensile test, 
the two key parameters selected for the specimens are h and 
θ. Table 1 lists the details of the 11 push-out test specimens. 
The identical parameters are also selected for the 11 tensile 
test specimens even though there are different in 
geometries. 

The headed studs with different heights of 60 mm, 70 
mm, 80 mm, and 90 mm were studied in this test program. 
Thus, the 11 specimens can be categorized into four groups. 
In each group, different values of θ were used. More details 
of the push-out test specimens are listed in Table 1. 

 
2.1.2 Materials in push-out test specimens 
Grade C30 normal weight concrete with cubic 

compressive strength of 30.5 MPa was used in all the 
specimens. Q235 mild steel was adopted for the steel face 
plates. The elastic Young’s modulus, yield and ultimate 
strengths for the 14 mm (or 16 mm) thick steel plate are 202 
GPa (or 201 GPa), 278 MPa (or 290 MPa) and 417 MPa (or 
472 MPa), respectively. The elastic Young’s modulus, yield 
and ultimate strengths of the Φ10mm headed stud are 203 
GPa, 420 MPa and 506 MPa, respectively. 

 

 
 

Fig. 2 Push-out test setup and details of specimens 

 

Fig. 3 Illustration on the geometric parameters in the push-out and tensile tests 
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2.1.3 Test setup and measurements 
Fig. 2 shows test setup for the push-out tests on the 

headed stud in DSC shear walls. The specimen was firstly 
put on the rigid support, and displacement controlled type 
of loading with a rate of 0.1 mm/min was applied to the 
specimen through loading plate as shown in Fig. 2. Two 
linear varying displacement  transducers (LVDTs) were 
installed under the loading plate and at the bottom end of 
the middle steel plate to record the interfacial slip between 
the concrete slab and middle steel plate. The reaction forces 
corresponding to different displacement levels were also 
recorded by a load cell adjunct to the actuator. All these 

 
 

 
 
readings including the displacement and reaction forces 
were recorded by the data logger connected an integrated 
system running on a PC. 
 

2.2 Tensile tests on headed stud connectors 
in DSC structure 

 
2.2.1 Tensile test specimens and 

material properties 
Eleven specimens with identical parameters to the push-

out test specimens were prepared for the tensile tests on 
headed stud connectors. Fig. 4 shows the representative 

Table 1 Details and results of push-out tests on headed stud in DSC shear wall 

Item 
h 

 (mm) 
θ 

(°) 
S 

(mm) 
L 

 (mm)
Failure
mode

PT 

(kN)
PE 

(kN)
PT/PE

PA 

(kN) 
PT/PA

S1 60 30 35 49 SP 32.9 29.3 1.12 33.7 0.97 
S2 60 45 20 28 SP 39.6 29.3 1.35 33.7 1.17 
S3 70 30 69 98 SP 32.0 29.3 1.09 33.7 0.95 
S4 70 45 40 57 SP 38.8 29.3 1.32 33.7 1.15 
S5 70 60 23 33 SP 32.5 29.3 1.11 33.7 0.96 
S6 80 30 104 147 SP,WF 31.9 29.3 1.09 33.7 0.94 
S7 80 45 60 85 SP 39.7 29.3 1.35 33.7 1.18 
S8 80 60 35 49 SP,WF 46.7 29.3 1.59 33.7 1.38 
S9 90 30 139 196 SP,WF 36.7 29.3 1.25 33.7 1.09 

S10 90 45 80 113 SP,SS 43.7 29.3 1.49 33.7 1.30 
S11 90 60 46 65 SP 31.6 29.3 1.08 33.7 0.94 

Mean        1.26  1.09 
Cov        0.14  0.14 

 

*The diameter of headed stud in specimens S1~S10 is 10 mm; fc and Ec for the concrete are 30.5 MPa and 33.0 
GPa, respectively; fy and fu for the headed stud are 420 and 506 MPa, respectively; h denotes height of the 
headed stud; θ, S, and L are as shown in Fig. 3; PT denotes experimental shear resistance of single headed stud; 
PE denotes predicted shear resistance of single headed stud by Eurocode 4, i.e., Eq. (1); PA denotes predicted 
shear resistance of single headed stud by AASHTO/LRFD (i.e. Eq. (3)); SP denotes splitting failure of the 
concrete core; WF denotes welding failure of the connector 

