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Abstract: This paper aims to study the influence of key design parameters (e.g., reinforcement ratio,
cover thickness, stud spacing, and thickness of the ultra-high-performance concrete (UHPC) layer)
on the longitudinal and transverse bending performance, as well as the cracking load and ultimate
bearing capacity calculation theory of steel–UHPC lightweight composite deck (LWCD) structure.
Four transverse bending tests and four longitudinal bending tests on steel–UHPC composite plates
and steel–UHPC composite beams were conducted, respectively. The refined finite element models
of components with different key design parameters based on ABAQUS were established. The
influences of different key design parameters on the transverse and longitudinal flexural behaviors
(e.g., load-mid-span displacement curve, cracking stress, stiffness, elastic limit load, critical slip load,
ultimate bearing capacity and ductility) were compared and analyzed in detail. The ultimate bearing
capacity can be improved by increasing the thickness of UHPC layer and the reinforcement ratio of
longitudinal reinforcement, and reducing the cover thickness and the spacing of studs. According to
the longitudinal bending characteristics of the steel–UHPC lightweight composite deck structure,
the calculation formulas for the cracking load and the ultimate bearing capacity of the steel–UHPC
composite beam are proposed, and the calculated values are in good agreement with test results (the
errors are basically within 10%), which is convenient for practical engineering applications.

Keywords: steel–UHPC lightweight composite deck; design parameters; calculation theory; bending
performance; crack width

1. Introduction

To fundamentally solve the issues (e.g., fatigue cracking and damage of asphalt
overlay) of the orthotropic steel bridge deck, based on the previous research ideas of
replacing the traditional asphalt pavement with concrete or other new materials [1–4],
Shao et al. [5] proposed the LWCD structure in 2010. Figure 1 shows the cross-sectional
dimension of a long-span steel bridge deck. Along the transverse direction, the composite
plate composed of the steel panel and the UHPC layer generates a negative bending
moment under the action of the wheel load on the U-rib. The section’s neutral axis is in the
UHPC layer, and its surface has the risk of cracking due to the large tensile stress [6–8].

At present, some experiments have been performed to investigate the bending behav-
iors or fatigue behaviors of UHPC members [9,10] and UHPC-NC composite beams [11–13].
The results indicated that a UHPC layer can improve the ultimate loads, stiffness, and
cracking behaviors significantly. Moreover, scholars have conducted some research on the
flexural properties, fatigue properties, and interface connection methods of LWCD struc-
ture. Zhang et al. [14] conducted an experimental study on the flexural and tensile strength
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of LWCD, and found that the flexural and tensile strength of the deck is much larger than
the tensile stress under the design load and has a large safety reserve. Shao et al. [5] took
the Humen Bridge as the background and conducted full-scale tests and theoretical analysis
on LWCD. The results showed that the interface between the steel deck and the UHPC
layer has strong shear resistance, and can be affected by wheel loads. The lower steel panel
stress is significantly reduced. Pei et al. [15] conducted field test experiments on LWCD
structure before and after laying the UHPC layer, and found that after laying the UHPC
layer, the fatigue detail stress reduction in the steel panels, longitudinal ribs, transverse
diaphragms, and other positions is more obvious, the biggest drop is 75%. In addition,
many scholars have also studied the initial stiffness, cracking stress, ultimate bearing ca-
pacity and other mechanical properties of the composite structure by parameters, such as
UHPC layer thickness and reinforcement ratio. Choi et al. [16] concluded that increasing
the thickness of the UHPC layer could significantly improve the ultimate bearing capacity
of the inverted T-steel–UHPC composite beams and delay the appearance and propagation
of cracks. Li et al. [17] conducted a four-point bending negative moment bending test on a
steel–UHPC composite simply supported plate and concluded increasing the reinforcement
ratio can significantly improve the structure’s transverse bending and tensile performance.
The research of Liao et al. [18] showed that increasing the number of studs can improve
the combined effect between the steel panel and the UHPC layer, thereby improving the
overall stiffness of the steel–UHPC composite panel. Luo et al. [19,20] conducted a negative
moment bending test on the steel–UHPC composite structure by changing the UHPC layer
thickness, steel fiber type, reinforcement ratio, and other parameters to explore the influ-
ence of main design parameters on cracking stress, ultimate bearing capacity, crack spacing,
etc. In addition, the crack width calculation theory is proposed. Wang et al. [21] conducted
a negative bending moment test on steel-ultra-thin UHPC composite panels and found that
the diameters and reinforcement ratio of steel bars have a greater impact on the nominal
cracking stress of components. In contrast, the thickness of steel panels has a relatively
small impact on it. Furthermore, the finite-element modeling (FEM) of composite bridge
deck connections have been presented to define the crucial factors affecting the response
of bridge hybrid deck panel system under monotonic loads [22]. Tzouka. E. et al. [23]
studied the push-out performance of shear connectors via FEM. KMIECIK. P. et al. [24]
studied the modeling method of reinforced concrete structures and composite structures.
Liao et al. [18] built a comprehensive non-linear finite element (FE) analysis model through
the software ABAQUS and the factors that influence the flexural performance of the steel–
UHPC composite slabs (e.g., the ultimate capacity, the flexural stiffness, and the deflection)
were analyzed.

