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Using traditional stud connectors to connect the ultra-high-performance concrete layer
and steel deck is detrimental to the construction speed and fatigue performance of the
composite structure. Connecting the steel–UHPC interface with toughened epoxy
bonding is a potential alternative to avoid this issue. To explore whether the toughened
epoxy bonding interface can reduce the amount of bridge deck studs or even cancel the
studs, a numerical simulation was conducted in this paper. The non-toughened epoxy
bonding interface, the toughened epoxy bonding interface, a few studs + toughened
epoxy bonding interface, and the full stud connection interface were designed to study the
interfacial behavior of the steel–UHPC composite deck. Moreover, the constitutive
model of the toughened epoxy bonding interface is verified through the direct shear
test and compression-shear test. The results show that the maximum interface
shear stress of the toughened epoxy bonding interface is 0.61 MPa under the
standard wheel load, which is 20.78% lower than that of the non-toughened
epoxy bonding interface. Under the overload, the interface failure of the
toughened epoxy bonding interface is more concentrated and exhibits a smaller
damage area compared with the non-toughened epoxy bonding interface. When the
interface defect is 5%, the toughened epoxy bonding interface only has a few
interface damages, exhibiting good defect tolerance. Compared to the traditional
full stud connection interface, the interface shear stress in the few studs +
toughened epoxy bonding interface is more uniform, which avoids the stress
concentration in the root of studs, and the studs’ average stress is significantly
reduced by 63.21%. It is verified that using the toughened epoxy bonding interface
can significantly reduce the amount of studs.
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1 INTRODUCTION

The orthotropic steel bridge deck is the main deck form of a long-span steel bridge due to its
lightweight and high-strength advantages. However, a wide range of application practices shows that
there is fatigue cracking, pavement layer damage, and pavement layer interface failure of the
orthotropic steel bridge deck (Wang et al., 2019a; Xu et al., 2021a). These defects are mainly caused
by insufficient local stiffness, the weld density, and interface damage between the steel bridge deck
and the pavement layer (Jong, 2004; Xu et al., 2021b; Li et al., 2021).
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Cementitious composites have been extensively studied,
including ECC, UHPC, and SHCC (Zhang et al., 2022). Ultra-
high-performance concrete (UHPC), as a new type of steel fiber-
reinforced concrete with high strength, high ductility, and
excellent durability (Lian et al., 2021) (Zhang et al., 2021), can
enhance the overall stiffness of the orthotropic steel bridge deck
after forming a combined bridge deck system with the steel bridge
deck. Therefore, it can solve the disease caused by the traditional
asphalt pavement (Shao et al., 2013). In the steel–concrete
composite bridge deck, UHPC, as a rigid pavement layer, can
alleviate the fatigue cracking of the bridge deck structure and
improve the crack resistance of the pavement layer (Shao et al.,
2018a; Zhang et al., 2020). Murakoshi et al. (Murakoshi et al.,
2008) used steel fiber concrete to conduct a rigid pavement for an
orthotropic steel bridge deck and found that the stiffness of the
bridge deck has been greatly improved, and the fatigue cracking
of the steel bridge deck and the interface damage of the pavement
layer have been well eliminated. Shao et al. proposed the
steel–UHPC lightweight composite bridge deck (Shao et al.,
2018a) and steel–ultrathin UHPC composite bridge deck (Shao
et al., 2018b; Wang et al., 2020), respectively, for the steel–UHPC
composite bridge deck system and verified the effect of UHPC on
enhancing the stiffness of steel bridge deck pavement through
experiments. However, the reliable connection between the
UHPC layer and the steel bridge deck significantly affects the
combined effect (Zou et al., 2018; Zou et al., 2021a). Affected by
steel–concrete connection modes, the UHPC and the orthotropic
bridge deck can be divided into the following two types of
connection modes: mechanical connection parts, such as studs
(Zou et al., 2020), and adhesives, such as epoxy adhesives (Duan
et al., 2020). The stud connection technology has been relatively
mature, which can ensure a reliable connection between the steel
bridge deck and the prefabricated UHPC bridge deck. However,
in practical engineering, steel bridge decks often need to be welded
with a large number of studs.Welding defects and residual stresses are
inevitably introduced in stud welding, which is unfavorable to the
fatigue resistance of the orthotropic deck (Bouazaoui et al., 2007).
Meanwhile, when UHPC is used as a structural layer of the
orthotropic steel deck, the number of studs on a bridge deck may
exceed millions, which brings heavy welding work (Shao et al., 2013).
When epoxy bonding is used at the steel–concrete interface, both steel
and concrete surfaces are fully bonded, avoiding stress concentration
caused by welding studs (Si Larbi et al., 2009; Jurkiewiez et al., 2011)
and uneven shear transfer (Zou et al., 2018), which is beneficial to the
fatigue performance of steel structures (Qin et al., 2020).

