
Case Studies in Construction Materials 20 (2024) e02773

Available online 9 December 2023
2214-5095/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Mechanical behavior of a new type of reinforced concrete 
composite slab with a joint 

Feng Lou a,b,c, Xiulong Chen a,b,*, Bin Luo a,b, Zhong Chen c 

a Key Laboratory of Concrete and Prestressed Concrete Structures of the Ministry of Education, Southeast University, Nanjing 211189, China 
b School of Civil Engineering, Southeast University, Nanjing 211189, China 
c Zhejiang Dadongwu Construction Science & Technology Co., LTD, Huzhou 313017, China   

A R T I C L E  I N F O   

Keywords: 
Composite slab 
Bearing capacity 
Flexural behavior 
Four-point bending test 
Numerical analysis 

A B S T R A C T   

Composite slabs, consisting of a precast plank and a cast-in-situ concrete topping, are the most 
commonly used horizontal structural components in prefabricated buildings. In order to solve the 
problem that the precast plank of composite slab is easy to crack and a lot of vertical supports are 
needed in its construction, this study proposes a new type of composite slab with a joint. The 
precast plank of this novel composite slab is fully prefabricated in the midspan area, and concrete 
is poured on-site only at the surrounding joints. In this paper, the bending performance of three 
composite slabs with a joint in different shapes of concrete topping and one cast-in-situ slab was 
investigated. The test results showed that the novel composite slabs with a joint in T-shape and 
trapezoidal concrete topping had similar properties as the cast-in-situ slab, including bearing 
capacity and cracking load, which can meet practical requirement. The use of bent-up steel bars 
and roughening of the interface between the precast plank and topping concrete can ensure 
effective transmission of internal forces at joint. The bearing capacity of the composite slabs with 
a joint in T-shape and trapezoidal concrete topping was evaluated using the formula in 
GB50010–2010, and the experimental values were 1.06 and 1.1 times the theoretical values, 
respectively, which provides a foundation for the design of two types of composite slabs with a 
joint. Meanwhile, based on the FEA software ABAQUS, numerical simulation was conducted on 
the composite slab with a joint in T-shaped concrete topping. The numerical finding exhibit close 
agreement with experimental results in terms of load-midspan deflection curve and the crack 
distribution.   

1. Introduction 

Precast concrete (PC) structures can be seen in buildings throughout the world due to its advantage of better construction quality, 
lower labor costs, and shorter construction times [1]. Composite slab, as one of the most commonly used elements in floor systems of 
PC residential buildings, is formed by bottom precast planks and a cast-in-situ concrete topping. In order to improve the flexural 
stiffness of the bottom precast plank and increase the bonding performance between the precast plank and the cast-in-situ concrete 
topping, lattice girders are usually installed in the precast plank. However, due to the limitation of the thickness of the composite slab 
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with lattice girders used in China, the height of the lattice girder is usually small [2]. As a result, the improvement in stiffness of the 
precast plank by the lattice girder is limited, which requires the erection of vertical supports during the construction process, 
increasing the construction cost and prolonging the construction period [3]. Therefore, it is very necessary to propose a composite slab 
that can achieve unsupported construction. 

Some improvement measures have been proposed to reduce the use of vertical supports in the construction process of composite 
slabs. Wu et al. [4] set a detachable truss rib on the bottom of the precast plank to replace the vertical support, realizing the con-
struction without vertical support and improving the crack resistance of the slab. The truss rib that was placed at the bottom of the 
precast plank can be reused, but it is inconvenient to remove it. Moreover, based on the concept of a steel-concrete composite structure, 
measures such as concrete ribs and steel ribs were set on top of the precast plank can effectively improve its bending performance 
[5–7]. In addition to the above measures, good results have also been achieved by using grout steel tube, special materials, or com-
ponents. Hou et al. [8] proposed a new type of composite slab with grouted-round-steel tube truss and conducted bending tests on it. 
The test results indicate that this type of composite slab has good ductility and can meet construction requirements. Ou et al. [9] 
investigated the flexural performance of composite slabs made of crumb rubber concrete or conventional concrete. They discovered 
that the bearing capacity and end-slippage of composite slabs made of crumb rubber were equivalent or even better than those made of 
the conventional concrete. Erfan et al. [10] conducted numerical simulations on concrete beams strength with FRP materials and found 
that using CFPR sheets to reinforce concrete beams can effectively improve their bearing capacity and prevent crack propagation. 
Maedeh et al. [11] conducted bending tests on concrete beams with steel reinforcement and a hydrid usage of GFRP reinforcement 
with varying fiber ratios, respectively. They concluded that concrete beams using 1.5% polypropylene fibers and GFRP rebars can 
reach the same bending strength as concrete beams using steel bars. Wang et al. [12] proposed a novel bamboo-concrete composite 
beam with precast lightweight concrete slab. Shear test results indicated that this new type composite slab had a similar shear strength 
but a higher stiffness that the cast-in-situ bamboo-lightweight concrete composite slab. However, the composite slabs mentioned above 
have a large amount of concrete poured on site and a low assembly rate. 

