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Abstract: Steel–concrete composite continuous bridges can take full advantage of concrete and
steel, but in regions with hogging moments, cracking of the concrete deck is a big issue affecting
the durability of bridges. In order to solve cracking problems within the hogging moment region,
this study proposes a composite deck method using ultra-high-performance concrete (UHPC) and
regular concrete (RC). In this way, the layers of UHPC and RC are composited to take advantage of
the high tensile strength of UHPC materials to improve the anti-crack performance of the concrete
deck within the hogging moment region. Four different specimens were designed to account for
different layer thickness of UHPC. Bending experiments of the UHPC–RC composite deck were
undertaken and a corresponding finite element model was established to study the behavior of the
UHPC–RC composite deck. The regularity of crack development in different UHPC layer thicknesses
was revealed, and the load-displacement results were compared to investigate the ultimate capacity
of a steel–concrete composite bridge structure using a UHPC–RC composite deck. Finally, with
consideration of material cost, a reasonable UHPC layer thickness suitable for the composite deck
was obtained to provide a reference for the design of a UHPC–RC composite deck.

Keywords: UHPC–RC composite deck; hogging moment region; crack development; load-displacement;
experimental analyses

1. Introduction

Steel–concrete composite bridges can make use of the advantages of steel and concrete
materials, and can also reduce the time of interruption for normal traffic during bridge
construction (e.g., steel girders provide form support for concrete deck placement construc-
tion). Thus, they are widely used in bridge structures with small and medium spans. Since
most steel–concrete composite bridges are continuous girder bridges, the concrete deck is in
tension within the hogging moment region (i.e., at the top of the interior pier). Cracking of
the concrete deck often occurs within the hogging moment region, which reduces the over-
all stiffness of the composite section and causes corrosion of the reinforcements and shear
connectors in the concrete deck. Thus, the durability of the overall structure is reduced.
Therefore, the most critical issue in the design of steel–concrete composite continuous
bridges is to effectively inhibit the occurrence and development of cracking of the concrete
deck within the hogging moment region. Many researchers have studied different ways to
improve the anti-cracking capacity of the concrete deck, including pre-tension of the con-
crete deck and pre-jacking of the interior supports to induce shanginitial compressive stress
in the concrete deck [1–6]. However, for these methods, due to the creep and shrinkage of
concrete, the initial compressive stress in the concrete deck transfers to the steel girders, and
concrete cracking problems occur. Research by Xu et al. [4] showed that double composite
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action can make concrete crack development slower and can increase the sectional stiffness
but cannot avoid deck cracking. The study of crack propagation is also of importance in
other engineering applications [7–9]. Crack propagation tests were conducted to investi-
gate the effect using high-density polyethylene [8], and fatigue crack retardation can be
obtained [9]. For steel-concrete composite bridge structures, one possible solution to this
problem is to replace conventional concrete with ultrahigh-performance concrete (UHPC)
for a deck that has much better tensile strength. UHPC is an advanced cement composite
material with high tensile strength, which was first used in bridge engineering in 1997 and
started to be applied to bridge structures in China in the 21st century [10,11].

Several researchers have investigated the behavior of steel–UHPC composite girders
or decks. Zhang et al. [12] investigated the cracking resistance, flexural performance, and
deformation characteristics of steel–UHPC composite beams under the hogging moment
with experiments and theoretical analyses. They found that the crack resistance and flexural
capacity of steel–UHPC composite beams under the hogging moment were significantly
higher than those of steel–NSC composite beams, and that the development and propaga-
tion of cracks was much slower. Xiao et al. [13] conducted full-scale experiments of three
steel–UHPC composite slabs and one steel–concrete composite slab to investigate the effect
of the number and type of shear connectors. Cheng et al. [14] studied the flexural behavior
of a composite bridge deck composed of a corrugated steel deck and a UHPC slab connected
using MCL-shaped dowels. Liu et al. [15] analyzed the mechanical behavior of steel–UHPC
composite slabs before ultimate loading and obtained the mechanical indexes, including the
cracking and ultimate loads, using a pure bending test model. Hu et al. [16] investigated
the flexural performance of steel–UHPC composite beams composed of a pre-cast UHPC
slab through a large-scale and four-point bending test. Shao et al. [17] proposed three new
types of steel–UHPC lightweight composite bridge girders and analyzed crack resistance
and fatigue performance. Tong et al. [18] investigated the static bending performance
of HSS–UHPC composite beams through experiments and finite element analysis. Liu
et al. [19] conducted an experimental investigation and nonlinear finite element analysis
on a UHPC slab instead of conventional concrete; their results showed that the use of a
UHPC slab can enhance the cracking performance of composite beams. Wei et al. [20]
experimentally studied the flexural behavior of composite slabs and beams under static and
fatigue-negative moments. Ghasemi et al. [21] improved a type of ultralight steel UHPC
waffle bridge deck used for movable bridges through comprehensive experimental analy-
ses, and the size of the bridge deck and reinforcement configuration were adjusted to make
its weight meet the use requirements for movable bridges. Liu et al. [22] experimentally
and numerically investigated the flexural behavior of steel–UHPC–RC composite girders
and found that the use of UHPC–RC composite concrete deck can save costs on materials,
as well as improve the anti-cracking performance.