Larbi et al. (Si Larbi et al., 2009) conducted shear and tensile
tests on 11 (eleven) steel–concrete interface specimens and found
that when the specimens are loaded in a single direction, the
normal and tangential ultimate stresses at the epoxy-bonded
interface are 3.5 and 6.4 MPa, respectively. Under the
bidirectional loading condition, the shear and tensile ultimate
stresses at the interface follow the quadratic relation. Berthet et al.
(Berthet et al., 2011) carried out a shear test of the epoxy bond
interface between steel and concrete and found that the shear
strength of the epoxy bond interface is 3.4–5.4 MPa, which is
greater than the shear strength of the concrete. Buitelaar et al.
(Buitelaar et al., 2004) conducted an experimental study on

UHPC steel bridge decks and obtained that the stress
concentration near the interface could be avoided when the
steel plate surface was polished and applied with an epoxy
adhesive before UHPC was poured. When the interface is
subjected to normal tension, the bonding strength of the epoxy
interface is 3–5MPa. Q. Sun et al. (Sun et al., 2017) spread
limestone evenly after applying epoxy on the steel plate and
conducted the tensile test and push-out test on this interface form.
The test results reveal that theUHPC–steel plate interface leads to high
bonding performance under the single stress state of normal and
tangential directions, and its tensile and shear strengths reach about
2MPa. Luo (Luo et al., 2012) et al. simulated the mechanical
properties of steel–concrete composite beams with a three-
dimensional nonlinear finite element model based on push-out
tests. The test results show that the epoxy adhesive between steel
and concrete can provide a bond strength of 6.36MPa, and the epoxy
adhesive has a great influence on the mechanical properties of the
composite beam. He et al. (He, 2020) conducted the shear test of the
UHPC–steel interface and the positive bending moment loading test
of the prefabricated UHPC–steel composite bridge deck. They found
that the orthotropic composite bridge deck with epoxy has better
ductility and higher bearing capacity and can guarantee the
connection between the UHPC pavement and steel bridge deck.
The above research results show that compared with the stud
connectors, epoxy bonding between the interface of the
steel–concrete composite structure is effective. Based on the
existing research on the epoxy bonding interface, this paper
introduces the quartz sand admixture while using an epoxy
adhesive, aiming to realize the interface toughening between the
UHPC pavement layer and orthotropic steel bridge deck.

Y.Zou et al. (Zou et al., 2021b) conducted direct shear tests,
tensile tests, and tension-shear tests on the interface specimens,
aiming to explore the mechanical properties of the prefabricated
UHPC–steel interface with an epoxy adhesive. In this study,
different admixtures were introduced in the previous epoxy
bonding interface test, and the interface failure mode and
interface shear tensile strength were analyzed. Based on the
cohesive interface element, a numerical model of the tensile
specimen was established to analyze the interface failure
mechanism. The results show that the interface toughness is
the best when the toughened epoxy bonding interface adopts the
quartz sand bonding interface. In order to further verify the effect
of an epoxy adhesive on the bending performance of the
prefabricated UHPC–steel composite bridge deck, Jiang et al.
(Jiang et al., 2021) carried out positive bending moment loading
tests on specimens with different interface states. The results
show that the bending performance is the best when the surface of
the steel plate is rough and the surface of the prefabricated UHPC
plate is grooved. This result is successfully verified by a finite
element model based on the cohesive interface element.

In order to explore whether the toughened epoxy bonding
interface can reduce the amount of bridge deck studs or even
cancel the studs, this paper conducted the refined numerical
simulation. The non-toughened epoxy bonding interface, the
toughened epoxy bonding interface, a few studs + toughened
epoxy bonding interface, and the full stud connection interface
were designed to study the interfacial behavior of the steel–UHPC
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composite deck. Moreover, the load cases, including local wheel
load, UHPC shrinkage, and interface defects, were considered in
the model.