In addition, considering that in practical engineering, the floor usually requires multiple precast planks to be spliced together due to 
the limitation of the size of the precast plank. Hence, for the proposal of a new type of composite slab, the following two key points 
need to be considered. 1）The connection joint can effectively and continuously transmit force. 2) The interface between the precast 
plank and the cast-in-situ concrete topping should have sufficient bonding performance. 

The current T/CECS 715–2020 [13] provides three types of joints between the precast plank: monolithic connection with 
post-pouring strip, separated monolithic connection without gap, and monolithic connection without gap, as shown in Fig. 1. Some 
scholars have done experimental research on the composite slab connected with joints. Ye et al. [14] carried out the four-point flexural 
tests on two composite slabs connect by post-pouring strip joints and two cast-in-situ slabs. The results indicated that by strengthening 
the reinforcement at the joint or changing the relative position of the bottom longitudinal reinforcements to increase the effective 
cross-sectional height, the joint can effectively transmit internal force. Ding et al. [15] optimized the joint configuration of composite 
slabs with post-pouring strip joints and found that the bending performances of the new type of composite slab with joints were 
basically consistent with the cast-in-situ slab through experimental tests. Zhang et al. [16] performed experiments on two-way 
composite slabs connected without gap. The results showed that the effective transmission of moment can be achieved through 
measures such as strengthening additional rebar and densifying lattice girder at the joint connection. However, the joint without gap 
can cause the flexural stiffness of the slabs in the vertical joint direction to be slightly less than that in the parallel joint direction. Liu 
et al. [17] tested the mechanical performance of composite slabs with a joint and found that the bearing capacity of the composite slab 
connected without a gap could be improved by changing the arrangement of rebars. Xiao et al. [18] conducted bending tests on a 
cast-in-situ slab and a composite slab with lattice girder connected by a post-pouring stripe. The conclusion validated that the bending 
behavior of the composite slab connected by the post-pouring strip joint was similar to those of the traditional cast-in-situ slab. Overall, 

Fig. 1. Types of joints for LGSS [13].  
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the joint with the post-pouring strip has better integrity compared to the joint without gap, and can better meet the force transmission 
requirements of the composite slab. 

On the other hand, some scholars have conducted studies on the bonding behavior between the precast plank and the cast-in-situ 
concrete topping. Sifan et al. [19] studied the flexural behavior of the composite slabs with different interface treatment methodologies 
on the interface. It was concluded that rough machining of the interface in the transverse direction using a steel wire brush is an 
effective method to ensure adequate bonding of the interface. Lam et al. [20] evaluated the bonding performance of composite slab and 
found that there is sufficient bonding at the interface, even without rebar passing through the interface. Adawi et al. [21,22] presented 
investigations on the flexural behavior of composite hollow core slabs. The results verified that the shear strength of the interface 
roughened by machines can meet the requirements of North American design codes. Ibrahim et al. [23] performed experiments on 
precast hollow core slabs and validated that rough surface conditions would enhance the shear resistance of the hollow core slabs, 
which was consistent with the conclusion drawn by Girhammar, et al. [24]. As mentioned above, by roughening the surface of the 
precast plank, good bonding properties of the interface can be achieved. 