Some specifications provide suggestions for designing structures using UHPC. China’s
design specification [23] suggests that the design of composite decks using UHPC or
SHPLC follow the specifications in the General Code for Design of Highway Bridges and
Culverts [24], which does not consider the material characteristics of UHPC. Switzerland’s
design specification [25] highlights that UHPC has no resistance when a plastic hinge is
generated; when the tension strain is over three times the elastic yield strain strength,
UHPC no longer works, and all of the tension forces are carried by the rebars.

Current research and design specifications on UHPC application in bridge decks
mostly focus on full-UHPC decks, with little research having been conducted on composite
decks using ultra-high-performance concrete (UHPC) and regular concrete (RC). Since 2015,
a large amount of steel–concrete twin-I girder bridges (Figure 1) have been constructed
in China, with the advantages of lower material costs and accelerated construction [1,26].
Within the hogging moment regions, concrete deck cracking is an issue that affects the
performance of bridge structures [1]. Double composite action cannot be applied to twin-
I girders, since the system uses open sections, and the construction time and cost are
increased to attach additional concrete on the bottom flange.
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Figure 1. Stress distribution in the concrete deck under the short-term strength limit state (unit: Pa).

Taking the advantages of UHPC, this paper proposes a UHPC–RC composite deck
and studies the anti-cracking performance of a steel–concrete composite bridge using a
UHPC–RC composite deck within the hogging moment region. Four specimens were
tested to investigate the behavior of the UHPC–RC composite deck. A finite element
model was established to compare the test results and to investigate the behavior under
different conditions. Finally, the crack development law of the UHPC–RC composite deck
is summarized, and a reasonable thickness for the UHPC layer is put forward to be suitable
for a UHPC–RC composite deck within the hogging moment region, which provide a
reference for the design of bridge structures using a UHPC–RC composite deck

2. Stress State for Steel–Concrete Composite Girder Bridges Using an RC Deck

Currently, the main girder of steel–concrete composite twin-I girder bridges is made
of steel, and a prefabricated deck or a cast-in-place concrete deck is used. However,
under service conditions, a tensile stress of more than 8 MPa is produced within the
hogging moment region, which is much greater than the tensile strength of regular concrete
(2~3 MPa). Liu developed a parametric study on composite twin-I girder bridge systems.
From the cases studied by Shi et al. [26], several typical steel–concrete composite twin-I
girder bridges were selected and analyzed to obtain the stress in the concrete deck, as
shown in Figures 1 and 2.
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The respective stress states under the short-term strength limit state and the service
limit state were calculated based on JTG D60-2015 [20], as shown in Figures 1 and 2. In
Figure 1, the maximum tensile stress in the bridge deck is 3.5 Mpa. Within a range of
57 m from both sides of the interior support (hogging moment region), the normal tensile



Appl. Sci. 2022, 12, 11446 4 of 16

stress of the concrete deck under the service limit state ranged from 5 to 8 Mpa, as shown
in Figure 2. Note that the analyses were conducted using a linear elastic assumption for
the material.

Through the above analyses, the tensile stress of the concrete bridge deck was much
greater than the tensile strength, and the concrete deck cracked. At present, the design
check is generally controlled by the crack width. Although the crack width can meet the
design requirements, cracking leads to internal steel-bar rust and other problems, affecting
the durability of the structure due to the erosion of rainwater and other effects.

The development and application of new materials, especially the application of
UHPC and other materials with high tensile strength, provides a new idea to solve the
cracking problems of regular concrete decks. This paper mainly used an experimental
and numerical method to analyze the anti-cracking performance of UHPC–RC composite
decks in steel–concrete composite bridge systems (e.g., twin-I girder bridge system), and
discusses the feasibility of its application in steel–concrete composite bridge structures.