Asphalt overlay

UHPC Layer

Steel plate

Steel bar
Headed stud

Stiffening rid

Tire load

Figure 1. Schematic diagram of wheel riding U-rib.
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However, the above studies are mostly experimental methods, the number of com-
ponents is limited, and the influence of design parameters, such as UHPC layer thickness,
stud spacing, and reinforcement ratio on the longitudinal and lateral bending performance
of steel–UHPC composite structures, especially U-ribs, has not been systematically verified.
There are few reports on the effects of thickness and steel panel thickness on the flexu-
ral performance of steel–UHPC composite beams. Therefore, based on the experimental
tests and finite element analysis method, this paper aims to study the influence of key
design parameters (e.g., reinforcement ratio, cover thickness, stud spacing and thickness of
ultra-high-performance concrete (UHPC) layer) on the longitudinal and transverse bending
performance, as well as the cracking load and ultimate bearing capacity calculation theory
of steel–UHPC lightweight composite deck (LWCD) structure.

2. Experimental Program
2.1. Test Model Preparation

The steel–UHPC composite plate member comprises four parts: UHPC layer, steel
panel, single-layer longitudinal and transverse reinforcement mesh, and studs. The steel–
UHPC composite beam member is composed of UHPC layer, steel panel, U-rib, diaphragm,
stud, and single-layer vertical and horizontal steel mesh. The design parameters of each
component are shown in the Table 1 below. In component ID, S represents composite slab
and U represents composite beam.

Table 1. Design parameters of steel–UHPC composite slab and composite beam.

Component ID
Design Parameters

Stud Spacing (mm) UHPC Layer Thickness (unit:mm) Protective Layer Thickness (mm) Longitudinal Reinforcement Number (n) 1

S150-60 150 60 / /
S200-45-15-6 200 45 15 6
S150-60-15-4 150 60 15 4
S150-60-25-6 150 60 25 6

U155-45-15-12 155 45 15 12
U155-45-25-12 155 45 25 12
U155-60-15-12 155 60 15 12
U155-60-25-12 155 60 25 12

1 The longitudinal reinforcement spacing of the composite slab is 200/n (mm), and the longitudinal reinforcement
spacing of the composite beam is 600/n (mm).

The lateral force of the steel–UHPC lightweight composite deck structure can be
simplified as a composite slab composed of a steel panel and a UHPC layer. In contrast, the
longitudinal force can be simplified as a composite beam composed of an orthotropic steel
bridge deck and a UHPC layer.

Multiple UHPC cubes (100 mm × 100 mm × 100 mm) and prisms (100 mm × 100 mm
× 400 mm and 100 mm × 100 mm × 300 mm) were cast and cured at the same conditions
of the steel–UHPC composite plate and beam specimens) to determine the compressive
strengths, the flexural strengths, and the elastic modulus of the UHPC material, respectively.
UHPC materials are selected from the special materials for steel bridge decks developed
by Hunan University. According to the Chinese standard of UHPC [25], the compressive
strength is 165 MPa, the elastic modulus is 45.8 GPa. Based on the measured data of
the UHPC prisms and the method recommended by AFNOR [26], the corresponding
tensile strength was about 9.0 MPa for the UHPC in this study. Q345qC steel is used,
with a nominal yield strength of 345 MPa. The rebars adopt HRB400 reinforcement with a
diameter 10 mm and nominal yield strength of 400 MPa.

Figure 2 shows a structural layout of the steel–UHPC composite slab test specimen
(take S150-60-25-6 as an example). The rest of the composite slab test specimens are similar,
except for the combination of four main parameters: UHPC layer thickness, stud spacing,
number of longitudinally reinforcements, and cover thickness.
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Figure 2. Structural layout of the steel–UHPC composite slab test specimen (unit: mm).

Figure 3 is a schematic diagram of the structure of part of the composite beam. The
total length of the composite beam is 2100 mm, the width is 620 mm, the thickness of
the steel plate is 12 mm, the thickness of the U-shaped stiffener is 6 mm, and the spacing
of the stud is 155 mm. The rest of the composite beam test specimens are similar, only
differing in the combination of three main parameters: UHPC layer thickness, longitudinal
reinforcement number, and protective layer thickness. Among them, the adjacent studs are
evenly arranged in the longitudinal direction, and the materials used are the same as the
steel–UHPC composite slab.

Figure 3. Schematic diagram of the structure of steel–UHPC composite beam test specimen (unit: mm).

2.2. Test Loading and Test Program

The composite beam and slab adopt the four-point loading method with a negative
moment. Figure 4 is a schematic diagram of the loading of the composite slab test: the clear
span of the slab between the two loading points is 1000 mm, the load is symmetrical, and the
distance between the supports is 400 mm. D1∼D5 measure the deflection of the composite

plate and solve the mid-span displacement according to the formula dp = Dp3 −
Dp1+Dp5

2 .
Among them, Dp3 is the measured mid-span displacement, and Dp1 and Dp5 are the
absolute values of the displacement at the support. S1 and S2 measure the relative slip
between the steel plate and the UHPC layer. Several strain gauges are evenly arranged on
the upper surface of the longitudinal bars within the 400 mm pure bending section of each
member. The specimen is loaded in two steps: first, the force loading mode with a loading
amplitude of 2 kN/level is adopted, and when the elastic limit load of the component
is about to be reached (referring to the inflection point of the component from elastic
deformation to plastic development), it is converted into displacement-controlled loading.
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Figure 4. Test setup and layout of the displacement sensors.

2.3. Test Results

The photographs of failed reinforced steel–UHPC composite slab and composite beam
specimens are shown in Figure 5. The crack distribution of the specimen after failure can
be clearly seen from the photographs. The load-mid-span displacement curves of some
members are shown in Figures 6 and 7. It can be seen that the reinforced steel–UHPC
composite slab and composite beam roughly go through three stages:

(1) In the linear elastic stage, the structural stiffness remains unchanged, and no cracks
occur during the test.