2 CONSTITUTIVE MODEL OF COHESIVE
INTERFACE ELEMENTS

The accuracy of the steel–UHPC composite deck model mainly
depends on whether the constitutive of the toughened epoxy
bonding interface can effectively reflect the interface’s mechanical
behavior. Both interfaces are simulated with zero-thickness
cohesion elements (Jiang et al., 2021), but their respective
constitutive behaviors are essentially different: the toughened
epoxy bonding interface adopts the toughening-friction
interface constitutive model, while the non-toughened epoxy
bonding interface adopts a bilinear constitutive model (Zou
et al., 2021b).

2.1 Bilinear Constitutive Model
The constitutive definition of the non-toughened epoxy bonding
interface is divided into the elastic stage and failure stage. The
failure process of the interface is mainly that the interface is not
damaged in the elastic stage, the interface enters the failure stage
immediately after reaching the ultimate load, and its bearing
capacity is lost rapidly. This constitutive model is used for the
non-toughened epoxy bonding interface in this paper, and the
details are shown in Figure 1. The constitutive model is shown in

tn,s,t �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

t0n,s,t
δ

δ0n,s,t
� Knn,ss,ttδ, δ ≤ δ0n,s,t,

t0n,s,t
δfn,s,t − δ

δfn,s,t − δ0n,s,t,
δ0n,s,t < δ ≤ δfn,s,t,

(1)

where t0n, t
0
s , and t0t are the ultimate strengths of the interface; δ0n,

δ0s , and δ0t are the limit separation displacement values
corresponding to the ultimate strength of the interface; and
δfn , δfs , and δft are the limit separation displacements of the
interface element. The above interface parameters are derived from
the direct shear test and tensile test in the finite element model (Zou
et al., 2021b). The specific calculation results are shown in Table 1.

2.2 Toughening-Friction Interface
Constitutive Model
According to the toughening properties of the steel–UHPC epoxy
toughened interface, based on the basic theory of the cohesivemodel,
a toughening-friction interface constitutive model suitable for the
zero-thickness cohesion element is proposed. Compared with the
bilinear constitutive model, this interface constitutive considers the
plastic stage of the interface, and the normal compression in the
failure stage will cause the interface tangential friction. In the finite
element software ABAQUS, the bonding interface of quartz sand is
simulated by the zero-thickness cohesion interface element, and the
toughening-friction interface constitutive defined by the material is
compiled by Fortran and realized by the subprogram VUMAT. The
specific constitutive curve of the toughening-friction interface is
shown in Figure 2. The constitutive model is as follows:

σn,s,t �
⎧⎪⎪⎨⎪⎪⎩

Knec,sec,tecδn,s,t
∣∣∣∣δn,s,t∣∣∣∣≤ δ0nc,sc,tc(Kndc,sdc,tdcδn,s,t + Bndc,sdc,tdc)(1 −D1) δ0nc,sc,tc <

∣∣∣∣δn,s,t∣∣∣∣≤ δ1nc,sc,tc(Knfc,sfc,tfcδ
1
n,s,t + Bnfc,sfc,tf)(1 −Df) δ1nc,sc,tc <

∣∣∣∣δn,s,t∣∣∣∣≤ δfnc,sc,tc
(2)

where σn, σs, and σt are the traction stresses of the interface
element along with the normal and tangential directions,
respectively; δn, δs, and δt are the separation displacements of
the interface element along with the normal and tangential
directions, respectively; Kiec, Kidc, and Kifc (i � n, s, t) are the
slopes of the constitutive curves of the interface element in the
elastic stage, plastic stage, and failure stage, respectively; Biec, Bidc,
and Bifc (i � n, s, t) are the residual stresses of the interface
element in the elastic stage, plastic stage, and failure stage,
respectively; D1 and Df are the strength weakening
coefficients, which control the interface damage and failure
behavior in the plastic stage and failure stage, respectively; and
the calculation expression is shown in Eq. (3). In Eq. (3), ηd is the
strength-weakening parameter of the interface normal and
tangential stress in the plastic stage, which is taken as 0.015 in
the literature (Wu, 2019); δm is the spatial separation
displacement of the interface element; δjm (j � 0, 1, f) are the
critical space separation displacements of the interface elements
in each stage, and the calculation expression is shown in Eq. (4)

FIGURE 1 |Constitutive model of the cohesive interface element (bilinear
constitutive model).

