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Abstract


For steel–concrete composite bridges, the cracking of concrete in the tensile zone influences the serviceability of bridges and decreases their durability. UHPC, as a high-tensile and -durability material, is used to replace a part of the concrete to enhance the tensile performance. Thus, the steel–normal concrete–UHPC composite slab, as a new composite structure, is formed. This paper investigates the flexural behaviours of steel–normal concrete–UHPC composite slabs through a full-scale experiment, numerical simulation, and theoretical analysis. The research results indicate that (1) UHPC enhances the flexural performance of the tensile zone and delays the development of cracks. The initial cracking force of concrete increases from 44 kN to 91 kN. (2) UHPC effectively enhances the carrying capacity of composite slabs. A 50 mm UHPC layer makes the flexural bearing capacity of steel–concrete composite slabs increase by 13.51%. (3) The construction methods influence the initial cracking force of composite slabs. For full-span scaffolding construction, the initial cracking force decreases from 91 kN to 69 kN compared with construction without brackets. (4) The theoretical model considering the tensile contribution of cracking UHPC can accurately predict the bearing capacity of the composite slabs. And the theoretical values of the bearing capacity are lower than the experimental values, which makes the composite slabs safer in service.
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1. Introduction


Concrete bridges and steel bridges have a long history in bridge engineering. Compared with them, the application of steel–concrete composite bridges is rather less common. In the 1920s, the concept of a steel–concrete composite bridge was first proposed [1]. Composite bridges make full use of the compressive strength of concrete and the tensile performance of steel, which decreases the construction cost and improves economic efficiency [2]. In addition, there are many other benefits of composite bridges, such as reducing the weight of structures, increasing the headroom under bridges, and enhancing the performance of the steel bridge deck. However, many problems have gradually become apparent during the use of composite bridges. For continuous composite bridges, the concrete in the negative moment zone might crack due to low tensile strength and complex loading effects. The cracking of the concrete would influence the normal use of the bridge decks and even reduce the bearing capacity of composite bridges. Thus, the tensile performance should be enhanced to ensure normal service of bridges.



Ultra-High-Performance Concrete (UHPC) is used in bridges because of its high tensile strength and good durability [3,4]. In recent times, UHPC was usually used to enhance the performance of the local position of bridges because of the high cost, such as the pier top, overlayers, and seams [5,6]. With the development of UHPC’s design, construction, and curing methods, the cost has been reduced to a certain extent. Moreover, many guidelines or standards on UHPC have been published, such as the Recommendations for design and construction of high-performance fibre reinforced cement composites with multiples fine cracks (JSCE,2008) [7], UHPFRC-Construction material, dimensioning and application (SIA Commission 262,2015) [8], and Concrete-Ultra-high-performance fibre-reinforced concrete-Specifications, performance, production and conformity (NF P 18-470) [9]. These guidelines provide technical support for the application of UHPC in larger structures.



To solve the problem of composite slabs easily cracking, a 50 mm UHPC layer is applied to replace part of the concrete. Thus, a new composite type, steel–normal concrete (NC)–UHPC composite slabs, is formed.



Currently, there are many studies [10,11,12,13,14,15] on the flexural performance of composite bridges or slabs. Xudong Shao et al. [16] proposed three innovative steel–UHPC composite bridge girder structures for long-span bridges and conducted static and fatigue performance analyses through finite element methods (FEM) and experiments. According to [16], steel–UHPC composite girders possessed many advantages such as a light weight, high strength, low creep coefficient, low risk of cracking, and excellent durability. Jun Luo et al. [17] investigated the transverse bending performance of steel–UHPC composite slabs using experiments and theoretical analysis. Four parameters such as the stud spacing, the thickness of the UHPC layer, the thickness of the cover, and the number of steel reinforcements were considered in 40 specimens. The results indicated that the reinforcement ratio and the thickness of the cover more significantly influenced the cracking stress. And the reinforcement ratio and the thickness of the UHPC layer more significant effects on the ultimate bearing capacity. Canhui Zhao et al. [18] proposed a novel system—a fully prefabricated steel–UHPC composite deck system—and conducted tests to investigate the flexural behaviour of the composite deck under a negative moment. The study demonstrated that fully prefabricated composite decks provided superior crack resistance compared with that of a cast-in-place composite slab. Zhenyu Cheng et al. [19] investigated the flexural behaviour of corrugated steel–UHPC composite bridge decks with experiments, numerical simulation, and theoretical analysis. The effects of many parameters on the flexural behaviour were evaluated based on finite element models, such as the depth of the steel deck, the thickness of the UHPC layer, and the length of the shear span. The results indicated that the depth of the steel deck had a greater effect on the flexural behaviour than the thickness of the UHPC layer did. Jing-Lin Xiao et al. [20] conducted a study on the flexural performance of steel–UHPC composite slabs through full-scale experiments and theoretical analysis. The research indicated that the ductility, the bearing capacity, and the stiffness of the steel–UHPC composite slabs were superior compared with that of steel–concrete composite slabs. And the bending capacity calculation method assessing the tensile contribution of a UHPC layer can predict the bearing capacity with good accuracy. Yang Zou et al. [21] carried out an experimental study on the flexural behaviour of hollow steel–UHPC composite slabs and put forward a theoretical formula to calculate the flexural bearing capacity of composite slabs. The effects of several variables on the mechanical performance were analysed and evaluated, such as the embedded steel tubes, steel bars, the thickness of the UHPC layer, and the flange. The research demonstrated that hollow steel–UHPC composite slabs exhibited excellent bending performance and material utilization. The original stiffness and bearing capacity of composite slabs were evidently enhanced by the embedded steel tube.



