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Abstract.  Ultra-lightweight cement composite (ULCC) with a compressive strength of 60 MPa and 
density of 1450 kg/m3 has been developed and used in the steel-concrete-steel (SCS) sandwich structures. 
ULCC was adopted as the core material in the SCS sandwich composite beams to reduce the overall 
structural weight. Headed shear studs working in pairs with overlapped lengths were used to achieve 
composite action between the core material and steel face plates. Nine quasi-static tests on this type of SCS 
sandwich composite beams were carried out to evaluate their ultimate strength performances. Different 
parameters influencing the ultimate strength of the SCS sandwich composite beams were studied and 
discussed. Design equations were developed to predict the ultimate resistance of the cross section due to 
pure bending, pure shear and combined action between shear and moment. Effective stiffness of the 
sandwich composite beam section is also derived to predict the elastic deflection under service load. Finally, 
the design equations were validated by the test results. 
 

Keywords:    cement composite; bond strength; connector; shear connector; sandwich structure; tension 
connector 
 
 
1. Introduction 

 
Steel-concrete-steel (SCS) sandwich composite structure consists of two external steel face 

plates and an internal concrete core using cohesive material or mechanical shear connectors to 
bond different components together at their interface and form a composite panel. Cohesive 
materials provide continuous bond along the member but the quality of the bond is affected by 
imperfections and thus it often affects the structural performance of SCS sandwich composite 
structure (Aboobucker et al. 2009). Mechanical shear connectors provide localized bonds at 
discrete points along the member depending on their spacing. Different types of shear connectors 
have been developed and used in the steel-concrete composite structure e.g., headed shear studs,  
                                                 
Corresponding author, Professor, E-mail: ceeljy@nus.edu.sg 
a Research Fellow, E-mail: ceeyanj@gmail.com 
b Professor, E-mail: mhzhang@nus.edu.sg 
c Research Fellow, E-mail: ceewjy@nus.edu.sg 



 
 
 
 
 
 

Jia-Bao Yan, J.Y. Richard Liew, Min-Hong Zhang and Junyan Wang 

 

(a) (b) (c) (d) 

Fig. 1 Different types of mechanical shear connectors (a) headed shear studs; (b) friction welded 
connectors in ‘bi-steel’ structure; (c) corrugated strip connectors; (d) perfobond connectors 

 
 
friction welded connectors in ‘bi-steel’ structure, corrugated strip connectors, perfobond 
connectors as shown in Fig. 1 (Xie et al. 2007, Leekitwattana et al. 2011, Kim et al. 2013). SCS 
sandwich composite structure with overlapped headed shear studs namely ‘double skin’ structure 
has been developed and studied in the past two decades (Narayanan et al. 1998, Shanmugam et al. 
2002). The headed shear studs not only serve to transfer interfacial shear force and resist 
interfacial slip to achieve composite action, but also act as the shear links to provide transverse 
shear resistance. This type of structure has advantages of fast installation, permitting prefabrication, 
and providing satisfactory structural performances. It has potential to be used in nuclear 
containment structure, shear walls, tunnels, liquid and gas containers, and blast protection 
structures because of the strong and impermeable face plates (Wright et al. 1991). Headed shear 
studs have been widely studied and used in the steel-concrete composite structure and SCS 
sandwich structure (Chung and Lawson 2001, Shanmugam and Lakshmi 2001, Lam 2007, Mirza 
and Uy 2010). In the present study, overlapped headed shear studs were chosen for the SCS 
sandwich composite structure to develop slim decking for the use in marine and offshore 
structures. 

Special lightweight concrete (LWC) type of core material was developed for steel-concrete- 
steel (SCS) sandwich composite structures in order to reduce the overall weight of SCS system 
making it was a competitive choice for marine and offshore structures (Liew and Sohel 2009). 
LWC consisting of expanded clay type of coarse aggregate with compressive strength 30 MPa and 
density 1450 kg/m3 was used in SCS sandwich composite structure by Dai and Liew (2010), Sohel 
and Liew (2011). More recently, new high strength ultra-lightweight cement composite (ULCC) 
with density 1450 kg/m3 and compressive strength 65 MPa has been developed (Wang et al. 2012, 
2013, Sohel et al. 2012, Yan et al. 2014a, b). In the present study, ULCC was chosen as the core 
material to develop slim deck used in offshore and marine structure. 

Steel-concrete-steel (SCS) sandwich composite beams with normal weight concrete (NWC) 
and headed shear studs has been investigated and a design guideline had been developed for the 
civil engineering applications (Oduyemi and Wright 1989, Narayanan et al. 1994, McKinley and 
Boswell 2002). Double skin slabs with normal strength concrete were tested by Kumar (2000). 
However, all these research activities were carried out on SCS sandwich composite structure with 
normal weight concrete. Research on this type of structure with ultra-lightweight concrete is not 
available. 