Based on the above research results and referring to the technical specification for prefabricated concrete structures (JGJ1–2014), 
this study proposes a new type of composite slab with a joint. Its characteristics are full section prefabrication in the mid span area of 
the precast plank, and partial prefabrication in the surrounding joint area. This new type of composite slab can not only achieve 
unsupported construction but also reduce the amount of concrete pouring on site, and the precast plank can serve as a worktable. In 
order to determine the reasonable configuration of this new type of composite slab with a joint, a total of four slabs were produced and 
tested under four-point bending load, including one cast-in-situ slab and three new types of composite slabs with a joint in different 
shape of concrete topping. The cracking load, crack distribution, and ultimate bearing capacity were analyzed. In addition, numerical 
simulation of laminated plate specimens was conducted based on the finite element analysis software ABAQUS, and the accuracy of 
finite element analysis was verified by comparing it with experimental results, providing a foundation for subsequent research. 

2. Experimental investigation 

2.1. Specimen design and preparation 

In this study, four slabs were prepared and tested, including one cast-in-situ slab and three composite slabs. For all specimens, the 
length, width, and thickness were 3980 mm, 960 mm, and 120 mm, respectively. The geometric characteristics of specimens are 
shown in Table 1. Using the following rules to name the specimens: CS represents the cast-in-situ RC slab; SS-1, SS-2, and SS-3 represent 
the composite slabs with a joint in shape of T-shaped, trapezoidal, and rectangular cast-in-situ concrete topping, respectively. The 
geometrical dimensions and steel bars arrangement as shown in Fig. 2 and Fig. 3. For specimen CS, mesh reinforcement was composed 
of steel bars with a diameter of 8 mm and a spacing of 150 mm. The composite slabs are formed by connecting two precast planks 
through cast-in-situ topping concrete. Seven D8 longitudinal steel bars were respectively placed at the bottom and top of the precast 
plank with a 15 mm concrete cover. The longitudinal steel bars extend a certain length out of the precast plank, and the bottom steel 
bars have a 135◦ bend-up to be embedded in the cast-in-situ concrete topping. The transverse steel bars used in precast plank were D8 
at a spacing of 150 mm. The arrangement of steel bars at the concrete topping can be seen in Fig. 3. 

The production of composite slabs required pouring concrete twice in sequence. The specific production process was as follow: (1) 
Pouring concrete into the formwork with the mesh reinforcement to manufacture the precast plank. (2) The surface of the precast plank 
was roughened in the transverse direction with a wire brush in order to improve the bond performance between the precast plank and 
the topping concrete. (4) After the curing of the precast plank was completed, the longitudinal steel bars at the joint of the two precast 
planks were connected, and the transverse steel bars were placed. Finally, the cast-in-situ topping was poured with concrete. Taking 
specimen SS-1 as an example, the production process is shown in Fig. 4. 

2.2. Material property 

The material properties of steel bars used in slabs are displayed in Table 2, which were obtained from the axial compression test of 
three specimens according to GB/T 228.1–2010 [25]. The axial compressive strengths of the concrete were measured in accordance 
with the requirements of GB/T 50081–2019 [26] using standard 150 mm × 150 mm × 150 mm cubes. The measured axial 
compressive strengths of the precast plank and the cast-in-situ concrete topping were shown in Table 3, respectively. 

Table 1 
Specimen design specifications.  

Specimen Length/mm Width/mm Overall slab height/mm Shape of cast in place layer Spacing of precast plank /mm 

CS  3980  960  120 -  300 
SS-1  3980  960  120 Letter T-shaped  300 
SS-2  3980  960  120 Trapezoidal shape  300 
SS-3  3980  960  120 Rectangular shape  300  
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2.3. Testing setups and procedures 

The loading device used for conducting the bending test is shown in Fig. 5. As shown in Fig. 5, One end of the specimen was a fixed 
hinge support, and the other end was a sliding hinge support. The application of monotonic load was achieved through a jack with a 
measuring rang of 1000 kN. The transfer girders were located on two rollers, which were placed at 500 mm on both sides of the 
midspan. This leaded to the formation of a constant moment region of 1000 mm at the midspan. In order to analyze the strain 
development of steel bars under bending load, 10 strain gauges were glued to steel bars and concrete with epoxy resin adhesive, and 
the specific locations of the strain gauges are detailed in Section 3.3. A linear variable displacement transducers were installed at the 

Fig. 2. Geometrical dimensional and steel bars arrangement of specimen CS (unit:mm).  
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midspan position of the bottom surface to record the deflection. 
In this test, loading was carried out by controlling the force, and the specific loading process was as follows: Firstly, three cycles of 

preloading were performed on the slab, with a preloading value of 2 kN, to check whether the data acquisition instrument could work 
normally. Then, the applied load was gradually increased in increments of 2 kN. When the first crack occurs on the slab, the load 
increment was changed to 4 kN. After each increment of loading was completed, maintain it for 10 min to allow concrete cracks to 
develop. The test was terminated until the specimen failed. 

