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Abstract: The most researches on steel-concrete-steel (SCS) sandwich slabs are to control the cracking
of concrete core along with losing weight, and shear connector type. In this study, the behaviour of
SCS slabs with bi-directional corrugated-strip shear connectors (CSC) was investigated. One of the
most important practical problems of CSCs in SCS slabs is lack of access for another end welding to
the second steel faceplate. In this research, plug weld was proposed to provide partial welding of the
other end of CSCs to a steel plate. For this reason, three slabs were manufactured using the normal
concrete core as a control sample and lightweight concrete (LWC) core with and without steel fibres.
The behaviour of these slabs was compared with the behaviour of SCS slabs with J-hook and stud
bolt connectors from previous researches. The specimens were tested under a concentrated block
load as quasi-statically. Based on the load-displacement relationship at the centre, failure modes,
loading capacity, energy absorption, and ductility showed acceptable behaviour for CSC system slabs.
There was also a good agreement between the ultimate flexural strength based on experiments and
previous research relationships.

Keywords: corrugated-strip connectors; loading capacity; failure modes; energy absorption; ductility

1. Introduction

In order to increase the ratio of strength to weight of the structures and increase energy absorption,
in recent years, the combination of concrete with steel faceplates has been considered by researchers.
In this combination, a concrete piece can be mounted on a steel faceplate using a sufficient number
of shear connectors [1], or a concrete core can be sandwiched between two steel faceplates, which is
known as a steel-concrete-steel (SCS) sandwich.

SCS sandwich slabs are made of a concrete core between two steel faceplates connected using
adhesive materials or mechanical shear connectors [2,3]. SCS sandwich slabs show better performance
in terms of stiffness, strength, and against fire and impact compared to the reinforced concrete slabs
manufactured with normal concrete. Using the SCS structure reduces the number of stiffeners and
welding processes, for example, in ship-hull. The main advantages of SCS include: (1) the steel
faceplates play an important role to increase the flexural behaviour and construction efficiency,
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(2) the steel plates increase the impact resistance of concrete slab, and (3) also these can act as an
impermeable layer, especially for gas and liquid vessels. According to the previous researches,
SCSs have excellent structural performance in terms of static, impact, and blast strength [4–7]. SCSs can
be used in different projects, including submerged tube tunnels, building core walls, offshore structures,
bridge decks, etc. [8–11]. In many studies, the SCS has been used to manufacture offshore structural
walls for increasing resistance against contact with water floating ice pressures [12,13]. Extensive works
have also been done by researchers to investigate the potential use of this system is lightweight deck
structures and for the strengthening of weakened areas in ship structures [14,15]. To improve the
composite behaviour of the SCS system, different mechanical shear connectors are developed in two
ways of one end welded and two ends welded. The common one end welded shear connectors are
C-shaped connectors, as shown in Figure 1a [16], L-shaped connectors, as shown in Figure 1b [3],
and overlapped headed studs in a double-skin composite structure (DSC) as illustrated in Figure 1c [17].
One of the drawbacks of these shear connectors used for SCS sandwich construction is their relatively
poor performance under high shear force. Additionally, friction welding connectors in Bi-steel
structure [18] and J-hook connectors [19–22] are the common two end welded shear connectors,
as demonstrated in Figure 1d,e, respectively. Bi-steel connectors are the best in comparison to
other shear connectors in terms of performance but with two serious practical problems including,
(1) Need for advanced friction welding equipment, and (2) Minimum height at least 200 mm for
friction welding. The SCS construction with J-hook shear connectors does not have Bi-steel problems
due to interlocking J-hook connectors after preparing each faceplate with one end welded shear
connectors. However, precisely adjust the hooks against each other, and straightening hooks under
loading can be the drawbacks of the J-hook connectors. There is limited literature on the development
of corrugated-strip connectors (CSC) (Figure 1f) that were first proposed by Leekitwattana et al.
in 2010 [2,23]. One of the advantages of this system compared to other shear connectors is that unlike
previous models in which shear connectors are normal to steel face plates, the angle of shear connectors
can be aligned perpendicular to the diagonal crack line of concrete approximately. In this system,
shear connectors are welded to steel face plates from both sides that create thickness limitation in
practice and need modern welding equipment to connect both sides of connectors to both steel face
plates similar to Bi-steel system. Practical restrictions can be the main reason for the non-development
of these shear connectors. In this research, practical solutions for the development of the CSC shear
connectors are presented in SCS slabs.
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(e) J-hook connectors, (f). corrugated-strip connectors (CSC).
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Many types of research have been done on the performance of SCS sandwich members. In 2011,
Sohel and Liew [24] studied eight SCS slabs which consist of a lightweight concrete core sandwiched
in between two steel plates interconnected by J-hook connectors under concentrate static load.
The maximum resistance of the SCS slabs was governed by either the flexural resistance of the
slab or punching shear resistance of the concrete core. After that, in 2014, Sohel and Liew [25]
evaluated the behaviour of J-hook SCS sandwich slabs with lightweight concrete core subject to
impact load. Impact tests were carried out using an instrumented drop weight machine. Test data such
as deflection- and impact force-time history and permanent deformation after impact were reported.
Test observation showed that J-hook connectors provide an effective means to interlock the top and
bottom steel faceplates, preventing them from separation upon impact. Steel fibres were added into
the concrete core of selected test specimens to evaluate their effectiveness in reducing the brittleness
of concrete due to dynamic loads. In another investigation in 2017, Leng and Song [26] assessed the
flexural and shear performance of SCS sandwich slabs under concentrate loads. For this aim, six
simply supported slabs with different shear spans, section depths and steel configurations were tested
under concentrate loads applied at the centre. After the tests, parts of the steel plates were taken
off to observe the crack distribution. The observed modes of failure included flexural yielding and
shear punching. The former was initiated by tensile yielding of the bottom steel plate, while the latter
was primarily due to punching shear failure of the concrete core. Besides, a theoretical model was
developed to predict the resistance of SCS slabs under concentrate loads. In 2019, Zhao et al. [27]
investigated the performance of SCS slabs under contact blast loading by experiment and numerical
method. For this purpose, three small-scale specimens under contact detonation were tested to
obtain the failure modes, mid-span deflection, and dynamic response. Nonlinear 3D finite element
models were also established to assess the blast behaviour using Arbitrary-Lagrange-Eulerian (ALE)
coupled with Fluid-structure interaction (FSI) algorithm. The results indicated that the failure modes of
these slabs were summarized as three types such as type I, type II and type III from both experimental
and numerical results. The damaged areas of concrete in slabs were more substantial than that of RC
slab. Recently, Yan et al. [28] evaluated the Low-velocity impact performance of curved SCS sandwich
slabs with bolt connectors. Experimental outcomes including impact force history, displacement history
and permanent deformation were analysed to reveal the influences of concrete core and steel plate
thickness as well as shear connectors’ spacing on the impact performances of SCS slabs. Meanwhile,
three failure types were observed from the nine specimens subjected to impact load. The presence
of bolt connectors was proven to be an effective way to prevent the detachment of steel plates from
the concrete core. It turned out that concrete core was the central part to dissipate impact energy,
followed by a top steel plate and bottom steel plate. Golmohammadi et al. [29] conducted test program
to investigate the behaviour of SCS which consist of a normal weight concrete core sandwiched in
between two steel plates interconnected by stud bolt shear connectors under concentrate static loading.
Nine test samples of SCS slabs are made with stud bolt connectors and are put under concentrated
load at the centre of the slab. The observed failure modes included concrete core crack, lower plate slip
and upper plate buckling, and stud bolt separation. To study load vs. displacement at the centre and
load vs. interlayer slip behaviour, stud bolts diameter and concrete thickness were varied. The results
of the tests were compared with the results of sandwich slabs with J-hook connectors [24], and better
behaviour was observed. One theoretical model was used to predict the bending strength of the slabs.
The results of the theoretical model were consistent with the test results.