In summary, many studies on composite slabs focus on the mechanical performance of steel–UHPC composite slabs or steel–NC composite slabs. And UHPC can effectively enhance the flexural performance of concrete slabs. For steel–NC–UHPC composite slabs, this structure involves three main materials and two types of interfaces. The mechanical performance is more complex. It is worth exploring the combined effects of a steel plate and a UHPC layer on the flexural performance. Thus, this paper conducts a study on the flexural behaviour of steel–NC–UHPC composite slabs with experiments, numerical simulation, and theoretical analysis. A full-scale composite slab test was firstly designed and conducted. The experimental results were analysed and summarized. Then, a numerical simulation was carried out to study the effects of UHPC on the bearing capacity. Finally, an analytical model based on a plane section assumption was proposed to predict the cracking resistance and bearing capacity. It is expected that the outcomes of this study could serve as a reference for the application of UHPC in civil engineering.




2. Experimental Program


2.1. Specimen Design


The investigated full-scale composite slab specimen was designed based on an existing continuous steel–NC–UHPC composite beam bridge, whose span arrangement was 40+60+40 m. Figure 1 shows a transverse and longitudinal schematic section of the steel–NC–UHPC composite bridge. The length and width of the full-scale composite slab specimen were designed as 4000 mm and 1500 mm. The height of the specimen was variable from 270 mm to 370 mm. Studs and steel ribs were used to connect the steel plate and concrete. The steel plate was manufactured using Q355B steel with a thickness of 8 mm. The studs in the cantilever had a shank length and diameter of 180 mm and 16 mm. The length and diameter of other studs in the support were 200 mm and 22 mm. The HRB400 steel bars were arranged in two layers. The diameter and distribution interval of the steel bars in the concrete were 25 mm and 100 mm, respectively, while those of the reinforcements in the UHPC layer were 12 mm and 150 mm. The spacing of the steel ribs was 600 mm. In addition, the top surfaces of the concrete deck were roughed using a chisel machine. The roughness was similar to that of physical bridges. A 50 mm thick UHPC layer was deployed on the roughed concrete deck. The dimensions and configurations of the specimens are shown in Figure 2 and Figure 3.




2.2. Materials


The 28-day cubic compressive strength of concrete was 43.27 MPa. According to the tests, a commercial UHPC product that had a target tensile strength of 12 MPa and a steel fibre volume fraction of 3% was applied. The steel fibres had a length of 12.99 mm, a diameter of 0.2 mm, and a tensile strength of 2967 MPa. Table 1 presents the components of UHPC. Specifically, the cubic compressive strength of the UHPC was determined using three 100×100×100 mm cubes and was 122.84 MPa. All cube specimens were maintained with the composite slab under identical conditions for 28 days before testing.



The steel slab was manufactured using Q355B. The longitudinal steel reinforcements were fabricated with HRB400E. The studs were made of ML15. Table 2 shows the properties of the steel bars and steel plate. Among them, the yield and ultimate tensile strength of the steel bars were obtained through material tests in the laboratory, and the properties of the remaining steel structures were provided by the manufacturer.




2.3. Specimen Production


The composite slab was built in a factory, involving five steps: (1) welding and installing the steel structure; (2) installing wood formworks and binding steel bars; (3) casting and curing the concrete; (4) chiselling and cleaning the concrete surfaces; (5) casting and curing the UHPC layers. Figure 4 illustrates the whole fabricating process of the composite slab.




2.4. Loading and Testing Methods


A single-point bending scheme was used in the bending test. Figure 5 shows the loading method, the test setup, and the instrumentation. The cantilever end was fixed to the ground with rolled rebars, forming a 2.8 m long cantilever. The load was applied using a hydraulic jack that had a maximum loading capacity of 2000 kN. The real-time load was acquired by a force sensor above the hydraulic jack. A steel box beam was placed on top of the composite slab to evenly disperse the load. The specimen was preloaded with a load of 40 kN to eliminate possible imperfections in the test facilities. The formal loading adopted monotonic procedures, and loading was carried out with 40 kN each time. The test was stopped when the load could not be increased or began to decrease. During each loading step, the load was maintained for five minutes to allow for stable deformation and crack development.