In the present research, nine steel-concrete-steel sandwich composite beams were tested to 
investigate their load displacement behavior up to the maximum load. Parameters under 
investigation include thickness of the steel face plate, strength of core material, spacing of the 
connectors, and shear spans. Design equations were developed to predict the bending moment 
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resistance and transverse shear resistance of the cross section of the sandwich composite beam as 
well as elastic load-elastic deflection curves of the beams. The validity of the analytical method 
was established by comparing the predicted ultimate strength and load displacement responses 
with those from the tests. The analytical method may be used conservatively for the design of slim 
and lightweight SCS sandwich composite beam structure. 
 
 
2. Test program 

 
Nine steel-concrete-steel (SCS) sandwich composite beams (B1-B9) were prepared to 

investigate their structural performances. Overlapped headed shear studs were used to bond the 
core material and steel face plates. These nine beams were designed by varying the key parameters 
including (1) thickness of the steel face plates; (2) concrete strength and type; (3) spacing of the 
shear connectors; and (4) shear span of beam. 

 
2.1 Core materials 
 
Ultra-lightweight fiber-reinforced cement composite (ULCC) was developed with 28-day 

compressive strength above 60 MPa and density of 1450 kg/m3 (Yan et al. 2014a, b). Compared 
with normal strength concrete with similar strength and density of 2400 kg/m3, the ULCC has a 
high specific strength (strength-to-density ratio) greater than 40 kPa/(kg/m3) versus 25 kPa/(kg/m3) 
for the former. ULCC exhibits comparable ultimate tensile and flexural strengths with 
conventional normal weight concrete (NWC) but with a 40% weight reduction. Due to its porous 
structure, the elastic modulus of ULCC is approximately 50% of conventional NWC. ULCC was 
made of ordinary Portland cement, silica fume, water, chemical admixtures, polyvinyl alcohol 
(PVA) fibers, and cenospheres with particle sizes ranging from 10 to 400 µm as shown in Fig. 2(a). 
The cenospheres are hollow alumino-silicate spheres obtained from fly ash from coal-burning 
power plants, and commercially available. The fibers had a length of 6 mm and a diameter of 27 
µm to reduce the brittleness of the ULCC. Fresh ULCC is flowable and suitable for grouting the 
sandwich composite structures. Benefiting from the excellent workability, the ULCC can be 
pumped and less vibration is needed, which greatly increase the construction efficiency. 

Lightweight concrete (LWC) was made of expanded clay lightweight fine aggregate with 
 
 

 

(a) Cenosphere (b) Fine aggregate in LWC (c) Expanded clay-Liapor4.5 

Fig. 2 Aggregates in ULCC and LWC 
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different diameters (Fig. 2(b)), expanded clay lightweight coarse aggregate (Fig. 2(c)), cement, and 
water. The expanded clay aggregate namely Liapor F4.5 was commercially available, and was 
used to produce LWC. This LWC was used in Beam B4 as the core material. 

High performance concrete (HPC) was used in this experimental study for comparison. This 
HPC was a proprietary mixture made of cementitious materials, chemical admixtures, and fine 
mineral aggregate (bauxite). The density, compressive strength, and modulus of elasticity of the 
HPC were 2738 kg/m3, 180 MPa and 60 GPa, respectively. This HPC was used in Beam B5. 

The mix proportions of ULCC, LWC, and HPC are as listed in Table 1. 
 
2.2 Steel materials and connectors 
 
Mildsteel plates were used to fabricate the SCS sandwich composite beams. Tensile coupon 

tests were performed on the steel plates to obtain the strengths and elastic modulus according to 
ASTM A370-05 (2005). The mechanical properties of the steel plates and headed shear studs are 
tabulated in Table 2. 
 
 
Table 1 Mixture proportions of the concretes 

Concrete 
Water 

(kg/m3)
Cement 
(kg/m3) 

SF* 
(kg/m3)

FA* 
(kg/m3)

FA type
CA* 

(kg/m3)
CA Type 

SP* 
(L/m3) 

LWC 175.0 500.0 0.0 127.0 LWFAa 315.0 F4.5b 0.0 

ULCC 259.4 741.0 65.0 335.0 CNc - - 7.7 

HPC 202.1 - - 2659.6 D4 - - - 

*W/C = water to cement ratio; CA = Coarse aggregate; CN = cenosphere; FA = fine aggregate; 
D4 = Ducorit○R D4; LWFA = lightweight fine aggregate; SF = silica fume; SP = superlasticizer; 
a LWFA has a dry density of 503 kg/ m3; b F4.5 has bulk density 450 kg/m3; c CN-cenosphere has a bulk 
density of 620 kg/ m3 

 
Table 2 Details of the SCS sandwich composite beams 

Beam 
tc & ts 
(mm) 

S 
(mm) 

L 
(mm) 

Core 
material

fc 

(MPa) 
Ec 

(GPa) 
u 

(kg/m3) 
fy 

(MPa) 
σu 

(MPa) 