Researches on the CSC shear connectors proposed by Leekitwattana et al. [23] have been limited
to theoretical studies due to the practical problems of the two end welding, especially in slabs. In 2017
and 2018, Yousefi and Ghalehnovi [30,31] investigated and compared the performance of CSCs for
interlayer shear behaviour using Push-out tests in two states of one end welded and two ends welded.
The interlayer shear strength of the CSCs in the two ends welded form was approximately twice
that of the one end welded. In addition, in two end welded state due to bonding of faceplates,
there was no sudden failure, and thus more ductility and energy absorption were provided. Therefore,
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they proposed a method to perform the two end welded of CSCs, which could help to make easily in
construction site and improve structural performance [32]. In this method, as shown in Figure 2a, in the
first step, steel faceplates are accurately measured and lined for the installation of the CSCs and creation
of the holes required for plug weld. Plug weld is done by filling the holes with arc welding to connect
steel faceplates to the inaccessible end of the CSC connectors. Then, the one end of CSCs is welded
on steel faceplates. In the following, in accordance with Figure 2b, the two steel faces are located
in the opposite position, so that the other end of the CSCs can be welded to steel faceplates using
plug weld. Finally, the space between the two steel faces is filled with concrete materials, as shown
in Figure 2c experimental studies of SCS beams interconnected by two ends welded CSCs showed
acceptable results in terms of ultimate strength as well as ductility and energy absorption under static
load compared with one end welded ones. Research on the behaviour of SCS slabs with two ends
welded CSCs can also be important.

Appl. Sci. 2020, 10, x 4 of 23 

numerical results. The damaged areas of concrete in slabs were more substantial than that of RC slab. 

Recently, Yan et al. [28] evaluated the Low-velocity impact performance of curved SCS sandwich 

slabs with bolt connectors. Experimental outcomes including impact force history, displacement 

history and permanent deformation were analysed to reveal the influences of concrete core and steel 

plate thickness as well as shear connectors’ spacing on the impact performances of SCS slabs. 

Meanwhile, three failure types were observed from the nine specimens subjected to impact load. The 

presence of bolt connectors was proven to be an effective way to prevent the detachment of steel 

plates from the concrete core. It turned out that concrete core was the central part to dissipate impact 

energy, followed by a top steel plate and bottom steel plate. Golmohammadi et al. [29] conducted test 

program to investigate the behaviour of SCS which consist of a normal weight concrete core 

sandwiched in between two steel plates interconnected by stud bolt shear connectors under concentrate 

static loading. Nine test samples of SCS slabs are made with stud bolt connectors and are put under 

concentrated load at the centre of the slab. The observed failure modes included concrete core crack, 

lower plate slip and upper plate buckling, and stud bolt separation. To study load vs. displacement 

at the centre and load vs. interlayer slip behaviour, stud bolts diameter and concrete thickness were 

varied. The results of the tests were compared with the results of sandwich slabs with J-hook 

connectors [24], and better behaviour was observed. One theoretical model was used to predict the 

bending strength of the slabs. The results of the theoretical model were consistent with the test results. 

Researches on the CSC shear connectors proposed by Leekitwattana et al. [23] have been limited to 

theoretical studies due to the practical problems of the two end welding, especially in slabs. In 2017 and 

2018, Yousefi and Ghalehnovi [30,31] investigated and compared the performance of CSCs for interlayer 

shear behaviour using Push-out tests in two states of one end welded and two ends welded. The interlayer 

shear strength of the CSCs in the two ends welded form was approximately twice that of the one end 

welded. In addition, in two end welded state due to bonding of faceplates, there was no sudden failure, 

and thus more ductility and energy absorption were provided. Therefore, they proposed a method to 

perform the two end welded of CSCs, which could help to make easily in construction site and improve 

structural performance [32]. In this method, as shown in Figure 2a, in the first step, steel faceplates are 

accurately measured and lined for the installation of the CSCs and creation of the holes required for 

plug weld. Plug weld is done by filling the holes with arc welding to connect steel faceplates to the 

inaccessible end of the CSC connectors. Then, the one end of CSCs is welded on steel faceplates. In 

the following, in accordance with Figure 2b, the two steel faces are located in the opposite position, 

so that the other end of the CSCs can be welded to steel faceplates using plug weld. Finally, the space 

between the two steel faces is filled with concrete materials, as shown in Figure 2c experimental 

studies of SCS beams interconnected by two ends welded CSCs showed acceptable results in terms of 

ultimate strength as well as ductility and energy absorption under static load compared with one end 

welded ones. Research on the behaviour of SCS slabs with two ends welded CSCs can also be important. 