Regarding measuring instruments, linear variable differential transducers (LVDTs) were installed to record the vertical deflections at distances of 2.8 m, 1.1 m, 0.1 m, and −1.2 m from the fixed end. Electronic strain transducers were attached to the side surfaces of the concrete and UHPC layer and inner steel bars, as shown in Figure 6 and Figure 7.





3. Numerical Modelling


In this paper, the finite element software Abaqus 2020 was used to analyse the flexural performance of the steel–NC–UHPC composite slabs. Considering the size of the structure, a mesh size of 75 mm was adopted. The material properties and interface processing methods in the finite element model are introduced below.



3.1. Materials


3.1.1. Concrete and UHPC


In Abaqus, the Concrete Damaged Plasticity (CDP) model was used to model the nonlinear behaviour of both concrete and UHPC in compression and tension. Stress–strain curves of the concrete under uniaxial tension and compression were derived from the guideline [22]. Equations (1)–(3) give the derivation procedures for the tensile stress–strain relationships of concrete.


   σ t  = ( 1 −  d t  )  E c   



(1)






   d t  = 1 −  ρ t    1.2 − 0.2  x 5                    x ≤ 1  



(2)






   d t  = 1 −    ρ t     α t      x − 1     1.7   + x                   x > 1  



(3)




where    σ t    is the tensile stress,   x =  ε   ε  t , r      ,    ρ t  =    f  t , r      E c   ε  t , r      ,    f  t , r     is the uniaxial tensile strength of concrete,    f  t , r   = 2.69   MPa  ,    ε  t , r     is the tensile strain of concrete corresponding to    f  t , r    ,    ε  t , r   = 134.12   μ ε  , and    α t    is the coefficient [22] which is related to the tensile stress.


   σ c  =   1 −  d c     E c   



(4)






   d c  = 1 −    ρ c  n   n − 1 +  x n                    x ≤ 1  



(5)






   d c  = 1 −    ρ c     α c      x − 1    2  + x                   x > 1  



(6)




where    σ c    is the compressive stress,    ρ c  =    f  c , r      E c   ε  c , r      ,   n =    E c   ε  c , r      E c   ε  c , r   −  f  c , r      ,   x =  ε   ε  c , r      ,    f  c , r     is the uniaxial compressive strength,    f  c , r   = 32.88   MPa  ,    ε  c , r     is the compressive strain of concrete corresponding to    f  c , r    ,    ε  c , r   = 1686.13    μ ε   , and    α c    is the coefficient [22] which is related to the compressive stress.



The uniaxial compression stress–strain curve of UHPC proposed by Yang, J. [23] was adopted. Equation (7) gives the calculated procedures for the compressive stress–strain relationships of UHPC. It should be noted that the ultimate compressive strength of UHPC in Equation (7) was determined through the material’s characterization tests. The tensile stress and strain relationship of UHPC was given according to material tests. Figure 8 shows the stress and strain relationship of concrete and UHPC in compression and tension.


  σ =      f  U C     n x −  x 2    1 + ( n − 2 ) x                   0 < x ≤ 1      f  U C    x  x + 2   ( x − 1 )  2                    x > 1      



(7)




where   x = ε /  ε 0   ,    ε 0  = 3357    μ ε   ,    f  U C     is the uniaxial compressive strength of UHPC,    f  U C   = 108.10   MPa  , and  n  is the coefficient of the elastic modulus.



To observe the crack propagation of the composite slab, the damage parameters in tension and compression can be assumed to activate when the peak strength is reached. The compressive and tensile damage parameters of concrete [24] are calculated using Equations (8)–(11), respectively.


   ϵ  N S C − c   i n   = ϵ −  σ  N S C − c   /  E c   



(8)






   ϵ  N S C − c   i n   = ϵ −  σ  N S C − c   /  E c   



(9)






   D c  = 1 −    σ c   E c  − 1      ϵ c  p l      1   b c    − 1   +  σ c   E c  − 1      



(10)






   D t  = 1 −    σ t     f  t r      



(11)




where    D c    and    D t    are the compression and tension damage parameter of concrete, respectively;    σ c    and    σ t    are the compressive stress and tensile stress of concrete;    E c    is the elastic modulus of concrete [25], 30,041 MPa;    ϵ  N S C − c   i n     and    ϵ  N S C − t   i n     are the inelastic strains corresponding to the compressive stress    σ  N S C − c     and the tensile stress    σ  N S C − t     of concrete, respectively; and    b c    is a constant with the range of 0 and 1.



The compressive [24] and tensile damage parameters [26] of UHPC are calculated using Equations (12)–(15), respectively.