3. Experimental Study
3.1. Design Principles

The scale specimen was designed based on the actual stress distribution of the bridge
deck under the service limit state, in that the stress distribution in the specimen was similar
to that in the actual concrete deck. According to Brühwiler’s research [27], when the
thickness of the UHPC layer is between 25 and 40 mm, UHPC can only play a protective
role to protect the concrete layer from external conditions; meanwhile, when the thickness
of the UHPC layer reaches more than 40 mm, the UHPC layer can not only play a protective
role, but can also be stressed together with the structure, adopting a strengthening role
for the structure. Therefore, when designing a UHPC layer for a composite deck, the
layer thickness should be more than 40 mm to ensure that the UHPC layer can be stressed
together with the structure. In addition, since the UHPC layer can participate in the
structural force, the conventional concrete layer beneath the UHPC layer can be allowed
to crack to a certain extent without affecting the normal use performance of the structure
under the serviceability limit state.

3.2. Parameters of Specimens

The thickness of the bridge deck of the scale specimen was 200 mm. In order to make
the UHPC layer participate in the structural force, its layer thickness must be greater than
40 mm (i.e., the layer thickness ratio must be greater than 20%). Thus, three types of UHPC
layer thickness ratios (UHPC layer thickness to deck thickness) were designed: 30%, 60%,
and 100%. At the same time, one specimen with a bridge deck only using regular concrete
(i.e., UHPC layer thickness percentage of 0) was designed. The specimens were grouped
as shown in Table 1 and Figure 3a–d, respectively. Additionally, contact surfaces were
roughened before pouring the UHPC, and reinforcements were arranged to prevent the slip
in the contact surfaces (as shown in Figure 3) to guarantee the contact behavior between
UHPC and RC.

Table 1. Specimen groups.

Group Size of the Deck

A Conventional concrete deck of 200 mm
B UHPC layer of 60 mm + conventional concrete layer of 140 mm
C UHPC layer of 120 mm + conventional concrete layer of 80 mm
D UHPC layer of 200 mm
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3.3. Material

The UHPC material used in this study belongs to low strain hardening UHPC, with a
Young’s modulus of 46,900 MPa and an elastic ultimate tensile strength of 6.5 MPa. The
linear elastic ultimate tensile strain is 0.00014, the ultimate tensile strength is 8.8 MPa, and
the corresponding ultimate tensile strain is 0.0045. The type of RC is C50, with a Young’s
modulus of 34,500 MPa and an elastic ultimate tensile strength of 2.7 MPa. Note that the
properties of UHPC were provided by the manufacturer that conducted material tests. The
tensile stress–strain relationship of UHPC and RC is shown in Figure 4.
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The material of the steel beam adopts Q235 steel (grade 235) [28] and the steel rein-
forcements adopt HRB400 (grade 425) [29]. The properties of Q235 and HRB400 are shown
in Table 2.

Table 2. Steel properties.

Type Yield Strength (MPa) Ultimate Strength (MPa)

Q235 235 360
HRB400 425 595

3.4. Load

Two concentrated line loads were applied near the midspan of the test specimen to
induce a uniform bending moment, as shown in Figure 5a. The load arrangement was
composed of a jack, a loading beam, and loading bearings, as shown in Figure 5b. Three
loading conditions were considered during the test, including: (1) initial loading conditions
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with a value of 50 kN so that the concrete deck was under loads including the structure
weight (steel girder and concrete deck) and the wearing surface; (2) service limit state
loading conditions with a value of 150 kN so that the concrete deck was under service limit
state conditions; and (3) ultimate loading conditions so that the specimen was tested to
failure. In addition, cyclic loading was applied to model the variation of the load applied
to the deck during the service time. When the load increased to 150 kN, it was unloaded
to 50 kN and subsequently continued to be loaded to 150 kN. This was repeatedly cycled
10 times to investigate the behavior under cyclic loading to check if more cracks occurred.
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3.5. Experimental Results

For specimen A, when a load of 60 kN was applied, the first cracking was observed,
and cracks were obviously formed near the midspan when it was loaded up to 150 kN.
During the cyclic loading, new cracks occurred near the midspan and the loading position,
and the old cracks increased in width. When the load was increased to 335 kN, out-of-
plane instability occurred on the upper flange of the steel girder and several transverse
penetration cracks were formed in the concrete deck near the midspan, leading to bending
damage of the specimen, as shown in Figure 6a. Thus, the specimen was loaded to its
ultimate load capacity and failed.