  

(a) Steel faceplates lineation and one end welding of CSCs 

Appl. Sci. 2020, 10, x 5 of 23 

 
 

(b) Another end welding of CSCs by a plug weld (c) The SCS system in-filled with concrete 

Figure 2. Proposed SCS system interconnected by plug welding of CSCs. 

One of the most critical developments in composite sandwiches of SCS is possible to use in 

structures where light weighting is an important criterion, such as ship-hull. Therefore, in this study, 

the SCS sandwich slab that consists of lightweight concrete (LWC) core sandwiched in between two 

steel plates interconnected by proposed two ends welded CSC shear connectors under concentrate 

quasi-static load is assessed. For this purpose, two SCS slabs manufactured with LWC core and steel 

fibres reinforced LWC core are investigated and compared with that containing normal weight 

concrete (NWC) core. For this reason, the failure modes of the slabs and the load-displacement 

relationship are also measured. Besides, the obtained results are compared to those performed in the 

previous investigations of the ones of the J-hook SCS system [24] and stud bolt SCS system [29]. For 

a reasonable comparison, the geometrical characteristics of the specimens and the cross-sectional area 

of the shear connectors are approximately equivalent to those of the selected reference specimens. 

2. Experimental Program 

2.1. Sandwich Slab Specimens 

To investigate the quasi-static performance of the SCS slabs with the CSC shear connectors under 

central patch load, specimens were manufactured of three types of the concrete including normal-

weight concrete, lightweight lika concrete and steel fibre reinforced lightweight lika concrete. The 

constituent materials of this system include concrete core, CSC shear connectors, and steel faceplates. 

2.2. Concrete Core Components 

To manufacture the SCS slabs, three concrete mix designs are presented in Table 1. To evaluate 

the compressive and tensile strength of concrete in each SCS specimen, six cylinders with a diameter 

of 150 mm and a height of 300 mm were manufactured and tested under a hydraulic jack. For each 

mix, the average compressive and tensile strength of three of those cylinders were evaluated. The 

tensile and compressive concrete strength has been determined according to ASTM C293-08, BS EN 

12390-1, 2 and 3 [33–36]. The obtained outcomes are presented in Table 2. In Tables 1 and 2, SCS, 

NWC, LWC, and SLWC indicate steel-concrete-steel, normal weight concrete, lightweight lika 

concrete and steel fibre reinforced lightweight lika concrete, respectively. 

Table 1. Concrete mix designs. 

Specimens 
Water 

(kg/m3) 

Cement 

(kg/m3) 

Steel 

Fibres 

(kg/m3) 

Light 

Weight 

Aggregate 

(kg/m3) 

Natural 

Coarse 

Aggregate 

(kg/m3) 

Natural 

Fine 

Aggregate 

(kg/m3) 

Water/Cement 

Ratio 

NWC 174 370 - - 1172 690 0.47 

LWC 145 580 - 243 - 742 0.25 

SLWC 145 580 12 243 - 742 0.25 

Figure 2. Proposed SCS system interconnected by plug welding of CSCs.

One of the most critical developments in composite sandwiches of SCS is possible to use in
structures where light weighting is an important criterion, such as ship-hull. Therefore, in this study,
the SCS sandwich slab that consists of lightweight concrete (LWC) core sandwiched in between two
steel plates interconnected by proposed two ends welded CSC shear connectors under concentrate
quasi-static load is assessed. For this purpose, two SCS slabs manufactured with LWC core and steel
fibres reinforced LWC core are investigated and compared with that containing normal weight concrete
(NWC) core. For this reason, the failure modes of the slabs and the load-displacement relationship
are also measured. Besides, the obtained results are compared to those performed in the previous
investigations of the ones of the J-hook SCS system [24] and stud bolt SCS system [29]. For a reasonable
comparison, the geometrical characteristics of the specimens and the cross-sectional area of the shear
connectors are approximately equivalent to those of the selected reference specimens.

2. Experimental Program

2.1. Sandwich Slab Specimens

To investigate the quasi-static performance of the SCS slabs with the CSC shear connectors under
central patch load, specimens were manufactured of three types of the concrete including normal-weight
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concrete, lightweight lika concrete and steel fibre reinforced lightweight lika concrete. The constituent
materials of this system include concrete core, CSC shear connectors, and steel faceplates.

2.2. Concrete Core Components

To manufacture the SCS slabs, three concrete mix designs are presented in Table 1. To evaluate the
compressive and tensile strength of concrete in each SCS specimen, six cylinders with a diameter of
150 mm and a height of 300 mm were manufactured and tested under a hydraulic jack. For each mix,
the average compressive and tensile strength of three of those cylinders were evaluated. The tensile
and compressive concrete strength has been determined according to ASTM C293-08, BS EN 12390-1,
2 and 3 [33–36]. The obtained outcomes are presented in Table 2. In Tables 1 and 2, SCS, NWC, LWC,
and SLWC indicate steel-concrete-steel, normal weight concrete, lightweight lika concrete and steel
fibre reinforced lightweight lika concrete, respectively.

Table 1. Concrete mix designs.

Specimens Water
(kg/m3)

Cement
(kg/m3)

Steel Fibres
(kg/m3)

Light Weight
Aggregate

(kg/m3)

Natural Coarse
Aggregate

(kg/m3)

Natural Fine
Aggregate

(kg/m3)

Water/Cement
Ratio

NWC 174 370 - - 1172 690 0.47
LWC 145 580 - 243 - 742 0.25

SLWC 145 580 12 243 - 742 0.25

Table 2. The concrete strength of the mixes.