   ϵ  U C − c   i n   = ϵ −  σ  U C − c   /  E  U C    



(12)






   ϵ  U C − t   i n   = ϵ −  σ  U C − t   /  E  U C    



(13)






   D  U C − c   = 1 −    σ  U C − c    E  U C   − 1      ϵ  U C − c   p l      1   b c    − 1   +  σ  U C − c    E  U C   − 1      



(14)






   D   UC - t    = − 0.114 + 0.872   1 −  e  −  ε   UC - t    in   / 5 ×   10   − 4       + 0.185   1 −  e  −  ε   UC - t    in   / 0.014      



(15)







Where    D  U C − c     and    D  U C − t     are the compression and tension damage parameters of UHPC, as shown in Figure 9;    σ  U C − c     and    σ  U C − t     are the compressive stress and tensile stress of UHPC, respectively;    E  U C     is the elastic modulus of UHPC [25], 41617MPa;    ϵ  U C − c   i n     and    ϵ  U C − t   i n     are the inelastic strains corresponding to the compressive stress    σ  U C − c     and tensile stress    σ  U C − t    , respectively.




3.1.2. Steel Reinforcements and Steel Plate


HRB400E-grade steel bars were used for the reinforcements in this test. The yield strength of the reinforcements was the one obtained in the tests (see Table 2). All reinforcements had the same elastic modulus of 200 GPa and Poisson’s Ratio of 0.3. The elastic modulus and Poisson’s Ratio of the studs and steel ribs were the same as that of the reinforcements.





3.2. Element Selection


The finite element model of the composite slabs included the steel plate, steel reinforcements, concrete slabs, and UHPC layer. The concrete, UHPC layer, and studs were built by the 3-D 8-node reduced integration element C3D8R, while the steel reinforcements embedded in the composite slabs were simulated by the linear truss element T3D2. The steel plate and the steel ribs were simulated by the 4-node reduced integration element S4R.




3.3. Interface and Boundary


In Abaqus, the studs and steel plates were tied to simulate the welding behaviour between them. The embedding method was used to model the connection between the studs and concrete. The connection of the steel plate and concrete was simulated with surface-to-surface contact. The friction coefficient was taken as 0.2. As for the UHPC-NC interface, cohesive contact was used to simulate the behaviour of the interface. According to reference [27], the normal nominal stiffness    k  n n     and the tangential nominal stiffness    k  s s    ,    k  t t     of the cohesion surface were 1.358 MPa/mm, 20.358 MPa/mm, and 20.358 MPa/mm. The viscosity coefficient was defined as 0.001, the ultimate strength (   t n 0   ,   t s 0   ,   t t 0   ) was 5.63 MPa, and the ultimate plastic displacement    δ n f    was 0.241 mm. The steel reinforcements and the steel ribs were embedded in the concrete and UHPC layer. The backing plates were set to avoid stress concentration at the loading position. Additionally, the fixed support was placed at the cantilever end, where UX, UY, and UZ were fixed to simulate the restrictions. The finite model of the composite slabs is shown in Figure 10.




3.4. Construction Methods


In the finite element models, composite slabs constructed with two methods were simulated and analysed. The first one was the scaffolding construction. The composite slab was initially cast and cured on the supports. Then, the specimen was transported to the laboratory, where it was cured for 28 days. The self-weight was supported by the composite slab. The second method was to cast and cure the concrete and UHPC on the steel plate. The steel plate served as the formwork. The self-weight of the concrete and UHPC was supported by the steel plate. Before experiments, the concrete and UHPC were in a zero-stress state. The initial stress of the steel plate was ignored in the finite element model. The characteristics of the two construction methods are summarized in Table 3.





4. Results and Analysis


4.1. Load–Deflection Curves


The load–deflection curves of the composite slabs are shown in Figure 11. As observed from Figure 11, the mechanical behaviour of the composite slab includes four phases under loading: (1) Elastic phase I from the beginning to the cracking of the concrete: the UHPC, concrete, steel bars, and steel plate worked as a unit, accompanied by a nearly linear relationship between the load and deflection. (2) Elastic–plastic phase I from the cracking of the concrete to the cracking of the UHPC layer: in this phase, the stiffness of the composite slabs exhibited a slight decrease, and the deflection increased nearly linearly with the increase in load. (3) Elastic–plastic phase II from the cracking of the UHPC to the yield of the steel bars: in this phase, there was an evident decrease in stiffness. The deflection developed slowly with the load, which demonstrated excellent ductility of the composite slabs. (4) Failure phase: with the increase in displacement, the load nearly remained constant and began to decrease. To clearly reflect the effects of UHPC on the bending performance, the finite element models of the steel–concrete composite slabs were built. The characteristics of the experimental specimen and finite element models are shown in Table 4.