TABLE 1 | Constitutive parameters of the non-toughened epoxy bonding
interface.

Constitutive parameters t0n,s,t (MPa) Knn,ss,tt (N/mm3) Gn,s,t (N/mm)

Normal (n) 1.99 199 0.01194
Tangential (s) 3.63 454 0.02541
Tangential (t) 3.63 454 0.02541

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8592143

Jiang et al. Interfacial Behavior of Composite Deck

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
D1 � ηd

δ1m(δm − δ0m)
δm(δ1m − δ0m) δ0m < δm < δ1m

Df � δfm(δm − δ1m)
δm(δfm − δ1m) δ1m < δm < δfm

(3)

δjm �
�������������������(δjnc)2 + (δjsc)2 + (δjtc)2

√
, j � 0, 1, f (4)

The specific constitutive parameters of the ductile interface are
shown in Table 2.

2.3 Validation
The accuracy of the steel–UHPC composite deck model mainly
depends on whether the constitutive of the toughened epoxy
bonding interface can effectively reflect the interface’s mechanical
behavior. Therefore, the toughened epoxy bonding interface
constitutive will be validated in this paper. Compared with the
direct shear test, the loading process of the interface in the
compression shear test is still the elastic stage, plastic stage,
and failure stage. However, the interface in the failure stage
will be affected by tangential friction caused by normal
pressure (Zou et al., 2021b). It can be seen that the toughened
epoxy bonding interface has different mechanical behaviors in the
direct shear state and the compression-shear state. Therefore, the
interface simulation based on the toughening-friction interface
constitutive model was carried out and validated by comparison

with experimental results (Zou et al., 2021b), aiming to effectively
reflect the mechanical behavior of the toughened epoxy bonding
interface in the state of direct shear and compression shear so as
to fully verify the reliability and accuracy of the interface
constitutive model.

2.3.1 Direct Shear Test
The comparison of the load–slip curves of the model and three
direct shear specimens (DS-1, DS-2, and DS-3) is shown in
Figure 3A. The load Ps is the ultimate vertical load applied to
the specimen, the ultimate slip δs in the elastic stage is the
tangential slip parallel to the interface, and the secant stiffness
Ks of the curve is the ratio of Ps to δs. It can be seen from
Figure 3A that the test values of the load–slip curves of the
three direct shear specimens are in good agreement with the
model values. In order to accurately compare the curve
characteristics, the ultimate load Ps and secant stiffness Ks

of each load–slip curve are extracted, respectively. The
ultimate shear stress of the interface was calculated
according to the formula proposed by Momayez et al.
(Momayez et al., 2005), and the characteristic parameters of
the curve are shown in Figure 1B.

It can be seen from Figure 3B that in the direct shear state, the
ultimate shear stress of the toughened epoxy bonding interface is
between 2.87 and 3.63 MPa, and the secant stiffnessKs is between
8,082.34 kN/mm and 10,192.64 kN/mm. Moreover, the

FIGURE 2 | Toughened-friction interfacial constitutive model.

TABLE 2 | Constitutive parameters of the toughened epoxy bonding interface.

Constitutive parameters Interface stress/MPa Interface displacement/mm

σ0nc/σ
0
sc/σ

0
tc σ1nc/σ

1
sc/σ

1
tc δ0nc/δ

0
sc/δ

0
tc δ1nc/δ

1
sc/δ

1
tc δfnc/δ

f
sc/δ

f
tc

Normal (n) 1.99 1.96 0.010 0.013 0.015
Tangential (s) 3.63 3.60 0.008 0.010 0.016
Tangential (t) 3.63 3.60 0.008 0.010 0.016
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parameter comparison shows that the gap between the ultimate
shear stress of the model and the specimen is –13.69% to 8.85%,
and the secant stiffnessKs is –11.34% to 11.81%. The results show
that the cohesive interface element defined by the toughening-
friction interface constitutive model can well simulate the
mechanical behavior of the toughened epoxy bonding interface
in the direct shear state.