 

  

Fig. 4 Tensile test setup and details of specimens 
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specimen for the tensile tests on the headed studs in the 
DSC shear wall. Each specimen cuts a segment of the DSC 
shear wall with one headed stud on the top steel plate and 
four headed studs on the bottom steel plate. A loading plate 
and a holding plate were welded to the top and bottom steel 
plate, respectively. Stiffeners were also used to the connect 
the steel face plate to the loading or holding plate as shown 
in Fig. 3. The thickness of the steel face plate and concrete 
core are 14 mm and 100 mm, respectively. Similar to the 
push-out tests, the key parameters studied in the tensile tests 
are the height of the headed stud h, and the inclination angle 
θ between the lines connecting the heads of the stud 
connectors and the plane of the sandwich wall. Table 2 lists 
more details of the specimens in the tensile tests. 

The same materials were used in the tensile tests as 
those in the push-out test specimens that can be found in 
Section 2.1.2. 

 
2.2.2 Test setup and measurements 
Fig. 4 shows the typical setup of the tensile tests. The 
 
 

 
 

holding plate was fixed to the bottom of the loading 
machines whilst the displacement type of loading with a 
rate of 0.1 mm/min was applied to the top loading plate. 
Two LVDTs were also installed on the top surface of the 
steel plate to record the elongation of the headed studs. The 
reaction forces relating to different elongation levels were 
also recorded by a data logger. All these readings that 
include the elongation, reaction force, and displacement 
loading were recorded by the data logger and controlled by 
an integrated system ruing on a PC. 

 
 

3. Results of push-out tests on 
headed stud in DSC shear wall 
 
3.1 General behavior and Failure modes 
 
Figs. 5(a)~(d) shows the shear force, P, versus steel-

concrete interfacial slip, Δ, relationships. This figure shows 
that all the P-Δ curves exhibit brittle recession behavior 

 
 

 
 

Table 2 Details and results of tensile tests on headed stud in DSC shear wall 

Item 
h 

(mm) 
θ 

(°) 
S 

(mm) 
L 

(mm) 
Failure 
mode 

TT 
(kN) 

TA 
(kN) 

TT/TA 

T1 60 30 35 49 SP,BO,PO 32.8 23.2 1.41 

T2 60 45 20 28 SP,PO 31.9 23.2 1.37 

T3 70 30 69 98 SP,PO 33.6 31.2 1.08 

T4 70 45 40 57 SP,PO 36.0 31.2 1.16 

T5 70 60 23 33 SP,TF 38.6 31.2 1.24 

T6 80 30 104 147 SP,BO 29.1 40.3 0.72 

T7 80 45 60 85 SP,TF 36.9 40.3 0.92 

T8 80 60 35 49 SP,TF 38.6 40.3 0.96 

T9 90 30 139 196 SP,PO 43.6 42.9 1.01 

T10 90 45 80 113 SP,PO 44.2 42.9 1.03 

T11 90 60 46 65 SP,PO 39.3 42.9 0.92 

Mean        1.07 

Cov        0.19 
 

*The diameter of headed stud in specimens T1~T10 is 10 mm; fc and Ec for the concrete are 30.5 MPa and 33.0 
GPa, respectively; fy and fu for the headed stud are 420 and 506 MPa, respectively; h denotes height of the 
headed stud; θ, S, and L are as shown in Fig. 3; TT denotes experimental tensile resistance of the specimen; TA  
denotes predicted tensile resistances of single connector by Eq. (4); BO, SP, PO, and TF denotes breakout, 
splitting, pullout, and tensile fracture failure mode, respectively 

 
(a) Specimens S1~S2 (b) Specimens S3~S5 (c) Specimens S6~S8 (b) Specimens S9~S11 

Fig. 5 Shear force versus slip behaviours of the push-out tests 
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after the peak load that implies the brittle failure of the 
tested specimens. As the interfacial slip increases the 
reaction shear force firstly increases almost linearly to about 
70%~80% of its ultimate resistance. Then, the headed stud 
started to yield that can be supported by evidence of the 
strain-slip curve as shown in Fig. 6. After that, the all the P- 
Δ curves of all the tested specimens exhibited very short 
nonlinear behaviors until achieving the ultimate resistances. 
After peak resistance, all the specimens exhibited brittle 
failure behavior that accompanied by concrete breakout or 
splitting. The brittle behaviors of the head studs in DSC 
shear walls were mainly due to the splitting or breakout 
failure of concrete that interrupted the fully development of 
the yielding plateau of the studs. Reinforcement mesh may 
be considered that enhanced the splitting resistance of the 
concrete core and deterred the splitting or breakout of the 
concrete core. Another reason of the low slip capacity of the 
headed studs in the push-out tests may be due to the low 
strength concrete used. 