Specimens Average Tensile
Stress (MPa)

Tensile
Strength

Coefficient of
Variation

Tensile
Strength

Distribution
Factor

Average
Compressive

Strength
(MPa)

Compressive
Strength

Coefficient of
Variation

Compressive
Strength

Distribution
Factor

SCSNWC 3.75 0.041 0.011 38.50 0.57 0.015

SCSLWC 3.40 0.082 0.034 28.43 0.61 0.021

SCSSLWC 3.30 0.160 0.048 30.33 0.65 0.021

The normal weight aggregates were characterized according to the standards: ASTM C136 [37]
for grading size analysis, ASTM C29 [38] for particles dry density, ASTM C127 [39] and ASTM C128 [40]
for saturated surface dry density, determination of bulk density and the specific gravity of sand and
gravel. In this study, lightweight and normal-weight aggregates were used in the SCS slabs. The used
lightweight is illustrated in Figure 3. Furthermore, the physical and chemical properties of both kinds
of aggregates are presented in Tables 3 and 4, respectively.
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Table 3. Physical properties of normal weight and lightweight aggregates.

Aggregate Type Apparent Density
(g/cm3)

Bulk Density
(g/cm3)

Water Absorption
(wt%)

Crushing Index
(%) Porosity (%)

Normal weight 2.76 2.65 1.441 31.0 3.88

Light weight 1.40 1.15 1.124 18.3 1.57

Table 4. Chemical properties of natural and lightweight aggregates.

Chemical Composition
Aggregate Type

Natural Lightweight

Ca(CO3) (%) 72.2 -
SiO2 (%) 27.8 -

Ca Mg(CO3)2 (%) - -
Ca Mg(CO3) (%) - 100

Overall diffraction profile (%) 100 100
Background radiation (%) 22.53 25.12

Diffraction peaks (%) 77.65 74.88
Peak area belonging to selected phases (%) 16.09 47.15

Peak area of phase A (Calcium Carbonate Calcite) (%) 11.14 -
Peak area of phase B (Silicon Oxide) (%) 4.87 -

Peak area of phase A (Calcium Magnesium Carbonate) - 47.15

To manufacture one of three SCS slabs, steel fibres with two bent ends were used in concrete as
illustrated in Figure 4. The elastic modulus, density, the tensile strength, length and diameter of the
fibres are 200 GPa, 7610 kg/m3, 809 MPa, 50 mm and 1 mm, respectively. In this study, the steel fibres
added to the concrete composition at a volume percentage of 1%.Appl. Sci. 2020, 10, x 7 of 23 
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2.3. Mechanical Properties of CSC Shear Connectors and Steel Faceplates

In this study, CSC shear connectors were used, as shown in Figure 5. These connectors were used
to increase coherence between concrete and steel plates.
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To determine the properties of the connectors, a specimen was selected and tested under direct
tension, according to ASTM E8M [41]. The obtained results are presented in Table 5. Furthermore,
the geometric properties of directional corrugated connectors are shown in Figure 6 and Table 6.

Table 5. Mechanical properties of steel faceplates and CSCs.

Thickness (mm) Yield Stress (MPa) Ultimate Stress (MPa) Ultimate Strain Es (GPa)

Steel face plates 6 285 495 0.23 202
CSCs 4 250 380 0.3 207
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Table 6. Dimensional properties of CSC shear connectors.

Sc (mm) hc (mm) θc (
◦

) fc (mm) tc (mm) bc (mm)

92.7 78.0 61.9 26.6 4.0 20.0

2.4. SCS Slab Specimens Preparing

The specimens were square with 1200 mm side. Additionally, the thickness of the concrete
core considered 78 mm. For SCS sandwich beam, it should be ensured that a 45◦ shear cracking of
concrete can be resisted by at least one shear connector. For beams with shallow depth and lightweight
concrete core, it is recommended that the spacing of the shear connectors (Ss) should be at least
equal to the core thickness to provide effective resistance against shear cracking of concrete core [21].
Therefore, the spacing of the connectors in both directions was assumed constant value of 100 mm
for all slab specimens. Specimens conducted under concentrated patch load. The CSC connectors
were used to make interlayer shear strength between concrete core and steel plates. The arrangement
of holes for welding connectors on the bottom and top plates was different, as described in Table 7.
Additionally, the holes in the plates were created by using CNC machines, as shown in Figure 7, and the
CSC connectors welding arrangement were performed according to Figure 8a,b. After the welding
operation, concreting was performed, and finally, after curing the concrete cores, the specimens were
stained with white and prepared for testing, as shown in Figure 9.

Table 7. The arrangement of holes and connectors.

Plate Number of Holes The Diameter of
the Holes (mm)

Number of
Connectors CSCs Spacing (mm)

top 104 12 52 91
bottom 88 12 44 91
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2.5. Required Equipment for Quasi-Static Concentrated Loading Test on SCS Slabs

Specimens were prepared to test after concrete curing. The support of the specimens on the four
sides were round bars on the rigid steel bases, as illustrated in Figure 10a. The net length of the slab’s
spans determined 1000 mm. The patch load was applied at the centre of specimens (see Figure 10b).
The tests were performed under quasi-static loading. For this reason, in this test, a hydraulic jack was
needed for loading. Additionally, a load-cell with a capacity of 500 kN and an accuracy of 1 mm/min,
a data recorder and processor were required. The deflection of the SCS slabs was recorded at each load
step by using LVDT at the centre (see Figure 10c).
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3. Results and Discussion

3.1. Failure Modes and Load-Displacement Curves

Figure 11 shows an overview of the failure modes of the specimens. The slipping between concrete
core and steel layers, the buckling of above steel layers, the cracking of concrete core, and separation of
the steel layer from the concrete core because of the removal of CSC shear connectors, especially from
the place of plug welds, were the most crucial failure modes of the SCS system. Generally, as shown
in Figure 12, the trend of the curves includes 3 stages. The first is elastic behaviour, the second is
a flexural failure and finally, despite the core crushing, the load increases due to membrane action.
An important point in these slabs with CSC connectors is that at the end of the flexural failure and
before the membrane activity begins, the diagram drop of punching failure does not occur. This may
be because of the excellent distribution of the connectors, so even after flexural failure, there is a good
bonding between the core and the steel face plates.
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Figure 12. Load-displacement curves of specimens.