(2) In the crack propagation stage, the stiffness of the composite slab gradually decreases
and enters non-linearity, which is accompanied by the appearance and expansion
of surface cracks in the UHPC layer of the pure bending section. Different from the
composite slab, the stiffness of the composite beam is not reduced at this stage, and
the stiffness degrades significantly only when it is about to reach the yield state. This
is because the global stiffness of the steel–UHPC composite beam is relatively large,
the stiffness contribution rate of the UHPC layer is much lower than that of the UHPC
layer in the composite slab, and the number and width of cracks are relatively small.
Due to the bridging effect of steel fibers, the UHPC layer can continue to work, that is,
the occurrence of cracks has little effect on the stiffness reduction in composite beams.

(3) In the yield stage, for the composite slab, the load increases slowly, and the displace-
ment increases rapidly, and then the bearing capacity remains unchanged or shows a
downward trend. At this stage, the number of cracks does not increase, but the width
of cracks increases rapidly. For the composite beam, after the load reaches the peak
value, the bearing capacity decreases rapidly with deflection, the number of cracks
gradually increases, and the width gradually increases. At the same time, the cracks
on the side of the UHPC layer continue to develop toward the bottom of the beam.
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(a) Composite slab after failure (take S200-45-15-6 as an example).

(b) Composite beam after failure (take U155-60-15-12 as an example)

Figure 5. Specimens after failure.
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(a) S150-60.
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(b) S200-45-15-6.
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(c) S150-60-15-4.
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Figure 6. Load-mid-span displacement curve of composite slab.
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(a) U155-45-15-12.
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(b) U155-45-25-12.
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(c) U155-60-15-12.
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Figure 7. Load-mid-span displacement curve of composite beam.

3. Finite Element Analysis
3.1. The Establishment of Finite Element Model

This section takes the finite element modeling of composite beams as an example to
illustrate the finite element model modeling process of steel–UHPC lightweight composite
bridge deck structures.

(1) Constitutive relation

The UHPC material in the finite element analysis in this paper adopts the CDP model
(Concrete Damaged Plasticity model) [27]. Because the CDP model considers the difference
in tensile and compressive properties of materials, and takes tensile cracking and com-
pressive collapse as the criteria for simulating concrete failure, which can well describe
the inelastic behavior of brittle materials, such as concrete [28–30]. The non-linearity of
concrete is simulated using the CDP model, which is defined in two parts: (I) Elastic stage,
define UHPC elastic modulus Es = 45.8 GPa, Poisson’s ratio = 0.2; and (II) Damage plastic
stage, the plastic parameters, uniaxial compressive stress–strain relationship, and uniaxial
tensile stress–strain relationship of the material are defined. The plastic parameter values
given in this paper are shown in Table 2. To improve the convergence of the calculation,
the viscosity coefficient is taken as 0.003.

Table 2. UHPC Plastic failure criterion parameters.

Expansion Angle Eccentricity fb0/ fc0 K Viscosity Coefficient

36◦ 0.1 1.16 0.6667 0.003
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Yang et al. [31] carried out the axial compression test of UHPC materials, obtained
a stable compressive stress–strain whole process curve, and established the UHPC axial
compression constitutive relationship. The tension constitutive relation adopts the UHPC
axial tension constitutive model proposed by Zhang et al. [9]. In Figure 8a, the peak strain
of UHPC ε0 = 3500µε, the compressive strength of UHPC fc = 165 MPa. In Figure 8b,
the tensile strength of UHPC ft = 9 MPa, the peak strain in elastic stage εt0 = 196µε, the
ultimate strain εtp = 3000µε.

Figure 8. Constitutive relation curve of UHPC: (a) stress–strain relation for compression, (b) stress–strain
relation for tension.

The elastic residual energy generated by stress acting on damaged or non-destructive
materials is the same, so when solving damaged materials, the elastic modulus can be
replaced by the damaged elastic modulus of the material.

The elastic residual energy We
d of the non-destructive material is:

We
d =

σ2

2E0
(1)

In the formula, σ is the UHPC uniaxial stress.
The elastic energy We

d of the lossy material is:

We
d =

σ̄2

2E
(2)

σ̄ = (1− d)σ (3)

In the formula, σ̄ is the effective stress, E is the unloaded elastic modulus of UHPC
after damage, d is UHPC damage factor.

From Equations (1)–(3), the calculation formula of d is deduced:

d = 1−

√
E
E0

= 1−
√

σ

E0ε
(4)

In the formula, ε is the UHPC uniaxial strain.
The compressive and tensile stress–strain relationships of UHPC obtained in the

previous section are put into the above formula, and the damage factor values of UHPC
under compressive and tensile states can be calculated. The constitutive relations of the
steel panel and the reinforcement are all based on the ideal elastic–plastic model: the steel
plate is Q345 steel commonly used in bridges, with elastic modulus Es = 206 GPa, yield
strength fy = 345 MPa and Poisson’s ratio ρ = 0.3. Rebar grade is HRB 400, the diameter
is 10 mm, fy = 400 MPa, Poisson’s ratio ρ = 0.3, the constitutive relationship is shown
in Figure 9.
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Figure 9. Steel stress–strain relation curve.

The elastic–plastic (hardening) constitutive model is used for studs, and its stress–
strain relationship is generally simplified into a three-line model. The modulus of elasticity
of the stud Es = 206 GPa, yield strength fy = 375 MPa, and ultimate strength fu = 450 MPa.
The stress–strain relationship curve of the stud is shown in Figure 10.

Figure 10. Stud stress–strain relationship curve.