There were two types of failure mode observed from the 
 
 

 
Fig. 6 Strain versus slip curves of specimen S10 

 
 

 
(a) Splitting failure 

 

 
(b) Welding failure of the connector 

Fig. 7 Failure mode of the push-out test 

tests, i.e., splitting failure of the concrete block and welding 
failure of the connectors. Fig. 7 shows these two types of 
failure mode. As shown in Figs. 7(a) and (b), the splitting 
failure mode is characterized by: (1) brittle behavior in the 
shear-slip curves; (2) the strain in the shank of the steel stud 
is much smaller than the fracture strain of the steel (see Fig. 
6). 
 

3.2 Effect of inclination angle θ 
 
Fig. 8(a) shows the influence of the inclination angle (θ) 

on ultimate shear resistance of the push-out specimens (Pu). 
It can be found that as the value of θ increases from 30 
degree to 45 degree the ultimate resistance averagely 
increases by about 20% for all the headed studs with 
different heights. This is because θ will increase the 
confinement of the concrete and delay the splitting failure 
of the concrete slab that finally resulted in larger shear 

 
 

 

(a) Splitting failure 
 

(b) Welding failure of the 
connector 

Fig. 8 Effect of θ and h on ultiamte shear resistance of 
headed stud 

 
 

 
(a) Specimens T1~T2 (b) Specimens T3~T5 

 

 
(c) Specimens T6~T8 (b) Specimens T9~T11 

Fig. 9 Shear force versus slip behaviours of the push-
out tests 
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resistance of the headed studs. However, as the value of θ 
increases from 45 degree to 60 degree increasing θ did not 
has positive influence on the ultimate shear resistance of the 
headed studs. 

 
3.3 Effect of height of the headed stud h 
 
Fig. 8(b) shows the influence of the height of the headed 

stud h on the ultimate resistance of the headed stud. It can 
be observed that as the height of the headed stud increases 
from 60 mm to 90 mm, the shear resistance of the headed 
stud was slightly increased. This may be explained by that 
the specimens all failed in splitting mode and the splitting 
resistance of the specimen is more influenced by the tensile 
strength and size of the concrete slab. The height of the 
headed stud would thus have limited influence on the shear 
resistance for the headed stud failed in splitting mode. 

 
 

4. Results of tensile tests on 
headed stud in DSC shear wall 
 
4.1 General behavior and failure mode 
 
Fig. 9 shows the tensile force versus elongation curves 

of the headed stud under tension. This figure shows that all 
the tensile force (T) versus elongation (e) curves exhibited 
three stages. At the first stage, the reaction tensile force T 
increases almost linearly with the increase of the elongation 
e. Gradually, at stage II, nonlinear behavior starts to develop 
due to yielding of the headed stud. At the third stage, the T-
e curves of all the specimens show sudden drops that 
implies brittle failure mode of the headed stud. 

 
 

There were four types of failure modes that were 
observed from the tensile tests, i.e., pullout failure, breakout 
failure of the concrete core, splitting failure of the concrte 
core, and tensile fracture failure of the headed stud. Pullout 
failure means the headed stud was pulled out from the 
concrete core due to the compression failure occurred to the 
concrete surrounding the head of the stud. The concrete 
breakout failure is characterized by that concrete cone is 
pulled out from the concrete block as shown in Fig. 10(a). 
Specimen T1 and T6 failed in this type of mode. The 
splitting failure of the concrete core as shown in Fig. 10(b) 
is characterized by the through vertical cracks that splitting 
the concrete block into two or more pieces. Most of the 
specimens (except T1, T5, T7~8) were observed to fail in 
this mode. The headed studs in specimen T5, T7, and T8 all 
failed in tensile fracture mode as shown in Fig. 10(c). 