2.3.2 Compression-Shear Test
It can be seen from the curve changes of specimens CS-1, CS-
2, and CS-3 in Figure 4A that the compression-shear action
of the toughened epoxy bonding interface goes through
loading processes of the elastic stage, plastic stage, and
failure stage. Furthermore, the load–slip curves of the
three compression-shear specimens are highly similar to
the load–slip curves of the model. The ultimate load P
and secant stiffness K of each load–slip curve are also
extracted.

As shown in Figure 4B, in the compression-shear state, the
ultimate shear stress of the toughened epoxy bonding interface

ranges from 3.67 to 4.11 MPa, which increases by 10.21–23.42%
compared with the shear strength of the direct shear test. Since
the interface friction improves the interface slip ability, the
limit slip significantly increases, indicating that the overall
interface performance is improved. In addition, through
parameter comparison, it can be seen that the gap between
the ultimate shear stress of the model and the specimen is
0.55–12.60%, and the secant stiffness K is –2.02% to 3.98%.
The above analysis shows that the cohesive interface element
defined by the toughening-friction interface constitutive
model can well simulate the mechanical behavior of the
toughened epoxy bonding interface under compression-
shear stress.

In general, through the comparative analysis of the test
results and the finite element interface simulation, the
constitutive model of the toughened epoxy bonding
interface is reliable.

FIGURE 3 | Comparison of direct shear test and model results. (A)
Load–slip curve. (B) Characteristic parameters.

FIGURE 4 | Comparison of compression-shear test and model results.
(A) Load–slip curve. (B) Characteristic parameters.
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3 NUMERICAL MODEL

3.1 Modeling Scheme
The steel–UHPC composite deck numerically simulated in this
paper is the local orthotropic steel bridge deck of Humen Bridge
(Shao et al., 2013). As shown in Figure 5, the total width and
thickness of the orthotropic steel bridge deck are 1240 and
12 mm, respectively. The thicknesses of U-shaped stiffening
ribs and diaphragms are both 8 mm. On the steel bridge deck,
the UHPC layer with a thickness of 45 mm is arranged with
25Φ10 rebars longitudinally and 68Φ10 rebars horizontally, and
the size of the steel reinforcement mesh is 50 × 50 mm. The
diameter of the bridge deck studs is 13 mm and the height after
welding is 35 mm, and they are evenly arranged at the stiffening
part of the steel bridge deck. In addition, different from the
literature (Shao et al., 2013), a toughened epoxy bonding interface

layer with a thickness of 1 mmwas added between the steel bridge
deck and the UHPC layer. The longitudinal span of the entire
model is 3,400 mm, the distance between the diaphragms along
the longitudinal bridge direction is 3,000 mm, and the distance
from the end of the composite bridge deck is 200 mm.

Two kinds of bonding interfaces are designed: the non-
toughened epoxy bonding interface and toughened epoxy
bonding interface. The detailed structure of each interface is
shown in Figure 6, and the thickness of the interface layer is
1 mm. Figure 6A shows that the UHPC layer and the orthotropic
steel bridge deck form a combined effect through the toughened
epoxy bonding interface. One side of the interface and the surface
of the steel plate are bonded by the epoxy layer, and the other side
is paved with the UHPC layer by the embedding of quartz sand
particles. In Figure 6B, for the few studs + toughened epoxy
bonding interface, the longitudinal spacing of studs is 500 mm,

FIGURE 5 | Cross-section of the steel–UHPC composite deck (unit: mm).

FIGURE 6 | Interface design of the steel–UHPC composite deck (unit: mm).
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and the transverse studs are arranged at the stiffening part of the
steel bridge deck with a spacing of 320 mm. Compared with the
full stud connection interface, the amount of stud on the steel
bridge deck is reduced by 50%; Figure 6C shows the full stud
connection interface.

The orthotropic steel bridge deck mainly includes U-shaped
stiffening ribs, diaphragms, and steel bridge decks in the
numerical model. These components are all simulated using
the three-dimensional 8-node linear solid element (C3D8),
which can fully simulate the nonlinear behavior of the
structure. The UHPC layer is simulated using three-
dimensional solid elements. The steel reinforcement mesh is
simulated with T3D2 trusses. Moreover, a zero-thickness
cohesive interface element (COH3D8) is introduced into the
finite element analysis to simulate the toughened epoxy
bonding interface and the non-toughened epoxy bonding
interface.