B1 4.0 100 500 ULCC 67.4 17.3 1441 275 527 

B2 6.0 100 500 ULCC 65.2 17.3 1450 305 527 

B3 12.0 100 500 ULCC 69.3 17.3 1450 310 527 

B4 6.0 100 500 LWC 24.1 12.7 1324 305 527 

B5 6.0 100 500 HPC 180.0 60.0 2672 305 527 

B6 6.0 150 500 ULCC 67.2 17.3 1521 305 527 

B7 6.0 200 500 ULCC 64.6 17.3 1440 305 527 

B8 6.0 100 1100 ULCC 67.2 17.3 1521 305 527 

B9 5.7 100 1600 ULCC 64.6 17.3 1440 310 527 

*tc = thickness of the steel plate under compression; ts = thickness of the steel plate under tension; S = 
spacing of the connectors in the beam; L = span of the beam; Ec = secant modulus of elasticity; u = density 
of the concrete core; σu = ultimate tensile strength of the connectors; fy = yield strength of the steel plates 
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Fig. 3 Test setup and details of the sandwich beam 

 
 

2.3 Details of specimens and test setup 
 
Nine SCS sandwich composite beams were designed with the same cross section (width = 200 

mm and height of the core material = 100 mm). The span length for specimens B1-B7 was 500 
mm,whereasthat for B8 and B9 was 1100 mm and 1700 mm, respectively. Headed shear studs 
with a diameter of 13 mm and length of 75 mm were used in the test beams. Different steel plate 
thicknesses, t = 4, 8, and 12 mm, were used for beam B1, B2, and B3, respectively. Core materials 
with different strengths and type i.e., ULCC C60, LWC C30, and HPC C180 were used in B2, B4, 
and B5, respectively. Different spacing of the connectors S = 100, 150, and 200 mm were used for 
Beam B2, B6, and B7, respectively. In order to investigate the influence of the shear spans, 
different beam spans Ls = 500, 1100, and 1600 mm were designed for B2, B8, and B9, respectively. 
The details of the test beams are given in Table 2. 

Quasi-static displacement-controlled-loading with a rate of 0.5 mm/min was applied to the 
beams. Beams B1-B7 were subjected to a concentrated load at the mid-span. B8 and B9 were 
tested under two-point loading in which a spreader beam was used to spread the concentrated load 
to two load cell with a distance of 180 mm off the mid-point as shown in Fig. 3. 

Linear varying displacement transducers (LVDTs) were installed at the mid-point for B1-B7. 
For Beams B8 and B9, three LVDTs were installed at the mid-span and at two locations with 180 
mm offset from the mid-point. One direction strain gauges were also installed at the both top and 
bottom steel plate at the mid-length cross section to measure the strains at different load levels. 

 
 

3. Test results and discussions 
 

3.1 Failure mode and ultimate strengths 
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Table 3 Ultimate strength and failure mode of the beam B1-B9 

Beam B1 B2 B3 B4 B5 B6 B7 B8 B9 

Failure mode 
CCSF, 
BSY 

CCSF 
CCSF,
BSY 

CCSF CCSF
CSF, 
CCSF

CSF, 
CCSF 

CCSF, 
BSY 

FF, 
BSY

Pu (kN) 212.3 236 378 133.6 451.3 233.1 165.4 174.3 127.8

*BSY = Bottom steel plate yield; CCSF = concrete core shear failure; CSF = connector shear failure; 
FF = flexural failure; Pu = ultimate strength of the test; Cov = coefficient of variance. 
 
 

Three main observed failure modes from the tests were flexural failure, transverse shear failure 
and combined failure of shear and flexure as shown in Figs. 4(a), (b), and (c), respectively. 

For flexural failure, micro vertical cracks were observed initiated from the bottom flange and 
propagated to the top flange. The tension steel plate yielded and the structure exhibited a large and 
ductile deformation. For transverse shear failure, diagonal shear cracks were observed in the core 
material starting from the bottom flange and moved towards the loading point. At the final stage of 
loading, major shear cracks were observed in the core material bridging the loading point and the 
end support. For the combined failure mode, micro cracks were firstly developed in the pure 
bending region propagating from the bottom flange to the top flange as the beam deflected further. 
After the beam attained a certain degree deflection, it finally failed in diagonal shear tension. 

The ultimate strengths and failure modes of the beams were recorded as shown in Table 3. 
 
 

(a) Flexural failure in B9 
  

(b) Shear failure in B1 and B7 
 

(c) Combined shear and flexural failure in B8 

Fig. 4 Failure modes of SCS sandwich beam 
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3.2 Discussions 
 
3.2.1 Effect of steel plate thickness 
Steel plates thickness t = 4, 6, and 12 mm were used for beams B1, B2, and B3, respectively. 

The influence of steel plate thickness on the load-deflection behavior and ultimate strength are 
shown in Fig. 5(a) and (b), respectively. It is observed that the use of thicker steel plate enhances 
the load carrying capacity of the SCS sandwich composite beam. This is because SCS sandwich 
composite beam with thicker steel plates offers higher bending moment resistance and transverse 
shear resistance of the cross section. The ultimate strength of the beam increases by about 11% and 
78% when the thickness of the steel face plate increases from 4 mm to 6 mm and to 12 mm, 
respectively. The increase in the ultimate strength is almost linearly proportional to the thickness 
of steel face plate. 

Yielding of the bottom steel plate was observed in Beams B1 and B3 as their failure were due 
to flexure. Yielding was not observed in Beam B2 as it failed in transverse shear rather than 
flexural bending. 
 