 
4.2 Effect of inclination angle θ 
 
Fig. 11(a) shows the influence of the inclination angle θ 

on the tensile resistance of headed stud in DSC structure. It 
shows that the θ has more significant influence on the studs 
with height of 70 mm and 80 mm. For specimens with 
headed stud in height of 70 mm and 80 mm, their tensile 
resistances increase linearly with the increase of the θ. As 
the θ value increases from 30 to 60 degree, the tensile 
resistance of the headed stud in DSC specimen increases by 
about 20%. This is due to that as θ value increases, the 
average quantity of headed studs distributed on the tensile 
fracture cone increases the confinement on the fracture 
cone. However, for the headed stud with height of 90 mm, 
the increased height of the stud leads to the blowout failure 
of the connectors that compromises its tensile resistance. 

 
 

 
(a) Breakout failure of the concrete core in specimen T1 (b) Splitting failure of concrete core in specimen T2 

 

6  

(c)Tensile fracture of specimen T8

Fig. 10 Different failure mode observed from the tension test on headed studs 
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(a) Effect of θ (b) Effect of h 

Fig. 11 Effect of θ and h on ultiamte tensile resistance 
of headed stud 

 
 

4.3 Effect of height of the headed stud h 
 
For the headed studs with θ value of 30 and 45 degrees, 

their tensile resistances increased almost linearly with the 
increase of their heights. As the height of the headed stud 
increases from 60 mm to 90 mm, its tensile resistance 
increases averagely by about 35%. This is because that, 
with the fixed depth of the concrete core and inclination 
angle θ, increasing the height of the headed stud resulted in 
higher projection area of the failure cone that finally 
resulted in higher tensile resistance of headed stud. 
However, for the headed studs with θ value of 60 degree, 
increasing the height of the headed stud exhibits ignorable 
influence on the tensile resistance of the headed stud. The 
explanation is that as the θ value equals 60 degree 
increasing the height of headed stud will not change the 
projection area of breakout cone in the concrete core since it 
is more influenced by the spacing of the connectors. Thus, 
the tensile resistance of the connectors exhibits less 
correlation with the height of the headed studs under this 
certain condition. 

 
 

5. Analysis on shear and tensile resistance of 
the headed studs in DSC structure 
 
5.1 Shear resistance of headed studs in 

DSC structure 
 
The shear resistance of headed stud in DSC structure 

can be governed by the minor value of shank shear 
resistance of stud and concrete bearing capacity of the 
concrete. In Eurocode 4 (2004), the shear resistance of the 
headed stud can be determined as the following 
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where d denotes diameter of the headed stud; fu denotes 
ultimate strength of headed stud; fc and Ec denote 
compressive strength and modulus of elasticity of concrete; 

h denotes height of headed stud; v denotes partial safety 
factor, and equals to 1.25 (1.0 was used for the comparisons 
of the predictions with the test results). 

In AASHTO/LRFD (2004), the shear resistance of the 
headed stud in steel-concrete composite structure can be 
determined by 
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where, as denotes cross-sectional area of headed stud; fc and 
Ec denote compressive strength and modulus of elasticity of 
the concrete, respectively; ϕ denotes resistance factor for 
headed stud and equals to 0.85. 

 
5.2 Tensile resistance of the headed stud in 

DSC structure 
 
Tensile resistance of a single headed stud may be 

governed by the minor value of the concrete breakout 
resistance (TCB), pullout failure (Tpl), ultimate tensile 
resistance of the steel shank of the headed stud (Ts) , and 
punching shear resistance of the steel face plates (Tps) (Yan 
et al. 2014a, 2015), i.e. 
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where hs is the connector’s effective height; Abrg is the 
bearing area under tension for the headed stud; γM2 is partial 
safety factor for steel under tension; γM0 is partial factor for 
resistance of cross-section; AN denotes the projection area of 
the breakout cone of concrete core. 

For single headed stud, AN can be calculated as the 
following 
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However, the dense layout of the headed studs in DSC 

shear wall structures may affect the mature development of 
the breakout cone in concrete core. Thus, the projection 
area needs to be modified as shown in Fig. 12. 