One of the main disadvantages of SCS slabs with NWC core is the impossibility of using them in
marine structures such as ship-hull due to high weight. So, for this reason, this study was focused on
reducing the weight of the SCS slab by using LWC. In Figure 12, the load-displacement curve of the
different specimens was shown.

Given the upward trend of the curve even after the onset of membrane activity, it is assumed
that the starting point of membrane activity is the ultimate strength of the specimens. According to
Figure 12, the typical behaviour of the SCS with NWC core in terms of both stiffness and resistance is
better than those produced with plain LWC core and LWC core reinforced by steel fibres. Additionally,
the ultimate strength of the specimen with the NWC core is about 670 kN while the ultimate strength
of the specimen with LWC core gets roughly two-thirds to around 410 kN; Also, the ultimate flexural
strength improves to about 550 kN with using steel fibres. However, the NWC core is about 35%
heavier than the LWC and SLWC cores that can be a fundamental problem for specific applications.
According to Figure 12, the highest stiffness is for SCS with NWC core, and the least stiffness is for
SCS with LWC core. This indicates that the presence of fibres increases both the stiffness and the
maximum flexural strength compared to LWC core without steel fibres. In addition, in LWC and SLWC
slabs, the connectors acted in less load because of the less compressive strength of LWC than NWC.
Figure 13c shows, despite the higher bearing capacity of the SCS with SLWC core, more control over
punching has been established than the LWC core. This indicates that the fibres prevent large cracks in
the punching area.
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Besides, the cracks were propagated by increasing the load (Figure 14). As Figure 14a, some of
the connectors in the centre of the specimens were detached due to plate slipping and the buckling of
the steel face plates. Moreover, the plug weld rapture of the second end of the shear connectors and
as a result, the detached CSC connectors was one of the major failure modes of the proposed system.
The experiments outcomes showed that in areas where stress concentration was more considerable,
the failure of the shear connectors from the plug welds was inevitable; however, this partial joint
could significantly improve the shear behaviour of the CSCs compared with the one end welded
CSCs studied by Yousefi and Ghalehnovi [30,31]. On the other hand, in the specimen with steel
fibres deformation less occurred and the buckling was less in the bottom plate than SCSLWC system
(Figure 14b,c) while the buckling occurred in the top plate by increasing load in all specimens.

3.2. Comparison of the Experimental Results with Previous Researches

To show the performance of proposed connectors in this study, the obtained results were compared
with other types of connectors, including J-hook [24] and stud bolt connectors [29]. According to
Table 8, although, the section area of CSCs is about twice j-hook and stud bolt connectors, this is the
least section area that could be used as CSC connector. On the other hand, the number of CSCs for this
study is 26% less than ones of J-hook and stud bolt SCS systems. Other specifications are the same
except for the specimen SCS6-100, where the strength of NWC core is approximately 48% more than
the strength of the NWC core of CSC and stud bolt systems. In addition, the thickness of the concrete
core is 100 mm, while other specimens have a thickness of 78 to 80 mm. Besides, it should be noted that,
as there is a relation between the modulus of elasticity and the ultimate resistance of the specimens,
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the value of Ec for different specimens was also compared, as presented in Table 8. Regarding these
results, the modulus of elasticity increased by increasing the compressive strength of the concrete
core. Therefore, the maximum load-bearing capacity improved with the increase of the modulus
of elasticity (Ec). The obtained outcomes are represented in Figures 15–18. According to Figure 15,
in the specimen with J-hook connectors and NWC core, bearing capacity is dropped suddenly after
the maximum resistance point of about 600 kN. According to this rapid reduction, failure occurs as
a punching shear state. Conversely, using CSC shear connectors leads to increase bearing capacity
without any drop in resistant; however, specimens with J-hook connectors deformed more. As it is
seen in Figures 16 and 17 with LWC and SLWC core respectively, the reduction after the maximum
bearing point of about 250 kN occurs for J-hook connectors due to punching shear failure; however,
this sudden drop in resistance is not observed in any of the slabs with CSC connectors. Additionally,
compared with those manufactured using stud bolt connectors, CSC connectors resulted in higher
bearing capacity of SCS slabs (Figure 18).
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Table 8. Specimens properties of this study and references.

Specimen As
(mm2)

Equivalent
Diameter d(eq)

(mm)
nt

hc
(mm)

t
(mm)

γc
(kN/m3)

fc
(MPa)

Ec
(MPa)

σy (MPa)
for Plates

σu (MPa)
for Plates

SCSNWC 160 14.3 96 78 6 24.50 38.5 27,377 285 495

SCSLWC 160 14.3 96 78 6 14.30 28.43 24,496 285 495

SCSSLWC 160 14.3 96 78 6 14.50 30.33 25,074 285 495

J-hook NWC
SCS6-100 [23] 78 10 121 100 6 24.00 57.2 31,859 315 405

J-hook LWC
SLCS6-80 [24] 78 10 121 80 6 14.40 27.0 24,048 315 405

J-hook SLWC
SLFCS6-80 [23] 78 10 121 80 6 14.45 28.5 24,518 315 405

SCSB10-1 [29] 78 10 121 80 6 24.00 38.5 27,377 323 560



Appl. Sci. 2020, 10, 8647 13 of 22

Appl. Sci. 2020, 10, x 13 of 23 

According to Table 8, although, the section area of CSCs is about twice j-hook and stud bolt 

connectors, this is the least section area that could be used as CSC connector. On the other hand, the 

number of CSCs for this study is 26% less than ones of J-hook and stud bolt SCS systems. Other 

specifications are the same except for the specimen SCS6-100, where the strength of NWC core is 

approximately 48% more than the strength of the NWC core of CSC and stud bolt systems. In addition, 

the thickness of the concrete core is 100 mm, while other specimens have a thickness of 78 to 80 mm. 

Besides, it should be noted that, as there is a relation between the modulus of elasticity and the ultimate 

resistance of the specimens, the value of Ec for different specimens was also compared, as presented 

in Table 8. Regarding these results, the modulus of elasticity increased by increasing the compressive 

strength of the concrete core. Therefore, the maximum load-bearing capacity improved with the 

increase of the modulus of elasticity (Ec). The obtained outcomes are represented in Figures 15–18. 