3. Testing results 

3.1. Crack pattern 

The failure modes of slabs are presented in Fig. 6. It can be seen from Fig. 6, all specimens exhibit typical flexural ductile failure. For 
example, the first crack of all specimens appears in the constant bending moment zone at the bottom surface of the slab. The first 
cracking loads of specimens CS (9 kN) and SS-2 (9.3 kN) were bigger than that of specimen PS-1 (8.8 kN) and PS-3 (4.7 kN). As the 
applied load increases, more transverse cracks appeared in the constant bending moment zone and gradually extended to the side 
surface of the slab. Fig. 7. depicts the distribution of bottom surface cracks after loading was completed. As shown in Fig. 7, it can be 
seen that the bottom interface of specimen SS-2 did not crack during the loading process, indicating better integrity compared to 
specimen SS-1 and SS-3. It should be noted that, for all composite slabs, there was no obvious tearing or significant sliding on the 
interface. This indicates that the precast plank and concrete topping have good collaborative work ability. 

3.2. Load – midspan deflection behavior 

Fig. 8 compares the load-midspan deflection curves of the cast-in-situ slab and composite slabs. According to the development 
characteristics of the curve, it was divided into three phase. (I) Elastic loading stage, where the midspan deflection presents a linear 
relationship with the applied load, and the concrete did not crack. (II) Cracking stage, where the transverse cracks appear in the tension 
area, resulting in a decrease in bending stiffness, and the curve is still approximately linear development. (III) Yielding stage, where the 
load-midspan deflection curves appears an obvious inflection point as the tensile steel bars exceeded the yield strain, and the midspan 
deflection increases rapidly with the increase of load. 

Table 4 summarizes the representative values of the load-midspan deflection curve, including first cracking load Pcr, yield load Py, 
ultimate bearing capacity Pu, and corresponding midspan deflection. The first cracking load was identified through observation ac-
cording to the method specified in GB/T 50152–2012 [27]. The yield load was obtained from the readings of the strain gauges attached 
to the longitudinal steel bars. For the determination of the ultimate bearing capacity, according to GB/T 50152–2012 [27], when the 
specimen reaches one of the following characteristics, it is considered that the specimen has undergone bending failure and reached its 
ultimate bearing capacity. a) The midspan deflection of the slab reaches 1/50 of the span. b) The width of the concrete crack at the 
bottom of the slab reaches 1.50 mm, or the strain of the tensile reinforcement exceeds 0.01. c) Cracking and crushing of concrete in the 

Fig. 3. Design detail of composite slabs with a joint.  
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Fig. 4. Production of the specimen SS-1.  

Table 2 
Material properties of steel bars.  

Member No. Diameter d (mm) Elastic modulus Es (GPa) Yielding strength fy (MPa) Ultimate strength fu（MPa） 

steel bars  1  8  19.6  524  688  
2  8  19.2  520  675  
3  8  19.7  528  690  

Table 3 
Material properties of the concrete.  

concrete No. Compressive strength/ 
MPa 

Average compressive strength/ 
(MPa) 

Elastic modulus/ 
(GPa) 

Average elastic modulus/ 
(GPa) 

Precast plank  1  38.3  38.5  32.2  32.2 
2  39.2 32.4 
3  38.0 32.1 

Cast-in-situ concrete 
topping  

4  46.6  46.7  34.0  34.0 
5  46.2 33.9 
6  47.3 34.1  
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compression zone. It can be seen from Table 3 that the ultimate bearing capacity of specimen SS-1 is 28.0 kN, which is similar to the 
28.1 kN of specimen CS. The bearing capacity of the SS-2 is 29.8 kN, which is 6% higher than that of the CS. However, compared with 
CS, the cracking load and bearing capacity of SS-3 were decreased by 47% and 11%. Overall, the bending performance of specimen 
SS-1 and SS-2 is similar to that of cast-in-place slab CS, both of which are better than specimen SS-3. 