Therefore, in DSC shear wall structure, the projection 
area (AN) for the determination of the breakout resistance of 
the headed stud can be determined as the following 
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where, ϕ denotes the angle as shown in Fig. 12, and ϕ =  
cos-1[S/(2hs + dh)]; S denotes the spacing of the headed stud 
in DSC shear wall; dh denotes the diameter of the headed of 
the headed stud; hs denotes the height of the shank of the 
headed stud. 
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5.3 Validations 
 
Before performing the validations, it should be noted 

that all the partial safety factors in Eqs. (1)~(6) were taken 
as 1.0. Tables 1 and 2 compares the predicted shear and 
tensile resistances of headed studs in the DSC shear wall 
with those predicted values by the developed analytical 
models in Eqs. (1)~(6). These tables show that both design 
equations in Eurocode 4 (2004) and AASHTO (2004) 
underestimates the shear resistance of headed shear studs in 
the DSC shear walls. The average test-to-prediction ratios 
for the Eurocode 4 (2004) equation (i.e., Eq. (1)) and 
AASHTO equation (i.e., Eq. (3)) are, respectively, 1.26 and 
1.09 with the same Coefficient of Variation (COVs) of 0.14. 
The Eurocode 4 equation is more conservative on predicting 
the shear resistance of headed stud in DSC shear wall 
compared with the AASHTO (2004) equation. Thus, these 
two methods are recommended to predict the shear 
resistance of the headed stud in DSC shear wall. 

Table 2 also shows that the developed analytical model, 
i.e., Eqs. (4)~(6) averagely underestimates the tensile 
resistance of the headed stud connectors in DSC shear wall 
by 7%. The COV for the 11 predictions is 0.19. The 
variations of the predictions maybe caused by the large 
scatter of the tensile strength of the concrete, the influence 
of the neighbouring headed studs attached to the opposite 
steel face plate, and dimension of the specimens. Thus, Eqs. 
(4)~(6) can be used to estimate the tensile resistance of 
headed stud connectors used in DSC shear wall structure. 

 
 

6. Conclusions 
 
This paper studied the shear and tensile behaviors of the 

headed stud connectors by full scaled tests and analytical 
methods. The structural behaviors of the headed stud under 
shear and tension were firstly studied through 22 tests. 
Analytical methods were developed to predict the ultimate 
shear and tensile resistances of the headed stud in DSC 
shear wall structure through modifying equations in design 
codes. Based on these experimental and analytical studies, 
the following conclusions can be drawn; 

 
 Due to the weak confinement of the concrete core, 

most of the specimens failed in concrete splitting 
mode. The shear resistance of the headed studs in 
DSC shear wall was influenced by the height and 
layout of the connectors inside the structure, and 
these influences show high scatter in the shear 
resistance of the headed studs. The differences of the 
height and layout of the connectors in the specimens 
produced the differences in the confinement of the 
concrete that resulted in different shear resistances of 
the headed stud in the DSC shear wall. 

 Increasing the value of θ (a geometric parameter as 
shown in Fig. 4) from 30 to 45 degree averagely 
increased the ultimate shear resistance of the headed 
stud by 20%. However, as θ increases from 45 to 60 
degree its influence on the shear resistance of the 
headed stud becomes weak. Increasing the height of 

 
 

 

Fig. 12 Determination of the projection area AN for the breakout failure of the headed stud in DSC shear wall 
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headed stud from 60 mm to 90 mm slightly increases 
the shear resistance of headed stud. 

 Tensile test results show that major failure mode of 
the headed stud under tension are splitting and 
breakout in concrete core, and tensile fracture of the 
steel shank. Increasing the θ value from 30 to 60 
degree leads to 20% increment on tensile resistance 
of the headed stud with height of 70 mm and 80 mm. 
For specimens with θ value of 30 and 45 degrees 
Increasing the height of headed stud from 60 mm to 
90 mm lead to an average increment of about 30% in 
the ultimate tensile resistance. 

 Analytical models were developed to predict the 
shear and tensile resistances of the headed stud in 
DSC shear wall through modifying code equations. 
The dense layout of the connectors was also 
considered in the proposed analytical models. The 
validations of the predictions against 22 tests showed 
that the developed analytical models averagely 
underestimated the shear and tensile strength of the 
headed studs by 9% and 7%, respectively. 

 
The above conclusions were based on limited 

experimental and analytical studies, and more tests were 
still required for further study on these related topics. 
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