 

(a) Load-deflection curve (b) Pu - t relationship (t denotes thickness) 

Fig. 5 Effect of steel plate thickness 

 

 
(a) Load-deflection curve (b) Pu - fck relationship 

Fig. 6 Effect of strength of the core material 
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3.2.2 Effect of strength of core material 
Beams B2, B4, and B5 were infilled with ULCC, LWC and HPC materials of compressive 

strength 65, 24 and 180 MPa, respectively. The effect of the strength of the core material on the 
load-deflection curves and ultimate strength of the SCS sandwich composite beams are shown in 
Figs. 6(a) and (b), respectively. It can be observed that all these three beams failed in a typical 
shear failure with a sudden drop of the load-deflection response. Since the three beams have the 
same steel plate thickness and same layout of the shear connectors, the ultimate resistance of the 
SCS sandwich composite beam was increased by 77 % and 238 % mainly due to the increase of 
the strength of the core material from 24 to 65 and 180 MPa, respectively. Since the shear 
resistance of the SCS sandwich composite beam is about 0.61 times of the compressive strength fck 
of the core material which is about 0.5 times that is used in the ACI 318 design code (2008). The 
shear resistance of the core material is determined by its tensile strength. Concrete with higher 
compressive strength offers higher tensile strength, which finally results in higher shear resistance 
of the beam. 

It can be observed that SCS sandwich composite beams with higher strength core material 
exhibited higher elastic stiffness in the load-deflection curves. This is because higher strength 
concrete offers larger secant modulus of elasticity, which results in higher stiffness of the beam 
section. 

 
3.2.3 Effect of spacing of connectors 
Beams B2, B6, and B7 were made with connectors spaced at 100, 150, and 200 mm, 

respectively. The influence of the connectors’ spacing on the load-deflection behaviors and 
ultimate strength of the beams are shown in Figs. 7 (a) and (b), respectively. It can be observed 
that B2 with 100 mm spacing of connectors exhibited ultimate load carrying capacity close to that 
of B6 with 150 mm spacing of connectors (See Table 3). This is because that the number of shear 
connectors that contributes to the shear resistance within the shear span is the same for these two 
beams. There are four pairs of connectors in specimens B2 and B6 within the shear span although 
their connector’s spacing is different. 

The shear strength of the beam B7 with connector spacing 200 mm is decreased by 30% 
compared to B2 with 100 mm connector spacing. However, for B7 (S = 200 mm) only four pairs 
 
 

(a) Load-deflection curve (b) Pu - S relationship 

Fig. 7 Effect of connector’s spacing 
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(a) Load-deflection curve (b) Pu - shear span relationship 

Fig. 8 Effect of shear span length 
 
 
of connectors are available in the shear span to resist shear cracking. The number of connectors in 
the shear span has significant effect on the shear resistance of the beam. 

 
3.2.4 Effect of shear span 
Beams B2, B8, and B9 are designed with different shear span Ls (Ls is the spacing from the 

support center to the loading point). The effect of the shear span on the load-deflection curves and 
ultimate strength of the beams are shown in Figs. 8(a) and (b), respectively. Table 3 shows the 
maximum load carrying capacities of the beams obtained from the tests. Since the beams are 
subject to concentrated load(s), the most critical beam section occurs at the concentrated load point 
where the section is subject to combined bending moment and transverse shear force. The 
magnitude of the bending moment is influenced by the shear span. From Fig. 8(a), it can be seen 
that the failure mode of the beam changes from typical shear failure to the flexural failure when 
the shear span of the beam increases. For beam B8, a combined shear and flexural failure occurred 
because of its intermediate shear span compared with B2. The load carrying capacity reduces as 
the shear span increases as shown in Fig. 8(b). Beam B9 has the lowest load carrying capacity 
since it has the longest shear span as compared to B2 and B8. 

 
 

4. Design of SCS sandwich beam 
 
The maximum resistance of SCS beam is influenced by the behavior of shear connectors in the 

concrete core. The overlapped connectors provide interfacial shear transfer between the concrete 
core and steel face plates, and also prevent the shear cracks developed in the concrete core. In this 
section, the shear and tensile resistances of overlapped headed studs were firstly reviewed based 
on the past research. Design equations are then developed to predict the beam section resistance 
due to moment, shear, and combined actions of moment and high shear. 

 
4.1 Shear resistance of connector 
 
The design shear strength of the headed shear studs can be calculated by the following 
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formulae in EC4 (2004) 
 

  vuckckH dEfdP  /4/8.0,29.0min 22                    (1) 
 

where, α = 0.2 (hs / d + 1) for 3 ≤ hs / d ≤ 4, α = 1 for hs / d > 4; hs = nominal height of the connector; 
fck = compressive strength of concrete cylinder; Eck = elastic modulus of the concrete; d = 
diameter; γv = partial safety factor as recommended in EC4 (2004); σu = ultimate tensile strength. 

 
4.2 Tensile resistance of headed shear stud 
 
Under tension, the possible failure mode of headed shear stud embedded in the concrete are (1) 

concrete breakout failure; (2) pullout failure; (3) tensile failure; and (4) punching shear failure of 
the steel plate, as shown in Fig. 9. The corresponding tensile resistances for these failure modes 
are summarized as follows. 