(2) Element type selection

C3D8R elements simulate UHPC layers and studs, and longitudinal and transverse
reinforcement mesh is simulated by T3D2 elements. Since the dimensions of the steel
panel and U-rib along the thickness direction are much smaller than those of the other two
directions, in order to reduce the amount of calculation, a four-node quadrilateral linear
reduced-integral shell element S4R is used to simulate [32]. The diaphragm in the test
mainly plays the role of facilitating loading and transferring the load, so the stiffness of the
diaphragm is set to be much greater than that of the test beam, taking Es = 206 GPa, to
ensure that the finite element analysis process itself will not deform, and the shell element
S4R is used for simulation. To prevent abnormal local stress concentration or excessive
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deformation of the UHPC layer during the non-linear analysis process, which may cause
deviations in the calculation results, a support pad was set at the boundary conditions of
the UHPC layer, and the C3D8R element was used to simulate its stiffness. The settings are
the same as for the diaphragm.

(3) Simulation of interface contact

To reduce constraints and save calculation time, the steel panels, U-ribs, and di-
aphragms are set as a whole. The contact method between the UHPC layer and the steel
panel is “surface-to-surface contact”. The tangential direction adopts the penalty function,
the friction coefficient is 0.4, and the normal direction adopts hard contact, the bottom of
the stud is “bound” on the steel panel, and the stud body is “embedded” in the UHPC
layer. The support pads are “bound” to the surface of the UHPC layer, and the longitudinal
and transverse reinforcement meshes are “embedded” in the UHPC layer. The loading
method of the finite element model is displacement loading, and the support is set as a
hinge support, that is, one side is restricted by U1 = U2 = U3 = 0, and the other layer is
restricted by U1 = U2 = 0.

(4) Meshing

After the mesh sensitivity analysis, the mesh size of the calculation model is as follows:
UHPC layer, steel panel, U-rib, and diaphragm all use 30 mm global size; vertical and
horizontal reinforcement meshes use 50 mm global size, studs use 2 mm global size,
and pads use 40 mm global size. The composite beam model after meshing is shown
in Figure 11.

Figure 11. Meshing of composite beam finite element model and distribution of reinforcement frame
and stud.

The material constitutive relations of the composite slab finite element model are the
same as those used for the steel–UHPC composite beam. The simulation of interface contact
and element types of the composite slabs are the same as for composite beams. However,
the meshing of composite slabs is different from that of composite beams. The steel panel
of the composite slabs adopt a global size of 8 mm, and a 2 mm local seed is set in the area
welded to the stud. The UHPC layer adopts an 8 mm global size, and the area in contact
with the stud is 2 mm local seeds. The studs adopt a 2 mm global size, and a 1 mm local
seed is set in a small area where the stud body is close to the steel panel to avoid grid
distortion caused by stress concentration. The reinforcement adopts 15 mm global size. The
composite slab model after meshing is shown in Figure 12.
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Figure 12. Meshing of composite slab finite element model and distribution of reinforcement frame
and studs.

3.2. Load-Mid-Span Displacement Curve

Figures 6 and 7 compare the the load-mid-span displacement curves of the steel–UHPC
composite slabs and composite beams obtained from the finite element analysis and test,
respectively. It shows that the finite element model established in this paper can more
accurately predict the force behavior of components during the loading process.

For the composite slab, in the elastic stage and the crack propagation stage, the curve
slopes of the finite element analysis and the test results of the components are the same;
that is, the stiffness of the finite element model is in good agreement with the stiffness
of the test specimen. For reinforced members, the ultimate bearing capacity of the finite
element analysis is slightly lower than the test results. The reasons are that: on the one
hand, the steel fibers in the UHPC in the test members are randomly distributed, which can
prevent concrete cracking and crack development, but the finite element software cannot
simulate the crack resistance of the steel fiber in the UHPC; on the other hand, the actual
strength of the steel used for the rebars and steel panel of the test member is greater than its
standard strength, and the strength of the steel can increase to a certain extent after tensile
yield; while in the finite element analysis, after the rebars yield, with the increase in the
load, the strength of the reinforcement can only be stabilized at 400 MPa.

For the composite beam, the structural stiffness calculated by the model is slightly
larger than the experimental value. The reason may be that the micro-cracks and shrinkage
of the UHPC under the influence of the external environments are not considered in the
finite element simulation. It is regarded as a homogeneous mass, and there is a certain
difference between the constitutive relationship of the material and the actual one. However,
the test specimens may have initial defects during the processing.

3.3. Load–Rebar Stress Curve

Extract each member’s average value of longitudinal reinforcement stress within
the range of 400 mm pure bending section and draw a load–reinforcement stress curve,
as shown in Figures 13 and 14. The finite element analysis agrees with the load–rebar
stress curve obtained from the test. For the steel–UHPC composite beam, the stress of the
rebar increases slowly at the initial loading stage. After the specimen enters the plastic
development stage, the rebar plays a significant role, and the stress increases rapidly until
reaches the yield strength of 400 MPa. After the rebar yields, the specimen enters the
yield stage. At different stages, the steel stress and load are linear. The reason for the
sudden change of the steel stress curve in the finite element analysis results in the figure is:
the constitutive relationship of the rebar set by the author in the ABAQUS finite element
software is an ideal elastic–plastic model, so after the rebar yields, as the load continues to
increase, the rebar stress is no longer caused by an increase. For the steel–UHPC composite
beam, in the initial loading stage, the reinforcement stress increases linearly with the
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load. After entering the crack propagation stage, the growth rate of the reinforcement
stress gradually accelerates, and the reinforcement stress has a nonlinear relationship with
the load. Unlike the steel–UHPC composite slab, the steel–UHPC composite beam has a
relatively low growth rate with the increase in the load during the whole process of loading
the steel–UHPC composite beam to the ultimate bearing capacity of the member. When the
ultimate bearing capacity is reached, the stress values of the rebars of different components
are all around 200 MPa, which is far from reaching the yield stress of the rebars. The
role of reinforcement in steel–UHPC composite beams is smaller than that in steel–UHPC
composite slabs.