3.3. strain response of the steel bars and concrete 

Fig. 9. shows the strain development of longitudinal steel bars at the top and bottom of the slab. The specific layout position of the 
strain gauge is depicted in Fig. 3. When the strain of the steel bar reaches about 2670 με, it indicates that the steel bar has yielded. Due 
to the damage of the #2 strain gauges of specimen SS-2 and SS-3 during the pouring of concrete, the strain at the corresponding 
position could not be collected. As displayed in Fig. 9, the strain of the steel bars at the gauging point #2 and #4 of the cast-in-site slab 
specimen yielded almost simultaneously, while for the composite slab SS-1, the steel bars at the gauging point #4 yielded, and the 
longitudinal steel bars at the gauging point #2 did not reach the yield strain. This is attributed to the overlapping steel bars at the 
midspan of the composite slab specimen, resulting in a decrease in steel bar stress. 

Fig. 10 (a) ~ (d) shows the strain development at different heights on the side surface of the specimens CS, SS-1, SS-2, and SS-3. 
#a~#e were concrete measurement points arranged from top to bottom on the side surface, as shown in Fig. 5. As depicted in Fig. 10 
(a) ~ (d), the strain of concrete followed a linear distribution pattern along the height direction of the cross-section. The strain 

Fig. 5. The loading device for bending test.  
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development at the bottom of the cast-in-situ slab specimen CS is faster than that of the composite slab specimens. Fig. 10 (e) compares 
the strain of the midspan concrete at the top of specimens CS, SS-1, SS-2, and SS-3. As shown in Fig. 10 (e), the midspan concrete at the 
top of all specimens has been in a compressive state, and the absolute value of strain increases with the increase of the applied load. The 
strain development of the cast-in-situ slab is significantly faster than that of composite slabs. 

Fig. 6. Failure modes of the slabs.  
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3.4. Calculation of bending bearing capacity 

From the above experimental results, it can be seen that there is no relative slip of the interface for the three composite slabs, and 
their failure mode is bending failure, just like the cast-in-situ slab. Assuming that the cross-section of the composite slab conforms to 

Fig. 7. Crack distributions in the bottom surface.  
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the assumption of a flat section, without considering the tensile strength of the concrete. According to the code for design of concrete 
structures GB50010–2010 [28], the flexural bearing moment of the normal section of concrete member is defined according to Eq. (1). 

Mu = α1fcbx
(

h0 −
x
2

)
(1) 

Parameter x is calculated according to Eq. (2), where fy is the yield strength of longitudinal steel bar; As is the cross-sectional area of 
longitudinal reinforcement in the tensile zone; fc is the axial tensile strength of concrete; b is the width of the rectangular section. 

x =
fyAs

α1fcb
(2) 

In Eq. (1), h0 is the effective height of the section. The default value of the ratio α1 is 1.0, according to GB50010–2010[28]. 
According to the above calculation method and structural mechanics, the ultimate loads Pu,c corresponding to the ultimate bending 

moments of the composite slab with joint and the cast-in-situ slab were calculated separately. The comparison between the measured 
and theoretical values of the ultimate load of the specimens is shown in Table 4. From Table 4, it can be seen that the measured values 
of the ultimate load of CS, SS-1, and SS-2 are greater than the theoretical values, and the measured values are approximately 1.09–1.16 
times the theoretical values. It indicates that the joint form used in specimen SS-1and SS-2 can effectively withstand bending moments 
and have sufficient safety reserves. However, for specimen SS-3, the measured ultimate bearing capacity is smaller than the theoretical 
value, and its bending performance is poorer than that of cast-in-situ slabs. 

4. Finite element analysis 

In order to further clarify the flexural behavior of the composite slab with a joint and supply a theoretical basis for further study, 
this section conducted numerical simulation of the specimen SS-1 using the nonlinear FEA software ABAQUS/Standard [29]. The 
modeling strategy was elaborated and the accuracy of finite element analysis was verified. 