As can be seen from Figure 11, the results of the finite element analysis are relatively consistent with that of the test specimen, especially in the initial phase and the ultimate state. The cracking forces of the UHPC in the finite element models are higher than that of the test specimen. This may be attributed to the defects of UHPC. Additionally, non-uniformity and randomness in the distribution of aggregates influence the mechanical performance of concrete and UHPC. The bearing capacities of the finite element model and experimental specimen are close according to Table 5, whose error is 5.96%.



The finite element models of the steel–NC composite slab were built to determine the enhancing effects of the UHPC layer. The effects of UHPC and the construction methods on the carrying capacity and cracking force were compared and analysed. From Table 6 and Figure 12, it can be seen that the construction method significantly impacts the cracking force of concrete and UHPC. For composite slabs with a full-span scaffolding construction, the cracking force of the concrete decreases from 91 kN to 69 kN compared with construction without brackets. But the construction method does not obviously change the bearing capacity. Comparing the mechanical performance of the A-2-FEM and A-1-FEM model, a 50 mm thick UHPC layer makes the bending and bearing capacity of a steel–NC composite slab increase by 13.51%. Similarly, the cracking force of concrete exhibits an evident improvement, increasing from 44 kN to 91 kN. The change is consistent in the A-2-FEM (self-weight) and A-1-FEM (self-weight) models.




4.2. Cracking Pattern


In the ultimate state, the distribution of cracks in the composite slab are shown in Figure 13. The cracking characteristics of the steel–NC–UHPC composite slabs were different from that of the steel–NC composite slabs. The stress of the UHPC and concrete in the same position is different owing to the difference in mechanical characteristics. The UHPC-NC interface has the function of load transfer and becomes a weak link in the meantime. The failure process of the composite slab can be described as follows: Firstly, concrete near the UHPC-NC interface cracked. Then, the cracks gradually developed along the interface with the increase in load. The distribution of cracks was even, and the width was small at that time. When the tensile stress reached the tensile resistance of the UHPC, the UHPC layer started to crack. Next, with the load continuing to increase, the top steel bars gradually entered the yielding state. The cracks quickly grew wider. Finally, the UHPC layer was pulled off in the variable section of the composite slab. There were three evident cracks in the UHPC layers, which indicated the flexural failure of the composite slabs.



Normally, the top layer of composite slabs should crack prior to other positions. However, the concrete around the UHPC-NC interface cracked before the UHPC layer, based on Figure 13. This is mainly attributed to the difference in the mechanical performances of UHPC and concrete. For the specimens in this test, the tensile strength of the concrete was relatively lower. Thus, the concrete around the interface reached the tensile strength first. But the rate of crack propagation in the concrete layer was slower owing to the influence of the UHPC layer. In the ultimate state, the fracture of the UHPC layer occurred, which indicated that the tensile performance of the UHPC was fully utilized. Additionally, there was no evident slip of the UHPC-NC interface before failure, indicating the reliability of the rough interface.




4.3. Strain History


The strain distribution along the height of the section of the composite slab under loading is shown in Figure 14. The positive and negative strains represent tension and compression, respectively. The strain distribution along the height of the section of the composite slabs basically satisfied the plane section assumption before UHPC cracking. After UHPC cracking, the UHPC began to enter the plastic state, and fibres started to prevent the development of cracks. However, the composite slabs except for the UHPC layer basically met the plane section assumption before failure, as indicated in Figure 14.



The strain–displacement curves of the steel bars are shown in Figure 15. In the ultimate state, the maximum strains of the steel bars were above 2000   μ ε  , which indicated that the steel bars had entered the yielding state. Additionally, the maximum strain of the steel bars in the UHPC layer was higher than that of the steel bars in the concrete layer. This may be mainly owing to the larger crack width of the UHPC layer compared to the concrete.





5. Theoretical Analysis


5.1. Cracking Resistance and Bearing Capacity


As mentioned previously in this paper, the failure process of the composite slabs includes four phases. During the loading process, the specimen basically satisfies the plane section assumption. Firstly, the bending moment of the composite slabs corresponds to concrete cracking, and UHPC cracking and the ultimate state can be determined based on the plane section assumption.



In general, UHPC is designed to crack prior to concrete. However, concrete cracks should be allowed to appear first when the cracking load meets the design requirement for composite slabs. If the requirement that UHPC cracking is prior to concrete must be met, the engineering costs may increase significantly owing to the use of more UHPC. This may result in a waste of materials to some degree. Thus, the balance between the costs and effects of UHPC should be maintained and controlled in the engineering process.



	(1)

	
The initial cracking of concrete







The composite slab first cracks when the tensile stress reaches the tensile resistance of concrete. According to the plane section assumption, the strains of concrete and other components of the composite slab can be calculated. At this time, the distribution of the strain and force along the section is shown in Figure 16.