Specimen B had obvious cracks at the bottom of the deck near the loading position
due to construction deviations. During cyclic loading, the crack width developed only
slightly due to the presence of steel fibers in the UHPC layer. When the load was increased
to 160 kN, several cracks occurred in the RC layer near the midspan of the specimen (no
cracks in the UHPC layer). When the load was increased to 380 kN, the concrete cracks
penetrated through the whole deck at the loading position, and the steel beam was loaded
to yield and the specimen failed, as shown in Figure 6b.

For specimen C, significant cracks occurred at the bottom of the deck near the loading
position due to construction deviations. During cyclic loading, no obvious new cracks
were found in the specimen. When the specimen was loaded to 350 kN, the width of the
UHPC cracks at the loading position increased and developed into a penetration crack,
while several diagonal cracks occurred in the concrete layer and penetrated the whole deck
section and the specimen failed, as shown in Figure 6c.
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For specimen D, when the load was increased to 220 kN, fine cracks on one side of
the loading position occurred. The damage process was similar to that of specimen C, but
when the load was finally increased to 405 kN, penetration cracks only occurred on one
side of the concrete deck, and the development of other cracks was not obvious, as shown
in Figure 6d.

When failure occurred, more cracks penetrated through the depth of the deck for
specimen A. For specimens B, C, and D, only one or two cracks penetrated through the
depth of the deck, while the development of other cracks was not obvious due to the high
tensile strength of UHPC.

4. Finite Element Model

In order to further study the bending mechanism of the UHPC–RC composite deck,
a finite element (FE) model of each specimen was established using Abaqus software, as
shown in Figure 7.
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4.1. Elements and Mesh

The steel bar in the model was established using truss elements. The bridge deck, main
girders, and stiffener were established using three-dimensional solid elements. Different
mesh sizes including 30 mm, 20 mm, and 10 mm were studied, and it was found that a
mesh size of 20 mm for the bridge deck was sufficient to describe where the cracks occurred
and how they developed. The mesh size for the other parts was 40 mm.

4.2. Boundary Conditions

Boundary conditions were defined based on the midline of the two supports. For one
support, the displacements along two directions of y and z were restrained; for the other
one, the displacement along the direction y was restrained.

4.3. Material

Both RC and UHPC were simulated using the concrete damaged plasticity model, and
the parameters are shown in Table 3. Q235 and HRB400 were simulated using perfectly
elastic–plastic material. The effect of the shear studs was simulated using the constraint of
“tie” between the steel beam and the UHPC–RC composite deck.

Table 3. Parameters of constitutive models used for UHPC and RC.

Material Dilation
Angle Eccentricity fb0

1/fc0
2 K 3 Viscosity

Parameter

UHPC 54 0.1 1.07 0.667 0.01

RC 30 0.1 1.16 0.667 1 × 10−5

1 fb0: Equibiaxial compressive stress strength. 2 fc0: yield compressive stress.3 K: a constant that governs the
spacing between compressive and tensile meridians and the shape of failure surface on deviatory plane.

4.4. Load

The explicit dynamic method was used to conduct the analysis. The load was applied
to the specimen by means of a displacement, and the loading was continued until the
specimen failed.

5. Comparison and Analysis of Results

By comparing the crack development of the experiment and finite element analyses,
as well as the load-displacement curves of the whole loading process, the damage pattern
and crack development law of the UHPC–RC composite deck are summarized.

5.1. UHPC Layer Ratio of 0
5.1.1. Crack Development

For the FE analyses, when the load increases to 70 kN, cracks start to occur at the
bottom of the concrete layer in the loading position. As the load continues to increase,
multiple cracks occur near the midspan, while the depth of the existing cracks is deepened.
Eventually, two penetration cracks form near the loading position and the model fails, as
shown in Figure 8. Note that PE denotes the plastic strain in concrete, and the value is
larger than 0.0001, while RC cracks and those cracks (approximately 0.05 mm wide) are
created in the concrete. The crack development in the finite element model analyses is
similar to that in specimen A.
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5.1.2. Load-Displacement Curve

Figure 9 presents the load-displacement for specimen A from the FE and experimental
analyses. As the load increases, specimen cracks occur continuously, and the overall
stiffness of the specimen gradually decreases. When the two main cracks near the midspan
form, the overall stiffness of the specimen tends to be stable. When the load increases to
300 kN, the stiffness of the specimen decreases rapidly, and finally, damage occurs. The FE
analysis results agree well with the experimental results.
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5.2. UHPC Layer Ratio of 0.3
5.2.1. Crack Development

Initial cracks existed in the UHPC layer in the specimen near the midspan due to
construction deviations, and they were included in the FE analyses. When the load increases
to 60 kN, cracks start to occur at the bottom of the RC layer in the loading position. As
the load continues to increase, multiple cracks occur near the midspan, while the depth of
the existing cracks continues to deepen. Eventually, two penetration cracks occur near the
loading position and the model fails, as shown in Figure 10. The crack development from
the FE analyses is similar to that of the experimental results for specimen B, as discussed
in Section 3.4.
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Figure 10. Crack development for a UHPC layer ratio of 0.3: (a) applied load equals 120 kN;
(b) applied load equals 310 kN; (c) applied load equals 345 kN.