 
4.2.1 Concrete breakout failure 
General information on calculating the breakout resistance of the concrete cone is given in ACI 

349 (1990). In this paper, the 45-degree cone method was used to calculate the concrete breakout 
resistance. The concrete breakout resistance of the pulled out concrete cone is computed by 
assuming of a conical failure surface with a slope of 45-degree between the failure surface and the 
bottom surface of the cone (Fig. 9(a)). A constant tensile stress of ckf96.0  is assumed to act on 
the cone shaped surface. 

For a single tensile anchor, the design breakout resistance of concrete may be obtained from 
 

cNckCB AfT /333.0                          (2) 
 

where AN = the projected area of the cone surface to the free concrete surface, and it is influenced 
by the spacing of the connector in the SCS sandwich beam, AN = min[πh2

s (1 + d / hs), S · Sw]; S = 
spacing of the connectors in the longitudinal direction of the beam; Sw = spacing of the connectors 
in the width direction; d = diameter of the connector; hs = height of the connector; fck = 
compressive strength of the concrete cylinder; γc = partial factor for concrete as recommended in 
EC2 (2004). All the parameters are in metric unit. 
 

4.2.2 Pullout failure 
The pullout failure of the connector is due to the compression failure of the concrete surrounding 

 
 

T

T

45

 
T

T T

(a) Concrete breakout 
 

(b) Pullout failure 
 

(c) Steel failure 
 

(d) Punching shear fail 
steel face plate 

Fig. 9 Failure mode of the headed shear stud in SCS sandwich composite beam 
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the head of the stud as shown in Fig. 9(b). In ACI 318-08 (2008), the nominal design pullout 
resistance of the connector is governed by 
 

Ppcpl TT ,                                (3a) 
 
where ψc,p = 1.4 for connector in region without cracking at service load levels, and ψc,p = 1.0 for 
connector in region with cracking at service load levels; TP = pullout resistance of connector. 

For headed shear stud connectors, the design pullout resistance of the connector is 
 

cckbrgP fAT /8                              (3b) 
 
where Abrg = bearing area of the head of stud. 

 
4.2.3 Tensile fracture 
Tensile fracture of the headed stud is shown in Fig. 9(c). The ultimate tensile resistance of the 

steel shank is 

2/ MutsS fAT                                 (4) 
 
where As = the cross section area of the connector shank; fut = ultimate tensile strength of the stud 
steel material; γM2 = partial factor for cross-section in tension to fracture (Eurocode 3 2005). 

 
4.2.4 Punching shear failure of the steel face plate 
The punching shear failure of the steel face plate is shown in Fig. 9d. The design punching 

shear resistance Tps of the steel face plate to which the shear stud was attached may be calculated 
as (Eurocode 3 2005) 

  0/3/ Mysps fdtT                              (5) 
 

where d = diameter of the connector; t = thickness of the steel plate; fys = yield strength of the steel 
plate; γM0 = partial factor for resistance of cross-section (Eurocode 3 2005). 

 
4.2.5 Design tensile resistance 

The design tensile resistance hsT of the headed shear stud is determined by the smallest value 
of the above mentioned four resistances calculated by Eqs. (2)-(5), i.e. 
 

)  ,  ,  ,min( pssplCBhs TTTTT                          (6) 
 

The tensile resistance of headed studs based on the four failure modes of a sandwich composite 
beam with sectional width 250 mm and height of shear stud hs varying from 20 to 250 mm are 
plotted in Fig. 10. It can be observed that the tensile resistance of the headed studs in the SCS 
sandwich composite beam is influenced by the height of the stud hs, strength of the core material 
(fck = 30, 60, and 180 MPa), and spacing of the connectors (S = 50, 100, 150 and 200 mm). The 
followings can be concluded based on the comparisons in Fig. 10: 

 

 For SCS sandwich composite beam with lower strength concrete e.g., fck = 30 MPa as shown 
in Fig. 10(a), the tensile resistance of the headed studs is controlled by the concrete breakout 
resistance or pullout resistance. As the strength of the concrete increases to 180 MPa for 
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high performance concrete, the tensile resistance of headed stud is governed by the tensile 
fracture resistance of the stud or punching shear resistance of the steel face plate as shown in 
Fig. 10 (c). For the SCS sandwich composite beam with core concrete strength of 60 MPa as 
shown in Fig. 10 (b), the tensile resistance of the headed stud is influenced by the spacing of 
the connectors and height of the shear stud. 

 When the height of the headed stud is less than 80 mm (see Figs. 10(a)-(b)), the tensile 
resistance of connector is affected more by the concrete breakout and pullout resistance. 
Therefore for slim decking system, the effectiveness of headed stud to resist pullout force 
will be affected (see Eq. (2)). The full concrete breakout failure surface cannot be achieved 
due to the limited space that is formed by the dense layout of the connectors in the sandwich 
composite. In such case, the concrete breakout resistance of the headed stud will be 
controlled by the spacing of the connectors, S, and it will remain the same even though the 
height of the stud increases as shown in Figs. 10(a)-(c). 