   ε  N S C   =  σ  N S C   /  E  N S C    



(16)






  tan θ =    ε  N S C     x −  h  U H P C      



(17)




where    ε  N S C     is the cracking strain of concrete;    σ  N S C     is the tensile stress of concrete;    E  N S C     is the elastic modulus of concrete;  x  is the height of the neutral axis; and    h  U H P C     is the height of the UHPC layer.



Thus, the force of all components can be given based on the plane section assumption.


   F  U H P C   =  E  U H P C   tan θ ( x −  h  U H P C   +  h  U H P C   ( 2  ε  N S C   +  ε  U H P C   ) / 3 / (  ε  N S C   +  ε  U H P C   ) )  A  U H P C    



(18)






   F  t o p − s t e e l   =  ε  t o p − s t e e l    E S   A  t o p − s t e e l    



(19)






   F  m i d − s t e e l   =  ε  m i d − s t e e l    E S   A  m i d − s t e e l    



(20)






   F  f l a n g e   =  ε  f l a n g e    E S   A  f l a n g e    



(21)






   F  w e b − 1   =  ε  w e b − 1    E S   A  w e b − 1    



(22)






   F  w e b − 2   =  ε  w e b − 2    E S   A  w e b − 2    



(23)






   F  c o n c r e t e   =  ε  c o n c r e t e    E  N S C    A  c o n c r e t e    



(24)






   F  s l a b   =  ε  s l a b    E S   A  s l a b    



(25)




where    F  U H P C     is the resulting force of the UHPC layer,    E  U H P C     is the elastic modulus of UHPC,    ε  U H P C     is the strain of UHPC,    A  U H P C     is the area of the UHPC layer,    F  t o p − s t e e l     is the resulting force of the top steel reinforcements,    ε  t o p − s t e e l     is the strain of the top steel reinforcements,    E S    is the elastic modulus of the steel reinforcements,    A  t o p − s t e e l     is the area of the steel reinforcements in the UHPC,    F  m i d − s t e e l     is the resulting force of the steel reinforcements in the concrete,    ε  m i d − s t e e l     is the strain of the steel reinforcements in the concrete,    A  m i d − s t e e l     is the area of the steel reinforcements in the concrete,    F  f l a n g e     is the resulting force of the flange of the steel ribs,    ε  f l a n g e     is the strain of the flange of the steel ribs,    A  f l a n g e     is the area of the flange of the steel ribs,    F  w e b − 1     is the resulting force of the web of steel ribs above the neutral axis,    ε  w e b − 1     is the maximum strain of the web of steel ribs above the neutral axis,    A  w e b − 1     is the area of the web of steel ribs above the neutral axis,    F  w e b − 2     is the resulting force of the web of steel ribs below the neutral axis,    ε  w e b − 2     is the strain of the web of steel ribs below the neutral axis,    A  w e b − 2     is the area of the web of steel ribs below the neutral axis,    F  c o n c r e t e     is the resulting force of the compressive concrete,    ε  c o n c r e t e     is the maximum strain of the compressive concrete, and    A  c o n c r e t e     is the area of the compressive concrete.



The height of the neutral axis can be determined according to the force equilibrium (Equation (26)).


   F  U H P C   +  F  t o p − s t e e l   +  F  m i d − s t e e l   +  F  f l a n g e   +  F  w e b − 1   =  F  w e b − 2   +  F  c o n c r e t e   +  F  s l a b    



(26)







The flexural moment of the composite slab can be given using Equation (27).


    M =  F  U H P C    h  U H P C 1   +  F  t o p − s t e e l    h  t o p − s t e e l   +  F  m i d − s t e e l    h  m i d − s t e e l   +  F  f l a n g e    h  f l a n g e   +  F  w e b − 1    h  w e b − 1   +     −  F  w e b − 2    h  w e b − 2   −  F  c o n c r e t e    h  c o n c r e t e   −  F  s l a b    h  s l a b      



(27)







The concentrated force at the end of the composite slab can be calculated using Equation (28).


  F = M / l  



(28)




where    h  U H P C 1    ,    h  t o p − s t e e l    ,    h  m i d − s t e e l    ,    h  f l a n g e    ,    h  w e b − 1    ,    h  c t 1    ,    h  c t 2    ,    h  w e b − 2    ,    h  c o n c r e t e    , and    h  s l a b     are the distance from each component to the bottom of the composite slabs, and  l  is the distance from the support to the loading point.



	(2)

	
The initial cracking of UHPC







When the tensile stress in the UHPC layer reaches the tensile resistance of UHPC, the cracks will occur in the UHPC layer. Similarly, the strains of UHPC and other components of composite slabs can be determined based on the plane section assumption. The height of the neutral axis can be calculated with the same methods as above. The distribution of the strain and force along the section is shown in Figure 17.


   ε  U H P C   =  σ  U H P C   /  E  U H P C    



(29)






  tan φ =    ε  U H P C    x   



(30)







The height of the neutral axis and the bending moment of the composite slabs can be calculated with reference to Equations (27) and (28).