5.2.2. Load-Displacement Curve

Figure 11 presents the load-displacement curve for the deck with a UHPC layer ratio of
0.3 from the FE analyses and the experimental results. As the load increases, the specimen
keeps cracking, and the overall stiffness of the specimen gradually decreases. When the
two main cracks near the midspan are formed, the overall stiffness of the specimen tends
to be stable. When the load increases to 320 kN, the stiffness of the specimen decreases
rapidly, and finally, damage occurs. Before loading up to 200 kN, the FE results agree well
with the experimental results. The FE analyses results have a smaller capacity than the
experimental results, but the differences are not substantial.
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5.3. UHPC Layer Ratio of 0.6
5.3.1. Crack Development

Initial cracks existed in the UHPC layer near the midspan due to construction devia-
tions, which were included in the FE analyses. For the FE analyses, when the load increases
to 50 kN, cracks start to occur at the bottom of the RC layer in the loading position. As
the load continues to increase, multiple cracks occur near the midspan, while the depth of
the existing cracks continues to deepen. Eventually, two penetration cracks occur near the
loading positions, which leads to a failure of the model, as shown in Figure 12. The crack
development process in the FE analyses is similar to that in the experimental analyses.
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5.3.2. Load-Displacement Curve

Figure 13 presents the load-displacement curve for the deck with a UHPC layer ratio
of 0.6. For the FE analyses, as the load increases, the model keeps cracking, and the overall
stiffness gradually decreases. When the two main cracks near the midspan are formed,
the overall stiffness tends to be stable. When the load increases to 330 kN, the stiffness
of the specimen decreases rapidly, and finally, failure occurs. The whole process of crack
development is similar between the FE and experimental analyses.
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5.4. UHPC Layer Ratio of 1.0
5.4.1. Crack Development

For FE analyses with a UHPC layer ratio of 1.0, when the load increase to 180 kN,
cracks begin to occur at the bottom of the concrete layer in the loading position. As the
load continues to increase, multiple cracks occur near the midspan, while the depth of the
existing cracks continues to increase. Eventually, two penetration cracks occur near the
loading position, as shown in Figure 14. The whole process of crack development is similar
between the FE and experimental analyses.

5.4.2. Load-Displacement Curve

Figure 15 presents the load-displacement curve for a UHPC layer ratio of 1.0. With
the increase in load, cracks occur gradually, but the overall stiffness of the specimens does
not change much after cracking. When the load increases to 360 kN, the stiffness of the
specimen decreases rapidly, and finally, failure occurs. After loading up to 200 kN, the
FE analyses results are bigger than the experimental results, and a possible reason is that
cracks might exist in the specimen due to construction. Both the FE and experimental
analyses results demonstrate similar ultimate capacity.
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From the experimental and FE results, the UHPC–RC composite deck can improve the
cracking resistance and can be used in the hogging moment region to reduce or avoid cracks
during service time. Compared to the method of Ma et al. [1], which induces compressive
stress in concrete but has a loss due to concrete creep, this method does not require any
prestressed tendons and simplifies the deck construction process.
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6. Conclusions

Through experimental and FE analyses of UHPC–RC composite decks with different
UHPC layer thicknesses for steel–concrete composite bridge structures, the main conclu-
sions are summarized as follows:

(1) A UHPC–RC composite deck can effectively increase the anti-cracking capacity of
steel–concrete girder bridges within the hogging moment region.

(2) With increasing UHPC layer thickness, the anti-cracking capacity of bridge decks gets
better; with economic cost consideration, the UHPC layer ratio of the bridge deck can
be taken as 0.3.

(3) The developed FE models could reasonably predict the behavior of the four speci-
mens, and they can be used to design UHPC–RC composite decks of steel–concrete
composite bridge structures.

These tests were focused on the observation of cracking on the deck surface. Further
study needs to focus on the inner cracks in the RC layer and crack width development.
In addition, it was found that the construction process has some effect on the behavior of
UHPC–RC composite decks during the test. Further study is needed on the construction
process, details of the connection between the UHPC and RC layers, and shrinkage and
creep of UHPC and RC.
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