(a) U155-45-15-12. (b) U155-45-25-12.

Figure 13. Load-rebar stress curve for composite beams.

(a) S150-60-15-4. (b) S150-60-25-6.

Figure 14. Load-rebar stress curve for composite slabs.

3.4. Analysis of Key Design Parameters

Taking the composite slab as an example, based on the established ABAQUS finite ele-
ment model, the effects of UHPC layer thickness, stud spacing, longitudinal reinforcement
ratio, and protective layer thickness on the lateral bending performance of steel–UHPC
composite slab are analyzed.

It can be seen from Figure 15 that with the increase in the thickness of the UHPC
layer, the stiffness of each members from the linear elastic stage to the crack propagation
stage is significantly improved, and the mechanical performance of the composite slab
is significantly improved. The thickness of the UHPC layer greatly influences the initial
stiffness of the steel–UHPC composite slab. With the increase in the thickness of the
UHPC layer, the growth rate of the initial stiffness is gradually accelerated. This is because
increasing the thickness of the UHPC layer can increase the bending moment of inertia of
the section, the lateral bending deformation of the composite slab is slowed down, and
the specimen’s stiffness is also improved. From the variation law of the ductility reference



Buildings 2023, 13, 504 13 of 23

index of each component shown in the figure, the thickness of the UHPC layer increases,
and the bending flexibility of the composite slab becomes worse. When the thickness of the
UHPC layer is between 40 mm and 55 mm, and between 60 mm and 70 mm, the ductility
reference index decreases slightly, but when the thickness increases from 55 mm to 60 mm,
the ductility index decreases greatly. The reason is that with the increase in UHPC thickness,
the proportion of bearing capacity borne by UHPC layer gradually increases. When the
thickness of UHPC increases from 55 mm to 60 mm, the reinforcement will soon reach the
ultimate bearing capacity after yielding, there is little difference between the displacements
corresponding to the ultimate bearing capacity and the yield load, so the ductility reference
index decreases rapidly.

(a) Load-Mid-span displacement 
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Figure 15. Influence rule of variable UHPC layer thickness on composite board: (a) load-mid-span
displacement curve, (b) Initial stiffness change (normalized), (c) Change of ductility reference index.

Figure 16 shows the influence of the calculated stud spacing on the load-mid-span
displacement curve. The stud spacing has little effect on the initial stiffness of the composite
slab. In the crack propagation stage, the composite slab stiffness increases with the decrease
in the stud spacing, and the stiffness of the member with a stud spacing of 100 mm is
significantly greater than that of the stud spacing greater than 100 mm specimens. This
is because when the stud spacing is reduced, the number of studs increases, the shear
resistance of the composite slab increases accordingly, and the ultimate bearing capacity of
the component also increases with the decrease in the stud spacing. The stud mainly affects
the stiffness and bearing capacity of the composite slab in the crack propagation stage and
the yield stage. It can be seen from Figure 17 that the calculated reinforcement ratio has
little influence on the initial stress in the elastic stage. In the crack propagation stage, the
stiffness of the slab increases with the reinforcement ratio, that is, the reinforcement starts
to play an obvious role from this stage. With the increase in load, cracks begin to appear
on the surface of the UHPC layer and UHPC contains the disorderly distribution of steel
fibers, which can limit the development of cracks and prevent them from being damaged.
While it will exit the work quickly, and the force begins to transfer to the rebar, the tensile
stress of the UHPC layer gradually decreases, and the stress of rebar increases rapidly at
this stage. With the increase in the reinforcement ratio, the displacement increments of
the member at the yield stage increases. Increasing the reinforcement ratio can effectively
improve the bending flexibility of the composite slabs. Figure 18 shows the calculated
load-mid-span displacement curves of composite slabs with different protective layer
thicknesses. It can be seen that with the change of the thickness of the protective layer, the
effect on the stiffness of the composite slab in the elastic stage is small, and the effect on the
stiffness in the crack propagation stage and the ultimate bearing capacity in the yield stage
is significantly increased.
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Figure 16. Load-mid-span displacement curves of composite slabs with different stud spacings.
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Figure 17. Load-mid-span displacement curves of composite slabs with different reinforcement ratio.
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Figure 18. Load-mid-span displacement curves of composite slabs with different cover thickness.

For composite beams, Figure 19 shows the load-mid-span displacement curves of
steel–UHPC composite beams with different U-rib thicknesses. It can be seen from the
figure that with the increase in U-rib thickness, the stiffness of each member from the elastic
stage to the crack propagation stage is significantly improved. This is because the U-rib can
provide greater flexural rigidity, and increasing the thickness of the U-rib can significantly
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improve the mechanical performance of the composite beam. The thickness of the U-rib
increased from 6 mm to 8 mm and 10 mm, respectively, and the ultimate bearing capacity
increased by 35.5% and 70.0%, respectively, a relatively large increase. At the same time,
the thicker the U-rib, the greater the displacement increment when the member is about to
reach the yield failure stage, that is, the better elasticity of the composite beam.

The thickness of the UHPC layer has a certain influence on the stress state of the
component in the whole processes. Because increasing the thickness of the UHPC layer
can increase the overall height of the composite beam, increase the moment of inertia of
the section, increase the bending stiffness, increase the bearing capacity, and improve the
mechanical performance of the composite beam to a certain extent. However, the effect
of the UHPC layer on the mechanical properties of the composite beam is much smaller
than that of the composite slab because the contribution rate of the U ribs in the composite
beam to the overall stiffness of the member is much greater than that of the UHPC layer.
Different from composite slabs, with the increase in UHPC layer thickness, the flexural
ductility deteriorates, and the mid-span displacement of each composite beam member
when reaching the ultimate load changes very little; that is, the UHPC layer thickness has
little effect on the composite beam ductility.