4.1. Models for mechanical behaviors of materials 

ABAQUS provides smeared cracking model and plastic damage model to describe the material properties of concrete. The two 
models both can accurately simulate the flexural properties of the concrete members. Zhang et al. [30]. conducted numerical analysis 
of concrete composite slabs, and found that the plastic damage model can better simulate their mechanical properties. Therefore, the 
concrete damage plasticity (CDP) model was adopted to simulate the constitutive relationship of the concrete. The CDP model pro-
vided in ABAQUS describes the material properties of concrete by defining the uniaxial plasticity parameters, stress-inelastic strain 
relationship, and damage evolution under compression and tension. In this analysis, based on existing research results [31], the values 

Fig. 8. Load-midspan deflection curve of slabs.  

Table 4 
Experimental values of representative point.  

Specimen First cracking point Yield point Ultimate point Theoretical value of ultimate load 

Pcr/kN Δcr/mm Py/kN Δy/mm Pu/kN Δu/mm Pu,c Pu /Pu,c 

CS  9.0  9.8  23.1  36.1  28.1  67.2  25.8  1.09 
SS-1  8.8  6.5  22.1  32.6  28.0  62.6  25.8  1.09 
SS-2  9.3  4.1  24.0  32.8  29.8  72.0  25.8  1.16 
SS-3  4.7  2.3  21.0  35.5  24.9  60.5  25.8  0.97  
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of the uniaxial plasticity parameters are summarized in Table 5. The empirical stress-inelastic strain curve of concrete was determined 
according to the GB50010–2010 [28]. Taking the precast plank as an example, the stress-strain relationship is shown in Fig. 11. For the 
damage evolution of concrete, Sidoroff. [32] proposed a calculation method for the damage factors, which can be directly inputted into 
the ABAQUS. The expressions of damage factors (Dt, Dc) are shown in Eq. (3). 

Dt = 1 −

̅̅̅̅̅̅̅̅
σt

Ecεt

√

;Dc = 1 −

̅̅̅̅̅̅̅̅̅
σc

Ecεc

√

(3) 

As for the modeling of steel bar material properties, the multiaxial behavior (in both compression and tension) of steel bars was 
defined using an idealized bilinear curve [33], as shown in Fig. 12. It should point that the stress and corresponding strain obtained in 
Section 2.1 was converted into true stress and true strain according to Eq. (4) and filled in ABAQUS. 

εT = ln(1+ ε); σT = σ(1+ ε) (4)  

4.2. Element type and mesh generation 

In the FEM, the C3D8R element was used to model the components of concrete, supports, and loading plates, which has good 
calculation accuracy and was not prone to shear self-locking under bending load. As for steel bars, the T3D2 element was adopted. In 
order to balance the simulating accuracy and efficiency, the mesh size of the specimen was determined by a mesh sensitivity study. As 
show in Fig. 13, six layers of mesh were arranged along the slab thickness direction with the mesh size of 60 mm × 60 mm× 20 mm. 

4.3. Contact interaction 

The contact interaction exists between steel bars and concrete components, as well as between the precast plank and concrete 
topping. For the contact interaction between the steel bars and the concrete, all steel bars were embedded in the concrete, ignoring the 
relative sliding between the two. The interface properties of precast plank and concrete topping mainly include normal bond tensile 
and tangential bond shear. Both Coulomb-Fricition model [34] and Cohesive model [34] can be used to describe this bonding property. 

Fig. 9. Longitudinal strain of steel bar.  
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Fig. 10. Longitudinal strain of concrete.  

Table 5 
The values of plasticity parameters.  

Plasticity 
parameters 

The dilation 
angle in degree 
(ψ) 

Flow potential 
eccentricity (ε) 

Concrete biaxial-to-uniaxial 
cylinder compression strength ratio 
(fb0/fc0) 

The ratio of compressive to tensile 
meridians of the yield surface in 
deviatoric space (Kc) 

Viscosity 
parameter 

value 40◦ 0.1  1.16  0.6667  0.0005  
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4.3.1. Coulomb-Friction model 
The shear stress-slip curve of the interface between the precast plank and topping concrete based on the coulomb friction model is 

shown in Fig. 14. The ABAQUS/Standard generally adopt the penalty stiffness method to define the frictional constraints, that is, it is 
considered that the interface can have finite elastic slip. As depicted in Fig. 14, τcrit is the critical shear stress and its value is determined 
by μp, μ is the friction coefficient, p is the fraction of contact pressure. when shear stress is less than τcrit, The interface is in the sticking 
friction (elastic) state, when shear stress is greater than τcrit, it is in the slipping friction (plastic) state. In this study, the penalty 
function was adopted with a friction coefficient (u) of 0.6 [35], and the shear stress (τ) limit was taken as 1.2 N/mm. The Coulomb 
friction model can only be used to describe the tangential shear properties of the interface. the normal direction can generally be 
defined as hard contact, that is, the interface can fully transfer compressive stress, and the tension can be set according to the demand 
for interface tension separation or non-separation. 