3.2 Constitutive Relation of Materials
As an elastic-plastic material, the damage and cracking behavior
of UHPC can be defined by defining the CDP (concrete damaged
plasticity) model in ABAQUS. In this paper, the tensile
constitutive model is based on the stress–strain relationship
proposed by Zhang (Zhang et al., 2015), as shown in

Figure 7A. The constitutive model of compression is based on
the stress–strain relationship proposed by Yang (Yang, 2007), as
shown in Figure 7B. In the tensile stress–strain relationship,fct is
7.2 MPa, εca is 0.002, εpc is 0.01, wp is 1, and p is 0.95. In the
compressive stress–strain relationship, σc is 112 MPa, εcp is
0.0035, εcu is 0.01, Ec is 42,100 MPa, and Es is 32,000 MPa.
Poisson’s ratio of UHPC is 0.2.

The stress–strain relationship of the steel and the rebar adopts
the linear hardening elastoplastic constitutive model (Ministry of
Housing and Urban-Rural Development of the People’s Republic
of China, 2015) (Figure 7C); that is, after the rebar stress reaches
the yield stress, the stress increases to the ultimate strength with
the increase of the strain. In the stress–strain relationship of the
steel deck, fs is 345 MPa, fsu is 400 MPa, εsu is 0.001, and εsu is
0.101. In the stress–strain relationship of rebar, fs is 400 MPa, εs
is 0.002, and εsu is 0.103. In the stress–strain relationship of stud,
fs is 375 MPa, fsu is 450 MPa, and εsu is 0.038.

3.3 Boundary Conditions
The existing interface test and numerical simulation results show
that when using the cohesive interface element, the epoxy
bonding interface layer between steel and concrete can be
effectively simulated (Wang et al., 2019b; Jiang et al., 2021).
Furthermore, the experimental results (Zou et al., 2021b) related

FIGURE 7 | Constitutive model of UHPC in (A) tension (Zhang et al., 2015), (B) compression (Yang, 2007), and (C) steel (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, 2015).
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FIGURE 8 | ABAQUS finite element model.

FIGURE 9 | Schematic diagram of local wheel load. (A) Vehicle load. (B) Wheel load (load unit: kN, size unit: mm).

FIGURE 10 | Interface defect layout (unit: mm).
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to the properties of the steel–UHPC interface show that when the
steel–UHPC epoxy bonding interface is relatively thin, the epoxy
layer and the steel plate interface are well bonded under pure
tension or the pure shear state. Therefore, a zero-thickness
cohesive interface element (COH3D8) in the model was
generated by mesh offset of the steel bridge deck, and its
numerical thickness was input through the material definition.

The internal constraints of the model are as follows: the
U-shaped stiffening rib, diaphragms, and steel bridge decks are
bound to each other achieved through “Tie” constraints; the
constraint between studs and UHPC is the embedded region. The
top surface of the interface layer and the bottom of the UHPC
layer are bound by “Tie.” The steel reinforcement mesh is
connected to the surrounding UHPC elements through
embedded constraints. Given the low shear strength of the
direct bond between ordinary concrete and the steel plate
surface, which is only 0.4 MPa under ideal conditions, the
cracked concrete will cause friction in the tangential direction
of the interface (Tassios, 1979). Therefore, for the stud
connection interface, the normal direction of the surface-to-
surface contact properties between the UHPC layer and the
steel bridge deck adopts the hard contact, and penalty
function contact is adopted in the tangential direction, with a
friction coefficient of 0.4 (Luo et al., 2016).

The boundary constraints of the steel–UHPC composite deck
are all arranged on the side of the diaphragm. As shown in

Figure 8, both boundary B-1 and boundary B-2 only constrain
the vertical and transverse translational degrees of freedom to
prevent the bridge deck from flipping laterally. Boundary B-3
constrains the vertical and longitudinal translational degrees of
freedom, and boundary B-4 only constrains the vertical
translational degrees of freedom, ensuring the statically
indeterminate system of the bridge deck structure.

3.4 Loading Scheme
The subprogram VUMAT realizes the toughening-friction
interface constitutive model, and the model is calculated and
solved by the ABAQUS/Explicit module. In order to ensure the
calculation accuracy of the model and reduce the calculation time,
the mass scaling factor set in the explicit analysis step is 100.