Figure 20 shows the influence of the thickness of the steel panel on the mid-span
displacement curve of the steel–UHPC composite beam when the thickness of the U-rib is
6 mm. In the initial stage of loading, the thickness of the steel panel has little effect on the
stiffness of the composite beam. After entering the stage of crack propagation, the structural
stiffness changes with the increase in the thickness of the steel panel: when the thickness of
the steel panel increases from 8 mm to 10 mm, the stiffness of the composite beam increases
significantly, and the thicker the U rib, the greater the increase ratio. When the thickness of
the steel panel increases from 10 mm to 16 mm, the stiffness of the composite beam only
increases in a small range, and the changing trend could be clearer. At the same time, the
thickness of the steel panel has little effect on the ultimate bearing capacity of each member.

Changing the thickness of the protective layer and the number of longitudinal rein-
forcements has little effect on the flexural performance of the composite beam. The reason is
that compared with the steel–UHPC composite slab, the U-rib can provide greater bending
stiffness for the composite beam, so during the loading process, the number of cracks on the
upper surface of the UHPC layer in the pure bending section is relatively small. Moreover,
the steel fibers distributed in UHPC will share part of the tensile stress, so the overall stress
of the steel bar is low, that is, the role of the steel bar in the steel–UHPC composite beam is
not obvious.
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Figure 20. Load-mid-span displacement curves of composite beams with different steel plate thick-
nesses when the U-rib thickness is 6 mm.

4. Crack Load and Ultimate Bearing Capacity Calculation Theory

The calculation theory of the cracking load and ultimate bearing capacity of the
steel–UHPC composite slab has been given in some studies, but there are few reports
on the theoretical study of the mechanical properties of composite structures along the
longitudinal bridge direction under the action of negative bending moment. Based on
experimental research and finite element analysis, this paper deduces the theory of cracking
load and ultimate bearing capacity of the steel–UHPC composite beam by using elastic–
plastic theory and crack width calculation theory. The theoretical calculation formulas of
the cracking load and ultimate bearing capacity of the steel–UHPC composite beam are
deduced to provide a reference for the engineering design of the structure.

4.1. Calculation Theory of Cracking Load of Steel–UHPC Composite Beam
4.1.1. Crack Width Calculation

Studies have shown that the traditional method to calculate the cracking load of UHPC
composite structures is too conservative [33,34]. At present, there are three main theories
for calculating crack width, including no-slip theory, bond-slip theory, and comprehensive
analysis theory combining no-slip and bond-slip. Based on these theories, various formulas
for calculating the crack width of concrete have been put forward by codes around the
world. To comprehensively consider the properties of UHPC materials and the bridging
effect of steel fibers, this paper adopts the formula for calculating the crack width in the
2016 French Code [26], see Equations (5)–(12). The existing literature [35,36] also confirmed
the applicability of this formula for calculating the crack width of steel–UHPC lightweight
composite deck structures.

The formula for the crack width ws around the reinforcement is:

ws = sr,max, f

(
εsm, f − εcm, f

)
(5)

sr,max, f = 2.55(l0 + lt) (6)

l0 =
1.33c

δ
(7)

δ = 1 + 0.4

(
fct f m

fctm,elK′global

)
≤ 1.5 (8)
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lt = 2

[
0.3k2

(
1−

fct f m

fctm,elKglobal

)
1

δη

]
φ

ρeff
≥

l f

2
(9)

ρeff =
As

Ac, eff
(10)

εsm, f − εcm, f =
σs

ES
−

fct f m

EcmKglobal
− 1

ES

[
kt

(
fctm,el −

fct f m

K

)(
1

ρe f f
+

ES
Ecm

)]
(11)

The maximum crack width wt on the UHPC surface is converted from the crack width
around the steel bar:

wt =
ws(h− x− x′)
(d− x− x′)

(12)

In the formula, sr,max, f is the maximum crack spacing. εsm, f is the average strain value
of the reinforcement under consideration of the load combination. εcm, f is the average
strain value between UHPC cracks, and c is the thickness of the reinforcement cover. δ is the
fiber reinforcement factor. fctm,elis the mean value of the elastic limits in tension of UHPC,
fct f m is the mean value of the UHPC maximum stress after cracking, take 75% of fctm,el .
Kglobal is the orientation coefficient of the longitudinal reinforcement (value range 1∼2),
take 1.75. K′global is transverse reinforcement orientation factor. k2 is the strain distribution
factor considering the cracked section, the bending members is taken as 0.5. kt is dependent
on load duration or number of repetitions, the short-term load is taken as 0.6. φ is the rebar
diameter, η is the bonding coefficient, and take 2.25. l f is the longest fiber length. K is the
fiber orientation coefficient. Es is the elastic modulus of the steel. Ec is the elastic modulus
of UHPC. ρe f f is the effective reinforcement ratio. As is the steel bar area. Ac,e f f is the
effective cross-sectional area. σs is the steel bar stress. h is the total height of the section. d is
the effective height of the section. x is the height of the compression zone of the section. x′

is the height of the UHPC uncracked tension zone with tensile stress between 0 and fctm,el .

4.1.2. Crack Load Calculation

To simplify the calculation, the following assumptions are made for the cracking state
of the steel–UHPC composition beam when the crack width reaches 0.05 mm: (1) due to
the bridging effect of steel fibers, the UHPC layer located in the tension area can continue
to provide tension after cracking. It is considered that the full section of the UHPC layer
reaches the elastic limit tensile strength and remains unchanged. (2) The test results of
steel–UHPC composite beams show that when a load of each member is before 77% to
86% of the ultimate bearing capacity, the strain distribution along the height direction of
the section conforms to the assumption of a flat section. Therefore, under the action of
cracking load, the assumption of the plane section is established, and the strain distribution
of the section changes linearly. (3) The deformation is coordinated, and the longitudinal
reinforcement strain is the same as the surrounding UHPC strain.