 Increase of connector’s spacing leads to higher concrete breakout resistance due to larger 
breakout failure surface in the SCS sandwich composite beam. However, as the spacing 
between connector increases, less number of connectors is available to achieve composite 
action that may reduce the flexural resistance of the sandwich composite beam. 

 
 

 

(a) fck = 30 MPa 

(b) fck = 60 MPa (c) fck = 180 MPa 

Fig. 10 Tensile resistance of the headed studs with different height 
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Fig. 11 Stress block of the sandwich composite beam section 
 
 

4.3 Flexural resistance 
 
Several assumptions were made for the calculation of the flexural resistance of the SCS 

sandwich composite beams as the following: (1) plane section remains plane; (2) contribution of 
tensile strength of concrete is ignored; (3) full plastic rectangular stress block can be developed in 
the concrete. Based on plastic analysis of cross section, the plastic stress blocks acting on a SCS 
section are shown in Fig. 11. The compressive strength of the concrete can be calculated as in 
Eurocode 2 (2004) 

cckcc xBfN  /                               (7) 
 
where B = width of the beam; x = depth of the neutral axis position as shown in Fig. 11(a); λ = 0.8 
for fck ≤ 50 MPa, λ = 0.8 ‒ (fck ‒ 50) / 400 for 50 < fck ≤ 90 MPa; η = 1.0 for fck ≤ 50 MPa; η = 1.0 ‒ 
(fck ‒ 50) / 200 for 50 < fck ≤ 90 MPa. 

The maximum force developed in the steel plate is governed by either the yield resistance of 
the steel plate or the shear resistance of the connectors in the compressive or tension zone of the 
concrete. This force can be calculated by 
 

)/  ,  ,min( 0Mscyscsccs AfPnN                        (8) 
 

where nc = number of the shear connectors in the compressive zone; Ps = shear resistance of the 
connectors in the compression zone; fysc = yield strength of the steel plate in compression; Asc = 
area of the compression steel plate. 

Following the same principle, the tension force in the tension steel plate could also be 
calculated by 

)/  ,min( 0Mstyststts AfPnN                         (9) 

 
where nt = number of the shear connectors attached to the tension steel plate; Ps = shear resistance 
of the connectors attached to the tension steel plate; fyst = yielding strength of the steel plate under 
tension; Ast = area of the steel plate under tension. 

Based on equilibrium of tension and compression force, the depth of compression zone of 
concrete can be calculated by equilibrium of forces 
 

tscscc NNN                             (10) 
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cck

csts

xBf

NN
x

 /

)( 
                            (11) 

 
The section plastic moment resistance is obtained by taking moment about the center of the 

compression steel plate as 
 

)2/()2/2/( xNtthNM ccscctsrd                    (12) 
 

If steel reinforcement bars are used as shown in Fig. 11(b), their contributions to the moment 
resistance of SCS sandwich composite beams should be considered. Eqs. (10)-(12) may be 
modified as 
 

trtscrcscc NNNNN                         (13) 
 
where Ntr = fyrAtr / γs is the tensile resistance of the reinforcements in the tension region of the beam, 
Ncr = fyrAcr / γs is the compression resistance of the reinforcements in the compression region, Atr 
and Acr are the area of the tension and compression reinforcements, respectively; γs = partial factor 
for the reinforcement (Eurocode 2 2004). 

Subsequently, the position of neutral axis in the beam section can be calculated by 
 

cck

crcstrts

xBf

NNNN
x

 /

)( 
                        (14) 

 
Then, the bending moment of the beam section is calculated by 

 

)2/()2/()2/()2/2/( cscrstctrccscctsrd atNtahNxNtthNM       (15) 
 
where ac and at = cover thickness of the concrete for the reinforcements in compression and 
tension zone of the beam, respectively. 

 
4.4 Transverse shear resistance of the SCS sandwich beam 
 
Transverse shear resistance of the SCS sandwich composite beam consists of contributions 

from the concrete core and shear resistance provided by the overlapped connectors as (Eurocode 4 
2004, Eurocode 2 2004) 

scrd VVV                                 (16) 
 

where Vc  = shear resistance of concrete; and Vs = shear resistance provided by mechanical 
connectors. In EC2 (2004), Vc is given by 
 

eckcRdc BhfkCV ])100([ 3/1
11,                       (17) 

 

where CRd,c= 0.18 / γc for normal weight concrete and CRd,c = 0.15 / γc for lightweight concrete; k 
= 1 + ch/200 ≤ 2.0 and hc is in mm; η1 = 0.40 + 0.60u / 2200 is the tensile strength reduction 
coefficient, and u is density of the lightweight concrete in kg/m3; ρ1 = ts / [hc + (ts + tc) / 2] ≤ 0.02; tc 
= thickness of the steel plate under compression; ts = thickness of the steel plate under tension; B = 
width of the beam; he = effective height of the beam for the calculation of the shear resistance. 
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Fig. 12 Illustration of shear resistance of SCS sandwich composite beam 
 
 

Considering the thickness of the steel plate, the effective depth of the SCS beam needs to be 
modified as 

cscce EEthh /                              (18) 
 
where, hc = height of the concrete core; tc = thickness of the compression steel face plate; Es = 
elastic Young’s modulus of steel face plate; Ec = elastic secant modulus of concrete. 