Fig. 11. Constitutive properties of concrete.  

Fig. 12. Uniaxial stress-strain curve for steel bar.  

Fig. 13. The FEM of specimen SS-1.  
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4.3.2. Cohesive model 
The cohesive model provided by ABAQUS is mainly applied to simulate the cohesive action between two objects with negligible 

interface thickness. Due to its ability to define generalized stress-relative displacement constitutive equations in both normal and two 
tangential directions, it can be used to simulate the interface between new and old concrete. In addition, the model provides functions 
that are very similar to the cohesive elements defined using the law of traction-separation. However, the cohesion model is generally 
easier to define and allows for the simulation of a wider range of cohesive interactions. The relationship of traction and separation is 
shown in Fig. 15, including the linear elastic stage and damage decline stage. For the elastic behavior, it is defined according to Eq. (5). 

t =

⎧
⎨

⎩

tn
ts
tt

⎫
⎬

⎭
=

⎡

⎣
Knn Kns Knt
Kns Kss Kst
Knt Kst Ktt

⎤

⎦

⎧
⎨

⎩

δn
δs
δt

⎫
⎬

⎭
= Kδ (5)  

Where, K denotes the elastic stiffness. tn,ts,and tt are the shear traction in three different direction, respectively. δn,δn, and δnare the 
corresponding separations. 

The damage decline stage consists of two ingredients: a damage initiation criterion and a damage evolution law. Damage initiation 
refers to the degradation of cohesive response at the contact point. When contact stress and/or contact separation meet certain 
specified damage initiation criteria, the degradation process begins. The criteria for determining the onset of damage in ABAQUS are as 
follows: maximum stress criterion, maximum separation criterion, quadratic stress criterion, and quadratic separation criterion. In this 
analysis, the maximum stress criterion was selected as the basis for damage initiation, this is, damage begins to develop when the 
maximum ratio of contact stress reaches a value of 1. The maximum stress criterion is determined by Eq. (6). 

max
{
〈tn〉

to
n
,
ts

to
s
,

tt

to
t

}

= 1 (6)  

Where t0n , t0s , and t0t are the peak values in three different directions, respectively. 
The damage evolution in cohesive surface can be described as Eq. (7). 

tn =

{
(1 − D)tn, tn ≥ 0

tn,

ts = (1 − D)ts,

tt = (1 − D)tt

(7)  

where t denotes the predicted contact stress, and the subscripts n, s, and t represent different directions, respectively. 
To further reflect the damage evolution under a combination of three direction separations across the interface, an effective 

separation was proposed defined as Eq. (8). 

δm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈δn〉
2
+ δ2

s + δ2
t

√

(8) 

In addition, when the damage evolution is defined, the plastic effective relative displacement δf
m − δ0

m should also be input, where δ0
m 

is the peak effective relative displacement and δf
m is the effective relative displacement during failure, or the energy consumed during 

interface failure G (Gc = 1/2δf t0)can be input. 
In this analysis, the shear strength and constitutive properties of the interface were determined by referring to the test curve in 

reference. The cohesiveness model parameters [36] are shown in Table 6. The Coulomb-Friction model and Cohesive model were used 
for finite element analysis of specimen SS-1, respectively, and the results are shown in Section 4.5. 

Fig. 14. Shear stress-slip curve of Coulomb friction model.  
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4.4. Load and boundary conditions 

The loads controlled by displacement were applied to the reference point (RP1, RP2), which were respectively coupled to the 
loading plates. Nonlinear static analysis using the Newton-Raphson iteration solution algorithm was adopted. The boundary conditions 
were applied to the reference point (RP3, RP4) which coupled with the support plate. For RP3, all translational degrees of freedom 
were constrained, and only the z-axis rotational degree of freedom was released. Only released the translational degrees of freedom of 
the x-axis and the rotational degrees of freedom of the z-axis of RP4, as shown in Fig. 13. 