Based on the above assumptions, the internal force and bending moment balance
equations of each section are deduced, as shown in Equations (13)–(22), and the corre-
sponding steel stress obtained from the crack width formula when the maximum crack
width of UHPC is 0.05 mm is substituted, and the solution is obtained. The height and
curvature of the tensile zone of the section can be calculated to obtain the cracking moment
of the composite beam, and then the cracking load can be obtained. Figure 21 shows the
schematic diagram of cracking load calculation of steel–UHPC composite beam.
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Figure 21. Schematic diagram of cracking load calculation of steel–UHPC composite beam.

The internal force Nct and bending moment Mct of the UHPC in the tension zone are
expressed as:

Nct = fctbchc (13)

Mct = fctbchc

(
y0 −

hc

2

)
(14)

The internal force Nst and bending moment Mst of the steel structure in the tension
zone are expressed as:

Nst = bthtEs ϕ

(
y0 − hc −

ht

2

)
+ b f Es ϕ

(y0 − hc − ht)
2

2
(15)

Mst =
btEs ϕ

[
(y0 − hc)

3 − (y0 − hc − ht)
3
]

3
+

b f Es ϕ(y0 − hc − ht)
3

3
(16)

The internal force Nsr and bending moment Msr of the reinforcement in the tension
zone are expressed as:

Nsr = AsEs ϕ(y0 − hs) = Asσs (17)

Msr = Asσs(y0 − hs) (18)

The internal force Nsc and bending moment Msc of the U-rib in the compression zone
are expressed as:

Nsc = blhlEs ϕ

(
hc + ht + h f − y0 +

hl
2

)
+ b f Es ϕ

(
hc + ht + h f − y0

)2

2
(19)

Msc =
b f Es ϕ

(
hc + ht + h f − y0

)3

3
+

blEs ϕ

[(
hc + ht + h f + hl − y0

)3
−
(

hc + ht + h f − y0

)3
]

3
(20)

The internal force and bending moment balance equation of each section under the
action of external load are expressed as:

Nsc = Nct + Nst + Nsr (21)

Msc + Mct + Mst + Msr = Mcr (22)

In the formula, bc and bt are the width of the UHPC layer and the steel panel, respec-
tively. Ec is the elastic modulus of UHPC, which is 45.8 GPa. Es is the elastic modulus
of steel, which is 206 GPa. y0 is the distance from the section’s neutral axis to the upper
surface of the UHPC layer. hc is the height of the UHPC layer. ht is the height of the steel
panel. hs is the distance from the centroid of the longitudinal bar to the top surface of the
UHPC layer. As is the area of the longitudinal bar. b f and h f are the U rib’s web thickness
and height after equivalent conversion, respectively. bl and hl are the width and height of
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the U-rib base plate, respectively. φ is the bending curvature of the section (1/mm). fct is
the tensile strength of UHPC. Mcr is the cracking moment.

The cracking loads of composite beams obtained by theoretical calculation are com-
pared with the experimental values, as shown in Table 3. The relative error between each
component’s calculated value and the test value is basically within 10%. Overall, the
cracking load calculation formula proposed in this section has a certain accuracy, which can
provide a reference for the designing the reinforced steel–UHPC composite deck structure.

Table 3. Cracking load of steel–UHPC composite beams.

Specimen Calculated Value ¬/KN Test Value ­/KN (­-¬)/­

U55-45-15-12 486.9 538.4 9.6%
U55-45-25-12 399.7 437.0 8.5%
U55-60-15-12 481.6 492.5 2.2%
U55-60-25-12 447.3 439.8 −1.7%

4.2. Calculation Theory of Ultimate Bearing Capacity of Steel–UHPC Composite Beams

For the steel–UHPC composite beam studied in this paper, the test shows that when
the ultimate bearing capacity of the structure is reached, the slip value between the steel
panel and the UHPC layer of each component is very small, the maximum is only 0.035 mm,
and the interface between the two remains largely intact. The bottom of the U-rib in the
compression zone yielded, and the surface of the UHPC layer in the tension zone appeared
to have fine cracks and developed to a certain height along the section. Due to the bridging
effect of steel fibers, the UHPC did not quit work after cracking, the stress value of the
steel panel was low, and the longitudinal rebars were far away unyielding. According to
the test phenomenon and the stress characteristics of the steel–UHPC composite beam,
the theoretical derivation of the calculation formula of the ultimate bearing capacity of
the steel–UHPC composite beam is carried out by a simplified calculation method. Now
assume the following:

(1) Under the ultimate stress state, the cracked UHPC in the tensile zone is considered to
participate in stress 362 and keep the axial tensile strength unchanged.

(2) The flat section is assumed to be true, and the section strain distribution changes linearly.
(3) The bottom of the U-rib has yielded. The finite element model confirms that the rib

also has a certain degree of yielding, but due to many unknown parameters, the yield
height cannot be determined. The U-rib and the steel panel stress are assumed to be
distributed in a triangle. At the same time, the actual yield strength of the Q345 steel
used in the test is larger than the design yield strength, which is about 1.4 times the
design yield strength. For the convenience of calculation and safety, the U -rib bottom
reaches 1.2 times the yield strain for the calculation. In order to compare, the strain of the
bottom of the U ribs is assigned εsy and 1.2εsy, respectively. At this time, the calculation
value of the corresponding combination beam limit bearing capacity Nu1 and Nu2.