The shear resistance provided by the presence of headed stud connectors is calculated by 
 

STznVs /0                                (19) 
 
where T = Ths = tensile resistance of a pair of overlapped headed studs embedded in concrete core 
by Eq. (6); S = spacing of the connectors, in mm; z = depth of the section of the SCS sandwich 
composite beam; T, S, z are as shown in Fig. 12. 

 
4.5 Strength under combined bending moment and shear forces 
 
The design equation proposed  by Roberts et al. (1996) may be used to check the strength of 

beam section subject to combined action of bending and shear 
 

12

22



















R
M

M

V

V

rdrd

                         (19) 

 

where Vrd and Mrd are the shear and bending resistances of the beam section, respectively; V and M 
are the shear force and bending moment acted on the beam section; R is the index of the strength. 

The critical sections of the SCS sandwich composite beam can be judged from the bending 
moment and shear distribution diagram. 

 
4.6 Elastic deflection 
 
It was observed from the tests that the flexural stiffness of the beam was significantly 

influenced by the interfacial slip between the face plates and core concrete. A method to calculate 
the elastic deflection of a partially composite SCS sandwich composite beam is recommended by 
applying a reduction factor to the width of the steel face plates in case of that the number of 
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provided shear connectors is not adequate to achieve full composite action. The reduction factors 
for tension and compression plates’ width are calculated as follows (Narayanan et al. 1994) 
 

LEBtKn

Kn
k

stt

tt
t /2
                           (20a) 

 

LEBtKn

Kn
k

scc

cc
c /2
                           (20b) 

 
where B = width of the beam; nc = quantity of the shear connectors attached to the compression 
steel face plate; nt = quantity of the shear connectors attached to the tension steel face plate; Es = 
elastic modulus of the steel face plate; L = span of the SCS sandwich composite beam; tc = thick- 
ness of the compression steel face plate; tt = thickness of the tension steel plate; Kt and Kc are the 
elastic stiffness of shear force-slip curves of the mechanical connectors attached to tension and 
compression plates, which can be obtained from push test or by the following empirical formulae 
(Shim et al. 2004) 

)0017.016.0(
max

cfd

P
K


                          (20c) 

 
where Pmax = ultimate shear resistance of the connectors; d = diameter of the shear connector in  
mm; fc = compressive strength of the concrete in N/mm2. In Eq. (20c), 0.16 will be substituted by 
0.24 and 0.08 for the lower and upper characteristic stiffness, respectively. It should also be 
noticed that Eq. (20c) has limitations on concrete strength; the fc should be less than 67 MPa. 

The central deflections of SCS sandwich composite beams under one-point or two-point 
loading can be calculated as follow 
 

(a)
S

PL

D

PL
vm 448

3

   (21a)
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where δ = central deflection of the beam; S = shear stiffness of the beams and calculated by Eq. 
(23); P = applied concentrated force; a = distance between the applied concentrated force and the 
end support; L = beam span; D = EsIeq is the flexural stiffness of the sandwich composite section; 
Ieq = equivalent moment inertia of the cross section of SCS sandwich composite beam and is given 
by 

23323

2123212
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ttccc
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eq
t
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xtBk
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I          (22) 

 
In Eqs. (21a)-(21b), S is the shear stiffness of the beams given by Oehlers and Braford (1999) 

as follow 
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s

cc BhG
S




                               (23a) 

 

where κs = the shear factor and adopted as 1.2 for rectangular section. G ′c is the effective shear 
modulus given as 
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where e = hc + (tc + tt) / 2 is the distance between center of the top and bottom steel face plate; ϕ = 
0.95 is shear modulus reduction factor accounting concrete crack as proposed by Oehlers and 
Braford (1999), and Sohel (2008). 

 
4.7 Validation of the design equations 
 
The validations of the design equations consist of ultimate bending resistance, transverse shear 

resistance, strength under combined bending moment and transverse shear, and elastic deflection 
under the service load. 

In Eqs. (1)-(23), partial factors in Eurocodes (EC2 2004, EC3 2005, EC4 2004) were used to 
calculate the corresponding design resistances of J-hook connectors. However, for comparision 
with test results, these factors should be taken as 1,0 for the calculation of the resistance of SCS 
sandwich beam structure. 

The predicted ultimate strength of the SCS sandwich composite beams are compared with the 
test results in Table 4. The bending moment M and transverse shear force V at the critical section C 
can be determined from the bending moment and transvers shear distribution diagrams as shown in 
Fig. 13. M and V are the ultimate moment and shear at the maximum load from the beam test, and 
Mrd and Vu are the predicted resistance obtained from Eq. (12) or Eqs. (15)-(16), respectively. 
These values are substituted into Eq. (19) to calculate the R index as shown in Table 4. 