According to Figure 15, in the specimen with J-hook connectors and NWC core, bearing capacity is 

dropped suddenly after the maximum resistance point of about 600 kN. According to this rapid 

reduction, failure occurs as a punching shear state. Conversely, using CSC shear connectors leads to 

increase bearing capacity without any drop in resistant; however, specimens with J-hook connectors 

deformed more. As it is seen in Figures 16 and 17 with LWC and SLWC core respectively, the 

reduction after the maximum bearing point of about 250 kN occurs for J-hook connectors due to 

punching shear failure; however, this sudden drop in resistance is not observed in any of the slabs 

with CSC connectors. Additionally, compared with those manufactured using stud bolt connectors, 

CSC connectors resulted in higher bearing capacity of SCS slabs (Figure 18). 

Table 8. Specimens properties of this study and references. 

Specimen 
As 

(mm2) 

Equivalent 

Diameter 

d(eq) (mm) 

nt 
hc 

(mm) 
t (mm) 

γc 

(kN/m3) 

fc 

(MPa) 
Ec (MPa) 

σy (MPa) 

for 

Plates 

σu 

(MPa) 

for 

Plates 

SCSNWC 160 14.3 96 78 6 24.50 38.5 27,377 285 495 

SCSLWC 160 14.3 96 78 6 14.30 28.43 24,496 285 495 

SCSSLWC 160 14.3 96 78 6 14.50 30.33 25,074 285 495 

J-hook NWC SCS6-100 

[23] 
78 10 121 100 6 24.00 57.2 31,859 315 405 

J-hook LWC SLCS6-80 

[24] 
78 10 121 80 6 14.40 27.0 24,048 315 405 

J-hook SLWC SLFCS6-

80 [23] 
78 10 121 80 6 14.45 28.5 24,518 315 405 

SCSB10-1[29] 78 10 121 80 6 24.00 38.5 27,377 323 560 

 

Figure 15. The comparison of the load-displacement curve of SCS slabs with J-hook and CSC 

connectors with NWC core. 

Figure 15. The comparison of the load-displacement curve of SCS slabs with J-hook and CSC connectors
with NWC core.Appl. Sci. 2020, 10, x 14 of 23 

 

Figure 16. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with LWC. 

 

Figure 17. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with SLWC core. 

 

Figure 18. The comparison of the load-displacement curve of SCS slabs with stud bolt and CSC 

connectors with NWC core.Stiffness is an essential property and shows the resistance of 

specimens against the failure. This property is defined as an initial slop of the load-

displacement curve of the specimens. So, the stiffness of specimens was measured. 

Moreover, to assess the structural performance of used connectors, the stiffness of 

specimens was also compared with that of previous investigation using J-hook and stud 

bolt connecters, as represented in Figures 15–18 [24,29]. The obtained results of the stiffness 

of specimens are demonstrated in Figure 19. According to this figure, the stiffness of SCS 

slabs with CSC connectors proposed in this study are higher than those produced with J-

hook connectors by Sohel and Liew [24] and the stud bolt connectors by Ghalehnovi and 

Figure 16. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC connectors
with LWC.

Appl. Sci. 2020, 10, x 14 of 23 

 

Figure 16. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with LWC. 

 

Figure 17. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with SLWC core. 

 

Figure 18. The comparison of the load-displacement curve of SCS slabs with stud bolt and CSC 

connectors with NWC core.Stiffness is an essential property and shows the resistance of 

specimens against the failure. This property is defined as an initial slop of the load-

displacement curve of the specimens. So, the stiffness of specimens was measured. 

Moreover, to assess the structural performance of used connectors, the stiffness of 

specimens was also compared with that of previous investigation using J-hook and stud 

bolt connecters, as represented in Figures 15–18 [24,29]. The obtained results of the stiffness 

of specimens are demonstrated in Figure 19. According to this figure, the stiffness of SCS 

slabs with CSC connectors proposed in this study are higher than those produced with J-

hook connectors by Sohel and Liew [24] and the stud bolt connectors by Ghalehnovi and 

Figure 17. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC connectors
with SLWC core.



Appl. Sci. 2020, 10, 8647 14 of 22

Appl. Sci. 2020, 10, x 14 of 23 

 

Figure 16. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with LWC. 

 

Figure 17. The comparison of the load-displacement curve of SCS slabs with J- hook and CSC 

connectors with SLWC core. 

 

Figure 18. The comparison of the load-displacement curve of SCS slabs with stud bolt and CSC 

connectors with NWC core.Stiffness is an essential property and shows the resistance of 

specimens against the failure. This property is defined as an initial slop of the load-

displacement curve of the specimens. So, the stiffness of specimens was measured. 

Moreover, to assess the structural performance of used connectors, the stiffness of 

specimens was also compared with that of previous investigation using J-hook and stud 

bolt connecters, as represented in Figures 15–18 [24,29]. The obtained results of the stiffness 

of specimens are demonstrated in Figure 19. According to this figure, the stiffness of SCS 

slabs with CSC connectors proposed in this study are higher than those produced with J-

hook connectors by Sohel and Liew [24] and the stud bolt connectors by Ghalehnovi and 

Figure 18. The comparison of the load-displacement curve of SCS slabs with stud bolt and CSC
connectors with NWC core.

Stiffness is an essential property and shows the resistance of specimens against the failure.
This property is defined as an initial slop of the load-displacement curve of the specimens. So, the stiffness
of specimens was measured. Moreover, to assess the structural performance of used connectors,
the stiffness of specimens was also compared with that of previous investigation using J-hook and
stud bolt connecters, as represented in Figures 15–18 [24,29]. The obtained results of the stiffness of
specimens are demonstrated in Figure 19. According to this figure, the stiffness of SCS slabs with CSC
connectors proposed in this study are higher than those produced with J-hook connectors by Sohel
and Liew [24] and the stud bolt connectors by Ghalehnovi and Golmohammadi [29], except for J-hook
system filled by NWC core; however it should be noted that the thickness of the NWC core of the SCS
with J-hook connectors is 100 mm, while the thickness of the other samples is about 80 mm.
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Structures under the external force should have enough potential to compensate the energy
resulted from the applied load. For this aim, the energy absorption of the samples under the quasi-static
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loading was calculated by the area under curves up to two points of the yield strength and the ultimate
bearing capacity. The obtained outcomes are represented in Figure 20 and Table 9.
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Table 9. Energy absorption of the specimens.