	(3)

	
The ultimate state







In the ultimate state, the UHPC layer is pulled off, and local buckling of the steel plate occurs. The steel bars in the UHPC layer and concrete layer yield, as shown in Figure 15. The bearing capacity of the composite slab can be calculated based on the following assumptions:



The assumptions are that (1) the specimens basically meet the plane section assumption before failure; (2) the steel bars and the flange of the steel ribs yield in the ultimate state; and (3) the effects of cracking of the UHPC layers are considered.



Before the failure of composite slabs, a cracking UHPC layer still undertakes the bending resistance owing to the effects of fibres. The tensile residual stress of cracking UHPC layer is determined as [28]


   σ t  = 0.304    f  U , c u        ρ f   l f     d f     



(31)




where    σ t    is the tensile residual stress of cracking UHPC,    f  U , c u     is the compressive strength of UHPC,    ρ f    is the fibre volume fraction,    l f    is the length of the fibres, and    d f    is the diameter of and fibres.



The position of the neutral axis of the section is in the web of steel ribs. At this time, the distribution of the strain and force along the section is shown in Figure 18.



The height of the neutral axis can be calculated using Equation (32).


   F  U H P C   +  F  t o p − s t e e l   +  F  m i d − s t e e l   +  F  f l a n g e   +  F  w e b − 1   =  F  w e b − 2   +  F  c o n c r e t e   +  F  s l a b    



(32)







The flexural moment of the composite slab can be given using Equation (33).


     M u  =  F  U H P C    h  U H P C   +  F  t o p − s t e e l    h  t o p − s t e e l   +  F  m i d − s t e e l    h  m i d − s t e e l   +  F  f l a n g e    h  f l a n g e   +  F  w e b − 1    h  w e b − 1       −  F  w e b − 2    h  w e b − 2   −  F  c o n c r e t e    h  c o n c r e t e   −  F  s l a b    h  s l a b      



(33)







The bearing capacity of the composite slabs can be calculated with Equation (34).


  F =  M u  / l  



(34)








5.2. Verification and Comparison


Table 7 summarizes the experimental and theoretical calculation results of the cracking force and the ultimate load of the composite slab. As shown in Table 7, the error of the theoretical bending carrying capacity and experimental values is 9.47% when the tensile contribution of cracking UHPC is considered. The theoretical bending capacity is lower than the experimental value, which makes the composite slabs safer in service.



Additionally, the error of the theoretical cracking forces and experimental values of concrete and UHPC are initially −9.68% and 32.86%. In the case of the concrete cracking first, the error is relatively small. In the case of the UHPC layer cracking first, the error is relatively high, which may mainly be attributed to the fact that the theoretical model ignores the interface slip between the concrete and UHPC.





6. Conclusions


This paper presents a study on the flexural performance of steel–normal concrete–UHPC composite slabs with experiments, numerical simulation, and theoretical analysis. The following conclusions are drawn:




	(1)

	
The use of UHPC enhances the flexural performance of composite slabs, such as the cracking force and bearing capacity. Based on experiments and finite element analysis, a 5 mm UHPC layer made the bearing capacity of steel concrete composite slabs increase by 13.51%. The cracking forces of concrete and UHPC layers are clearly enhanced.




	(2)

	
UHPC delays the development of cracks in the concrete and strengthens the tensile contribution of the concrete. For steel–normal concrete–UHPC composite slabs, the cracking force of concrete increases from 44 kN to 91 kN compared with steel–concrete composite slabs, which indicates an evident rise.




	(3)

	
Construction methods have an evident influence on the initial cracking forces of concrete and UHPC layers. The scaffolding construction method reduces the initial cracking force of concrete from 91 kN to 69 kN compared with that of construction without brackets. For the UHPC layer, the impacts of construction methods on the initial cracking force are similar.




	(4)

	
The analytical model proposed in this paper can potentially be used to calculate the cracking force and bearing capacity of steel–normal concrete–UHPC composite slabs. The results of the theoretical model considering the tensile contribution of cracking UHPC are closer to experimental values. The theoretical values are lower than the experimental values, which makes the composite slab safer in service. The theoretical cracking force of the UHPC layer is relatively higher than the experimental values, which may be attributed to material defects and a slight interface slip in the tests.




	(5)

	
The durability of a steel–normal concrete–UHPC composite slab is critical for its application. Thus, the durability of a steel–normal concrete–UHPC composite slab should be studied with more experiments in the future.
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Figure 1. Schematic section of steel–normal concrete–UHPC composite bridges (unit: mm). 
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Figure 2. Lateral view of the composite slab specimen (unit: mm). 






Figure 2. Lateral view of the composite slab specimen (unit: mm).



[image: Buildings 14 01301 g002]







[image: Buildings 14 01301 g003] 





Figure 3. Front view of the composite slab specimen (unit: mm). 
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Figure 4. Specimens’ production process. 
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Figure 5. Experimental diagram of single-point loading. 