3.4.1 Local Wheel Load
According to Chinese codes, codes for design of highway bridges
and culverts (JTG D60−2015) (Ministry of Transport of the
People’s Republic of China, 2015), both Highway-I and
Highway-II use a standard vehicle load with a total weight of
550 kN, and its specific layout is shown in Figure 9A. In the model,
the wheel weight of the rear axle of the vehicle is 140 kN for bridge
deck loading; that is, the weight of a single wheel is 70 kN, and the
area acted by the wheel load is 0.6 m × 0.2 m. Referring to the
relevant literature (Shao et al., 2013), the layout of the local wheel
load is shown in Figure 9B. However, vehicle overloading on the

FIGURE 11 | Interface stress distribution under standard wheel load. (A) Non-toughened epoxy bonding interface. (B) Toughened epoxy bonding interface. (C)
Few studs + toughened epoxy bonding interface. (D) Studs in the full stud connection interface.
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bridge deck cannot be avoided in practical engineering. For this
reason, the standard wheel load (70 kN) and the overload wheel
load (350 kN), which is 5 times the standard wheel load, are
considered in this paper.

3.4.2 Shrinkage of UHPC
Affected by the model’s boundary conditions, the shrinkage of
UHPC before and after curing will affect the stress state of the
structure. In structural design, the shrinkage strain of UHPC is
considered to be between 500 and 800με (Chen et al., 2018;
Kamen et al., 2008). Therefore, the UHPC shrinkage strain was
set as 500με, and the equivalent temperature drop method was
used to simulate the UHPC shrinkage in the model. After the
amount of shrinkage strain εcs within a certain length of the
structure is obtained, it can be approximated that the generation
of shrinkage strain is equivalent to the decrease in temperature
ΔT.

The relative temperature decrease ΔT can be calculated as
follows:

ΔT � εcs
α

(5)

where α is the linear expansion coefficient of UHPC, which is
taken as 1 × 10−5/°C (Luo et al., 2016). Therefore, the calculated
relative temperature drop is 50°C.

3.4.3 Interface Defect Layout
In practical engineering, the fluidity of the epoxy adhesive,
inclusions or air bubbles at the interface, etc., may cause some
interfaces to fail to bond effectively. Therefore, the relative
bonding area becomes an important parameter for analyzing
the toughened epoxy bonding interface. For prefabricated
steel–concrete composite beams based on epoxy bonding, it is
necessary to ensure that the relative bonding area is greater than
90% to avoid interfacial debonding damage (Luo et al., 2012).
Considering the low shear strength of the toughened epoxy
bonding interface, the relative bonding area is determined to
be 95% in the model. The interface defects are concentrated in the
L/4 span, L/2 span, and 3L/4 span along the longitudinal length of
the bridge deck. The area of the void area is 1,240 mm × 50 mm.
The distribution of the specific bonding area of the interface is
shown in Figure 10.

4 ANALYSIS OF THE INTERFACE
BEHAVIOR

4.1 Local Wheel Load
4.1.1 Standard Wheel Load
When the local wheel load is the standard wheel load (70 kN), the
stress distribution of the four types of interfaces in the

FIGURE 12 | Interface stress and failure distribution under 5 times the standard wheel load. (A) Non-toughened epoxy bonding interface. (B) Toughened epoxy
bonding interface. (C) Few studs + toughened epoxy bonding interface. (D) Studs in the full stud connection interface.
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steel–UHPC composite deck is shown in Figure 11. Here, the
stress of each stud is themaximum stress of each row of studs, and
the positive and negative directions of shear stress are shown in
Figure 11. Comparing the toughened epoxy bonding interface
with the non-toughened epoxy bonding interface, it can be found
that the stress distribution of the two types of interfaces has the
following characteristics: within the centerline of the local wheel
load on both sides, the shear stress along the longitudinal
interface is mainly concentrated near the wheel load area, and
there is almost no shear stress at the mid-span; on the outside of
the centerline, the shear stress is concentrated near the wheel load
area and at the fulcrum. In this state, the interface cracking
criterion QUADSCRT is less than 1 and the strength weakening
coefficient is 0, indicating that both types of interfaces are in the
elastic stage. As far as the shear stress value is concerned, the
maximum shear stress of the toughened epoxy bonding interface
inside and outside the centerline is both 0.61 MPa, which is
20.78% lower than that of the non-toughened epoxy bonding
interface. It can be seen that the toughened epoxy bonding
interface has a higher shear strength than the non-toughened
epoxy bonding interface.