Specimen Energy Absorption at the Yield
Strength Point (kN mm)

Energy Absorption at the
Ultimate Strength (kN mm)

SCSNWC 2299 23,666
SCSLWC 795 18,918

SCSSLWC 864 25,845
J-hook NWC [24] 1262 27,986
J-hook LWC [24] 256 17,149

J-hook SLWC [24] 370 18,158
Stud bolt NWC [29] 430 15,020
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According to Table 9 and Figure 20, using LWC has decreased the energy absorption at both yield
and ultimate points. Besides, this characteristic at yield and ultimate points was improved when steel
fibres was employed approximately 8% and 27%, respectively, compared to LWC core with no steel
fibres. Additionally, Figure 20a,b show that up to the yield point the energy absorption of CSC system
slabs is substantially more than two other systems, while at the ultimate strength point the difference
in energy absorption is significantly reduced for J-hook system slabs. In addition, compared with those
produced with stud bolt connectors, using CSC connectors enhances the value of energy absorption at
both yield and ultimate strength points, substantially.

For further detail, the ductility ratio of specimens was also evaluated. This index is defined as a
ratio of the displacement at ultimate strength (∆u) to the displacement related to the yield point

(
∆y

)
as follows:

i =
∆u

∆y
(1)

The obtained results of the ductility of specimens are represented in Table 10. It should be
mentioned that in order to show the performance of the proposed connector in this study, the ductility
of specimens was compared to those manufactured by J-hook and stud bolt connectors. As it is seen
from Table 10, using LWC resulted in raising the ductility ratio, especially when steel fibres were also
utilized compared to the ones with NWC core except for NWC core with J-hook connectors. However,
this issue will require further studies under the same conditions.

Table 10. Ductility of specimens.

Specimen i (%)

SCSNWC 4.17
SCSLWC 8.13

SCSSLWC 9.78
J-hook NWC [24] 13.6
J-hook LWC [24] 9.20

J-hook SLWC [24] 10.3
Stud bolt NWC [29] 6.71

3.3. Comparison of the Experimental Strength with the Predicted Strength

In this section, the performance of SCS sandwich slabs containing proposed CSC connectors was
compared with the requirements of standards and proposed formulas by other researchers to predict
the behaviour of SCS sandwich slabs.

4. Flexural Capacity Prediction of SCS Slabs

Yield-line theory is a method to evaluate the flexural capacity of SCS sandwich slabs. Figure 21 shows
a schematic view of the fracture pattern of yield lines in a four edge simply supported slab subjected to
a concentrated patch load based on the virtual work principle, the flexural capacity can be calculated
using the relation proposed by Rankin and Long [24].

Fp = 8mpl

( Ls

L− c
− 0.172

)
(2)

where mpl is the plastic moment capacity per unit length along the yield-line, c is the side length of the
loading area, Ls is the dimension of the slab specimens, which here is 1200 mm; L is the span between
the supports.
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The plastic moment resistance of a fully composite SCS sandwich section can be determined by
assuming a rectangular plastic stress block of depth xc for the concrete and the tension and compression
stress blocks for the face plates, as shown in Figure 22. The concrete beneath the plastic neutral axis
(PNA) is assumed to be cracked. The forces in the steel plates depending on the material yield strength
and shear strength of the connectors in resisting interfacial shear stresses between the steel plate and
the concrete core. It is also assumed that sufficient shear connectors are provided to prevent local
buckling of the compression steel plate [24,29,42].Appl. Sci. 2020, 10, x 18 of 23 
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Since the steel plates are of equal thickness and strength in this particular study, it is assumed
tc = tt = t in Figure 22. The steel plates in SCS sandwich can be treated as the reinforcement in reinforce
concrete. The SCS sandwich slab will deflect extensively and wide cracks are developed in the final
loading [8]. After yielding of tension steel plate, the cracking of the concrete will continue to rise
towards the compression steel plate. In this case, the strain at the bottom plate is enormous compared
to the top steel plate [24]. The moment capacity of the slab is reached when the neutral axis moves
near to the lower surface of the compression plate (i.e., xc ≈ 0), and the bottom plate is fully yielded.
Therefore, in the case of tt = tc = t, the moment of resistance of the sandwich section becomes [24]:

Mpl = Nt(hc + t) (3)

For a fully composite member, Nt = σybtt, in which σy is the yield strength of the steel plate.
In this case, it is assumed that the number of shear connectors is sufficient for a fully composite action.
Therefore, Equation (3) becomes [24]:

Mpl = σybtt(hc + t) (4)
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In order to achieve a fully composite member, the total number of shear connectors should be
ns = σybtt/PR in which PR is the interlayer shear strength of CSC connectors. If full composite cannot
be achieved, the member should be designed for partially composite and the moment resistance has to
be reduced correspondingly. For partially composite beam,

Nt = npPR (5)

in which np is the actual number of connectors provided between the points of zero and maximum
moment. Additionally, PR for each end of connectors can be obtained by push-out test. However,
due to limit push-out test data available, Yousefi and Ghalehnovi [32] proposed a formula to predict
PR as follows:

PR = 16.56 f 0.316
c k−0.79

cb θ−0.3
r As < 0.8σultAs (6)

where fc is characteristic cylinder strength of concrete; kcb =
bc
b is connector width to connector spacing,

θr, as shown in Figure 6, is legs angle of connectors (θc) in radian and As is section area of connectors.
Additionally, σult is specified tensile strength of CSC but <500 Mpa. According to Table 6, all of CSC
connectors have the same geometric properties as follows:

kcb =
bc

b
=

2
10

= 0.2 ; θr = 61.9◦ = 1.08 rad ; As = 2(20 × 4) = 160 mm2

Also, another formula from the Eurocode 4 [43], offered especially for stud shear connectors of
steel-concrete composites, can be compared with Equation (5) approach. This relation is:

PR = 0.29αd2
√

fcEc < 0.8σultAs (7)

where Ec is elastic modulus of concrete; d is diameter of stud shear connectors that is equated here based
on the area of the rectangular cross section for CSC connectors, d =

√
4As/π =

√
4× 160/π = 14.3 mm;

fc is characteristic cylinder strength of concrete; σult is ultimate tensile strength of the connector; and As

is section area of connectors. For CSC connectors, α = 1 is assumed as the previous research of Yousefi
and Ghalehnovi [30] Therefore, Equation (4) can be written as:

Mpl =
(
npPR

)
(hc + t) (8)

Now consider a square SCS slab containing the nt CSC shear connectors, as shown in Figure 21.
At one-quarter slice (XYZ), the number of CSC connectors in the bottom plate is nt/4. For each
yield line in the one-quarter slice, the number of CSC connectors is nt/8. Therefore, the tensile and
compressive force in the face plate along the line ‘XY’ is:

Nt,Rd =
1
8

nt(PR) (9)

therefore, the total flexural capacity of the line ‘XY’ is written as follows

Mpl =
1
8

nt(PR)(hc + t) ≤ σybtt(hc + t) (10)

and the flexural moment per unit width along the line ‘XY’ is

mpl = Mpl/l (11)

where l = Ls/(2cosθ). Substituting Equation (11) into Equation (2), the bearing capacity of the SCS
slab (Fp) for the point load can be determined.
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5. Comparison of the Results

The comparison between the experimental consequences and those obtained based on the formulas
above are represented in Table 11. Table 11 shows that by calculating the PR based on the Eurocode
4 (Equation (6)), the ultimate flexural strength has a good agreement with under 10% error for all
specimens, except for the specimens SCSLWC and SCSB10-1 with 25% and 30% error, respectively.
This is also repeated for the proposed relation by Yousefi and Ghalehnovi [32] (Equation (7)) with a
good agreement for all CSC systems by below 10% error, exceptionally for SCSLWC specimen that has
an unacceptable error of 30%.

Table 11. Comparisons between theoretical predictions and test results of SCS slabs.

Specimen PR (kN),
Equation (6)

PR (kN),
Equation (7)

mpl,
(kN m/m),

Equation (6)

mpl
(kN m/m),

Equation (7)

Fp (kN),
Equation (6)

Fp (kN),
Equation (7)

Fp-exp
(kN) Fp-exp/Fp7 Fp-exp/Fp7

SCSNWC 58.5 60.9 69.5 72.3 646 672 670 1.04 1.00
SCSLWC 53.2 49.5 63.2 58.8 587 546 410 0.70 0.75

SCSSLWC 54.3 51.7 64.5 61.4 599 571 550 0.92 0.96
J-hook NWC
SCS6-100 [23] – 33.0 – 62.4 – 579 620 – 1.07

J-hook LWC
SLCS6-80 [24] – 19.0 – 29.1 – 271 252 – 0.93

J-hook SLWC
SLFCS6-80 [23] – 22.3 – 34.2 – 318 302 – 0.95

SCSB10-1 [29] – 29.8 – 45.6 – 424 550 – 1.30

The results show that the compatibility of the experimental results of the flexural capacity of the
beams and slabs with CSC shear connectors and the lightweight concrete core requires future research
to obtain an appropriate relationship for the interlayer shear strength (PR) based on the push-out
test [42–47].

6. Conclusions

In this study, the behaviour of SCS sandwich slabs with CSC shear connectors was investigated.
For this purpose, three specimens were manufactured and tested. Specimens conducted under
quasi-static concentrated load. In all specimens, the thickness of steel plates was the constant and
concrete core of slab manufactured with different concrete. Three CSC slabs were manufactured
using normal concrete, lightweight lika concrete and steel fibres reinforced lightweight lika concrete.
Then, the load-displacement relationship of specimens, ductility, failure modes, maximum bearing
capacity and stiffness of specimens were measured. Moreover, in order to show the performance of
SCS slabs with proposed CSC connectors, the obtained outcomes were compared with other types of
connectors proposed in previous studies. According to the obtained results, the following conclusions
can be drawn:

1. The typical behaviour of the SCS with NWC core in terms of both stiffness and resistance was
better than those produced with plain LWC core and LWC core reinforced by steel fibres. However,
the NWC core was about 35% heavier than the LWC and SLWC cores that can be a fundamental
problem for specific applications such as ship hull;

2. The experiments results illustrated that in areas where stress concentration was more significant,
the failure of the shear connectors from the plug welds was inevitable;

3. The use of LWC core decreased significantly the energy absorption at both yield and ultimate
points compared with NWC core, while this characteristic was improved with steel fibres about
8% and 27%, respectively, compared with LWC with no steel fibres;

4. The use of LWC core with and without fibres significantly increased ductility. This is in contrast
to samples with J-hook connectors. However, it is too early to conclude with this limited number
of samples and it can be a more detailed study on the subject of future studies;

5. Using steel fibers reduced the punching shear in SCSSLWC by controlling cracks propagation;
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6. Except for the SCSLWC slab with LWC core, in the other specimens, the ultimate flexural capacity
based on the experiments were in acceptable agreement with the results of the Eurocode 4
(Equation (6)) and the proposed relation by Yousefi and Ghalehnovi [32] (Equation (7)) by below
10% error. It is important to note that the Equation (7) was obtained with the NWC core, and future
research is needed to predict the inter-layer shear strength (PR) for CSC system with LWC core
and SLWC core under push-out tests.
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Notation

ALE arbitrary-Lagrange-Eulerian
CSC corrugated-strip shear connectors
c side length of the loading area
d diameter of stud shear connectors
Ec elastic modulus of concrete
fc cylinder strength of concrete
∆u displacement at ultimate strength
∆y displacement related to the yield point
LWC lightweight concrete
Ls dimension of the slab specimens
L span between the supports
mpl plastic moment capacity per unit length
NWC normal weight concrete
PNA plastic neutral axis
PR interlayer shear strength of CSC connectors
SCS steel-concrete-steel
σy yield strength of the steel plate
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