4.5. Verification of FEA results 

The developed FEM was used to predict the flexural behavior of specimen SS-1. The failure modes and load-midspan deflection 
curves obtained from FEA were compared with the experimental test. Fig. 16 compares typical experimental and FEM load-midspan 

Fig. 15. Typical traction-separation response.  

Table 6 
Related parameters of Cohesive model.  

Interaction property Related parameter 

Cohesive model Stiffness（MPa/mm） Peak stress（MPa） δf
m − δ0

m (mm)  
Knn Kss  Ktt t0n t0s t0t 
100000  10 10  1.6 0.8 0.8 1  

Fig. 16. Comparison of load-midspan deflection curves between the test and numerical result.  
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deflection responses of the slabs. As shown in Fig. 16, the load-midspan deflection curve obtained through numerical simulation using 
the cohesive force model was highly consistent with the experimental results, and the maximum error of the load discussed in Section 
3.2 between the numerical result and the experimental result did not exceed 10%. Although, finite element simulation using Coulomb 
friction model can better simulate the mechanical properties of the composite slab before steel bars yielded, and the bearing capacity of 
the slab after steel bars yield was significantly lower than the test results. This indicates that the Cohesive model can accurately 
simulate the flexural properties of the composite slabs with a joint. 

Fig. 17 shows the tensile damage factors of the concrete at the bottom surface of the composite slab. As presented in Fig. 17 (a), the 
larger tensile damage in the finite element model first occurs at the bottom interface, which was consistent with the location of the first 
crack in the experiment. After the loading was completed, the tensile damage distribution in the numerical model is basically 
consistent with the crack propagation observed in the experiment, and a large number of transverse cracks appear at the bottom of the 
composite slab, as depicted in Fig. 17(b). In summary, based on the comparisons between the test and analysis result, it can be 
concluded that the developed FEM was accurately enough to simulate the flexural performance of slab, and can be used for further 
study. 

5. Conclusions 

In this study, the flexural behaviors of composite slabs and three different forms of cast in-situ slabs with a joint were compared, and 
the specimen SS-1 was taken as an example to conduct finite element analysis. the conclusions are as follow: 

The failure mode of cast-in-place slabs and composite slabs with a joint in shape of T-shaped and rectangular concrete topping is 
that the crack width reaches the standard limit, while the failure mode of trapezoidal composite slabs is that the midspan deflection 
reaches the limit. Overall, all four slabs are ductile failure. 

The ultimate bearing capacity of composite slabs with a joint in the shape of T-shaped and trapezoidal concrete topping are 
equivalent to or even higher than that of cast-in-situ slabs, and 12.9% and 19.7% higher than that of composite slab with a joint in 
shape of rectangular concrete topping. 

According to the calculation formula for the bearing capacity of cast-in-situ slabs provided by GB50010–2010, the measured 

Fig. 17. The concrete tensile damage factor at the bottom surface of specimen SS-1.  
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bearing capacity of composite slabs was evaluated. The ratio of actual measured values to theoretical values of CS, SS-1, SS-2, and SS-3 
was 1.09, 1.09, 1.16, and 0.97 respectively. The reasonable agreement indicating a good potential for the code in the design of the 
composite slabs with a joint in shape of T-shaped and trapezoidal concrete topping. 

The cracks on the side of all composite slabs with a joint pass through the horizontal interface between the precast plank and cast- 
in-situ concrete topping, indicating that roughening the surface of the precast plank and bending the end of bottom longitudinal steel 
bars upwards can effectively transmit internal forces at the joint. 

Compared to the Colum-Friction model, the Cohesive model provided by ABAQUS can accurately simulate the bending perfor-
mance of the new type of composite slab with a joint, with an error of no more than 9% compared to the test results. 

It should be pointed that this study did not consider the mechanical performance of the connection joints between this new type of 
composite slab and beam. The integrity of the slab-beam joint is another key factor determining whether this new type of composite 
slab can be applied in practical engineering. Therefore, further research should be conducted on the above issues. 
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