Figure 5. Experimental diagram of single-point loading.
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Figure 6. The lateral view of the distribution of strain transducers and displacement transducers (unit: mm). 
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Figure 7. The top view of the distribution of strain transducers and displacement transducers (unit: mm). 






Figure 7. The top view of the distribution of strain transducers and displacement transducers (unit: mm).



[image: Buildings 14 01301 g007]







[image: Buildings 14 01301 g008] 





Figure 8. Uniaxial stress–strain curves of UHPC and concrete. 
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Figure 9. Damage parameter–inelastic strain curves of UHPC. 
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Figure 10. Finite element model of the composite slabs. 
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Figure 11. The load–displacement curves of the composite slabs. 
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Figure 12. The load–displacement curves of the composite slabs with different construction methods. 
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Figure 13. The distribution of cracks in the ultimate state. 
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Figure 14. The strain distribution of sections, along with the slab height. 
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Figure 15. The curves of the strain and displacement of steel bars. 
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Figure 16. The strain and force distribution of the section when concrete the cracks first. 
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Figure 17. The strain and force distribution of the section when UHPC cracks first. 
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Figure 18. The strain and force distribution diagram of composite slabs in the ultimate state. 
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Table 1. Components of the UHPC.






Table 1. Components of the UHPC.





	Materials
	Water (kg/m3)
	Premix (kg/m3)
	Steel Fibres (kg/m3)
	Admixture (kg/m3)





	UHPC/m3
	177.30
	2221.65
	200.00
	19.50










 





Table 2. Yield and tensile strength of steel.






Table 2. Yield and tensile strength of steel.





	
Type

	
Diameter/Height (mm)

	
Yield Strength (MPa)

	
Tensile Strength (MPa)






	
Q355B

	
8

	
383.0

	
532.0




	
20

	
435.0

	
580.0




	
HW350

	
350

	
389.0

	
557.8




	
HRB400E

	
25

	
447.5

	
617.5




	
12

	
437.5

	
597.5




	
ML15

	
16 × 180

	
--

	
418.0




	
22 × 200

	
--

	
465.0











 





Table 3. The characteristics of the two construction methods for composite slabs.
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	Construction Methods
	Characteristics





	Scaffolding construction
	Initially, the self-weight of composite slabs is supported by the supports; before loading, composite slabs bear their own weight. Then, the UHPC layer and concrete are in a tensile state owing to their self-weight.



	Construction without brackets
	Firstly, the self-weight of the UHPC and concrete is supported by the bottom steel slabs; before loading, the UHPC layer and concrete are in a zero-stress state.










 





Table 4. The experimental specimen and finite element models.






Table 4. The experimental specimen and finite element models.





	Specimens
	Components
	Construction Methods
	Classification





	A-1-Test
	Steel–NC–UHPC composite slab
	Scaffolding construction
	Experimental specimens



	A-1-FEM (self-weight)
	Steel–NC–UHPC composite slab
	Scaffolding construction
	Finite element model



	A-1-FEM
	Steel–NC–UHPC composite slab
	Construction without brackets
	Finite element model



	A-2-FEM
	Steel–NC composite slab
	Construction without brackets
	Finite element model



	A-2-FEM (self-weight)
	Steel–NC composite slab
	Scaffolding construction
	Finite element model










 





Table 5. Cracking load and ultimate load of the composite slabs.
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	Specimens
	Cracking Load of Concrete (kN)
	Cracking Load of UHPC (kN)
	Ultimate Load (kN)
	Error (%)





	A-1-Test
	62
	70
	727
	--



	A-1-FEM (self-weight)
	69
	117
	683
	−5.96










 





Table 6. Cracking load and ultimate load of the composite slabs under different construction methods.






Table 6. Cracking load and ultimate load of the composite slabs under different construction methods.





	Specimens
	Cracking Load of Concrete (kN)
	Cracking Load of UHPC Layer (kN)
	Ultimate Load (kN)
	Increasing Ratio (%)





	A-2-FEM
	44
	--
	609
	--



	A-1-FEM
	91
	133
	691
	13.51



	A-2-FEM (self-weight)
	29
	--
	594
	--



	A-1-FEM (self-weight)
	69
	117
	683
	15.10










 





Table 7. The comparison of the theoretical calculation results and experimental values.






Table 7. The comparison of the theoretical calculation results and experimental values.





	Specimens
	Cracking Load of Concrete (kN)
	Cracking Load of UHPC (kN)
	Ultimate Bearing Capacity (kN)





	A-1-Test
	62
	70
	727



	A-1-I
	56
	93
	658







(Note: A-1-Test: steel–NC–UHPC composite slab test specimen; A-1-I: theoretical model considering the tensile contribution of UHPC.)
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