From Table 4, the average R index is 1.38 with a coefficient of variance (Cov) of 0.20. Most of 
the R ratio is close to 1.0 except two high R ratios of 1.70 and 1.89 for specimen B3 and B5, 
respectively. These high R ratios are caused by underestimating the transverse shear resistance of 
the beam. In these two beams, thicker steel plates and high performance concrete were used in B3 
 
 

A B

M

V

M

V

A B
C C C

C denotes critical section

C

 

Fig. 13 Bending moment and shear distribution diagram for determination of critical section 
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Table 4 Ultimate strengths and failure modes of the beams B1-B9 

Beam 
M (kN·m) Mrd (kN·m) M / Mrd V (kN) Vrd (kN) V / Vrd R by Eq. (19)

(1) (2) (1)/(2) (4) (5) (4)/(5) (7) 

B1 21.2 22.9 0.93 106.2 97.6 1.09 1.43 

B2 23.6 37.6 0.63 118.0 104.4 1.13 1.29 

B3 37.8 40.8 0.93 189.0 132.2 1.43 1.70 

B4 13.4 20.5 0.65 66.8 74.8 0.89 1.11 

B5 45.1 40.4 1.12 225.7 147.8 1.53 1.89 

B6 23.3 26.9 0.87 116.5 105.8 1.10 1.40 

B7 16.5 15.5 1.07 82.7 92.8 0.89 1.39 

B8 27.9 40.4 0.69 87.1 105.8 0.82 1.07 

B9 36.4 40.4 0.90 63.9 104.1 0.61 1.09 

Mean / Cov 1.38 / 0.20 

* M = Maximum bending moment from test; Mrd = predicted bending moment resistance of the beam’s 
section; V = Maximum shear force from the test; Vrd = predicted transverse shear resistance of the beam’s 
section. 
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Fig. 14 Comparisons of the load-central deflection curves between test and predictions (AM denotes 
predictions by Eqs. (20)-(23)) 
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and B5, respectively. This implies that the design equation needs to be further improved to account 
for shear resistance of high performance concrete by future experimental investigation. Neverthe- 
less, the proposed equations lead to conservative prediction of transverse shear resistance for high 
strength concrete. 

It is observed from Table 4 that for short span beams B1-B6 the V/Vrd ratio is higher than the M 

/ Mrd. This implies that they failed in transverse shear mode. Beam B7 exhibited slightly higher M / 

Mrd ratio than V / Vrd ratio. This means that failure of B7 is governed by shear connectors’ failure in 
which the moment resistance is limited by the shear resistance of connectors. For beam B9, it 
exhibits typical flexural failure as indicated by lower V / Vrd ratio compared to M / Mrd ratio. For 
beam B8, combined flexural failure and shear failure occurred. 

The elastic load-central deflection curves predicted by Eq. (21) were compared with the 
experimental curves in Figs. 14(a)-(i). It can be observed that the predicted elastic load-deflection 
curves agree well with all the test ones with very small differences. Thus, the design equations can 
be used to predict the elastic deflection of the SCS sandwich composite beam under service loads. 

 
 

5. Conclusions 
 
In this paper, nine steel-concrete-steel (SCS) sandwich beams, designed with overlapped 

headed shear studs and new ultra-lightweight cement composite core material, were tested under 
static concentrated loading. Design equations were developed to predict the ultimate strength 
behavior of the SCS sandwich beams. From the experimental and analytical studies, the following 
conclusions were drawn: 

 

 From the experimental studies, it was found that higher face plate thickness increased the 
flexural and transverse shear resistances of the SCS sandwich beam. Higher strength core 
material used in the SCS sandwich beam increased the shear and tensile resistance of the 
shear connector. The enhanced resistance of the connectors increased the composite action 
and transverse shear resistance of the sandwich beam which resulted in higher load carrying 
capacity of the sandwich beam. Increasing spacing of the connectors reduced the number of 
the shear connectors in the sandwich beam which in turn reduced the composite action. 
Since less connectors were available to bridge the shear cracks in the concrete core, the load 
carrying capacity of the beam was reduced. As the shear span of the beam increased, the 
failure mode changed from transverse shear type to flexure type. 

 Modified design equations (Eqs. (2)-(6)) were recommended to determine the tensile 
resistance of the headed shear studs which may be used to determine the transverse shear 
resistance of composite sandwich beams. The flexural resistances of the SCS sandwich 
beam with and without reinforcements can be evaluated by Eqs. (12) and (15), respectively. 
The transverse shear resistance can be predicted by Eqs. (16)-(19). The equivalent depth of 
the SCS sandwich beam was redefined by Eq. (18) that considered the influence of the steel 
face plate. The sandwich beam’s section under combined bending and transverse shear 
effects may be checked by Eq. (19). The elastic deflection under service loading levels of 
the SCS sandwich beam can be predicted by the Eqs. (20)-(23). These design equations 
were validated by the test results. The proposed design equations offer useful means to 
calculate the bending resistance, transverse shear resistance, strength of the section under 
combined bending moment and transverse shear, and elastic deflection under service 
loading. 
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 Through the discussions on the tensile resistance of the shear stud, it was observed the 
strength of the core material, height of the connector, and spacing of the connectors have 
significantly influenced the tensile resistance of the stud connector. 
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