Based on the above assumptions, the ultimate bearing capacity of the steel–UHPC
composite beam can be obtained from Equations (23)–(32).

The internal force Nct and bending moment Mct of the UHPC in the tension zone are
expressed as:

Nct = fcthcbc (23)

Mct = fcthcbc

(
y0 −

hc

2

)
(24)

The internal force Nsr and the bending moment Msr of the reinforcement in the tension
zone are expressed as:

Nsr =
AsEsεS(y0 − hS)

h− y0
(25)
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Msr =
AsESεS(y0 − hs)

2

h− y0
(26)

The internal force Nst and bending moment Mst of the steel structure in the tension
zone are expressed as:

Nst =
bthtEsεs

(
y0 − hc − ht

2

)
h− y0

+
b f Esεs(y0 − hc − ht)

2

2(h− y0)
(27)

Mst =
btEsεS

[
(y0 − hc)

3 − (y0 − hc − ht)
3
]

3(h− y0)
+

b f EsεS(y0 − hc − ht)
3

3(h− y0)
(28)

The internal force Nsc and bending moment Msc of the U-rib in the compression zone
are expressed as:

NSc =
b f ESεS

(
hc + ht + h f − y0

)2

2(h− y0)
+

blhlESεS

(
hc + ht + h f +

hl
2 − y0

)
h− y0

(29)

Msc =
b f Esεs

(
hc + ht + h f − y0

)3

3(h− y0)
+

blEsεs

[(
hc + ht + h f + hl − y0

)3
−
(

hc + ht + h f − y0

)3
]

3(h− y0)
(30)

Under the action of ultimate bearing capacity, the balance equation of internal force
and bending moment of each section are expressed as:

Nsc = Nct + Nst + Nsr (31)

Mmax = Msc + Mct + Mst + Msr (32)

Fmax =
2Mmax

L
(33)

In the formula, h is the total height of the section; εs is the strain at the bottom of the
U-rib, which is assigned εsy and 1.2 εsy, respectively, εsy is the design yield strain of the steel,
which is 1675 µε; L is the length of arm of force, which is 750 mm; Mmax and Fmax are the
ultimate bending moments, respectively, and the ultimate bearing capacity; the meanings and
values of the remaining parameters are the same as the formulae in Section 4.1.2.

The ultimate bearing capacity of the steel–UHPC composite beam calculated by the
theoretical formula is compared with the experimental value and the finite element value,
respectively, as shown in Table 4. It can be concluded that the result obtained from the
calculated value Nu1 is too small, and the relative error is relatively large. The reason
is that the bottom of U-rib has yielded under the state of ultimate bearing capacity, and
the actual yield strain of steel is larger than the standard yield strain, so this method is
too conservative. The relative errors of each component in the calculated value Nu2 are
all within 10%. Overall, the calculation results of ultimate bearing capacity obtained by
method Nu2 have certain accuracy. The theoretical formula is relatively safe, which can
provide a reference for the design of reinforced steel–UHPC composite deck structures.

Table 4. Ultimate bearing capacity of steel–UHPC composite beams.

Thickness of U Rids Specimen Calculated Value Nu1/kN Calculated Value Nu2/kN Test Value T/kN FEM Value F/kN T(F)−Nu1
T(F)

T(F)−Nu2
T(F)

6 mm

U155-45-15-12 543.3 642.2 690.3 / 21.3% 7.0%
U155-45-25-12 539.7 637.8 683.0 / 21.0% 6.6%
U155-60-15-12 565.1 664.9 705.4 / 19.9% 5.7%
U155-60-25-12 560.8 659.6 639.0 / 12.2% −3.2%

8 mm U155-60-15-12 730.8 860.7 / 902.9 19.1% 4.7%
10 mm U155-60-15-12 884.4 1043.0 / 1133.1 22.0% 8.0%
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5. Conclusions

Based on experimental tests and FEM, this paper studies the influence of key design
parameters, such as UHPC layer thickness, U-rib thickness, stud spacing, and reinforcement
ratio on the longitudinal and transverse bending performance of steel–UHPC composite
structures. In addition, calculation theories for predicting cracking load and ultimate bearing
capacity are proposed. The main research contents and conclusions are as follows:

(1) The bending test results of steel–UHPC composite plates and steel–UHPC composite
beams show that the load-mid-span displacement curve can be divided into three
stages: elastic stage, crack propagation stage and yield stage. Fine and dense cracks
appear on UHPC surface after failure of specimens.

(2) Non-linear FE models are established to study the influences of key design parameters
on the flexural performance of the steel–UHPC composite slab. The results show that
increasing the thickness of UHPC layer can significantly improve the stiffness and
ultimate bearing capacity, but it has little effect on the cracking stress. Reducing the
stud spacing can effectively reduce the slip value between UHPC layer and steel plate,
and the shear–bending section studs play much larger role than the pure bending
section studs. Increasing the longitudinal reinforcement ratio and reducing the cover
thickness can increase the cracking stress and ultimate bearing capacity.

(3) Refined finite element models of steel–UHPC composite beams with different key
design parameters were established and the influence law of key design parameters on
the longitudinal bending performance of composite beam was analyzed. The results
show that increasing the thickness of U-rib can significantly improve the stiffness
and ultimate bearing capacity, and the flexibility of the composite beam is also better.
Increasing the thickness of the steel plate has little effect on the ultimate bearing
capacity and only increases the stiffness of the component in the crack propagation
stage in a small range.

(4) The calculation theories for predicting the cracking load and ultimate bearing capacity
of the steel–UHPC composite beam are proposed. The theoretical calculation values
are in good agreement with the experimental values, and the finite element results
and the errors are basically within 10%, which can be steel–UHPC light. Provide a
reference for the engineering design of the composite bridge deck structure.
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