As shown in Figure 11A,C, under the standard load, the
maximum shear stress of the studs in the full stud connection
interface is mainly concentrated at the quarter-point and mid-
span of the bridge deck, and the maximum shear stress is

76.45 MPa. The maximum shear stress at the fulcrum L0 is
47.40% lower than that at the fulcrum L. Furthermore, the
maximum shear stress values at both ends of the bridge deck
are quite different, which is mainly caused by the constraint at the
fulcrum L0. On the contrary, when the interface is a few studs +
toughened epoxy bonding interface, the difference between the
maximum shear stress values at the fulcrum L0 and the fulcrum L
is only 7.66%. The large reduction in stud shear stress may be due
to the smaller model size. In this state, the toughened epoxy
bonding interface’s forward and reverse shear strengths are 0.65
and 0.67MPa, respectively, and the interface is in the elastic stage.

4.1.2 Overload Wheel Load
When the local wheel load is 5 times the standard wheel load, the
non-toughened epoxy bonding interface and the toughened
epoxy bonding interface begin to enter the failure stage. The
interface failure mode and the shear stress distribution of the stud
are shown in Figure 12. Once the value of the indicator “SDEG"
(D1) or “SDV11” (Df) is 1, it means that the interface has been
destroyed. In Figure 12A, B, Under the overload, the non-
toughened epoxy bonding interface immediately enters the
failure stage after reaching the ultimate shear stress, resulting
in a large failure area that extends from the wheel load area to the
end of the composite bridge deck. In contrast, the toughened
epoxy bonding interface mainly manifests as a small-scale failure

FIGURE 13 | Interface stress distribution under UHPC shrinkage. (A) Non-toughened epoxy bonding interface. (B) Toughened epoxy bonding interface. (C) Few
studs + toughened epoxy bonding interface. (D) Studs in the full stud connection interface.
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in the wheel load region and at both ends. This is mainly because
during the initial failure of the toughened epoxy bonding
interface, the undamaged area around enters the plastic stage
first, which greatly delays the failure process of the toughened
epoxy bonding interface. Therefore, the toughened epoxy
bonding interface can indeed improve the toughness of the
steel–UHPC interface when the interface is damaged.

In the full stud connection interface, the shear stress
distribution of the studs along the longitudinal bridge has the
following characteristics (Figure 12D): the stud shear stress is
mainly concentrated at the quarter point, and the maximum
shear stress is 203.2 MPa, which is only 7.32% different from that
of the stud at the fulcrum. For a few studs + toughened epoxy
bonding interface, affected by the toughening of the interface, the
interface failure area is concentrated in the wheel load area and
near the stud’s root, and the studs’ average stress is significantly
reduced by 63.21% compared with the full stud connection
interface, which can be seen in Figure 12C.

4.2 Shrinkage of UHPC
After cooling by 50°C to simulate the shrinkage performance of
UHPC, the stress distribution of each interface is shown in
Figure 13, and the area surrounded by red is the concentration
of shear stress at the interface. It can be seen from Figure 13A,B that
the shear stress of the non-toughened epoxy bonding interface and the
toughened epoxy bonding interface is mainly concentrated at both
ends of the steel–UHPCcomposite bridge deck.Unlike the former, the
maximum shear stress of the latter occurs at the bridge deck fulcrum.
In both interfaces, as shown in Figure 13A,B, the stiffness degradation
parameter SDEG and strength weakening coefficient Df near the
fulcrum are equal to 1, indicating that the interface has been damaged.
However, compared with the small-scale failure of the toughened
epoxy bonding interface at the fulcrum, the non-toughened epoxy
bonding interface has a larger area of failure at the end of the bridge
deck. It can be seen that the shear stress of the toughened epoxy
bonding interface is relatively concentrated, and the failure area is
smaller than that of the non-toughened epoxy bonding interface.

FIGURE 14 | Stress distribution before and after interface defects under the standard wheel load. (A) Non-toughened epoxy bonding interface. (B) Toughened
epoxy bonding interface. (C) Few studs + toughened epoxy bonding interface. (D) Full stud connection interface.
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It can be seen from Figure 13D that the shear stress of the stud
at the fulcrum L in the full stud connection interface differs by
85.47% from that of the stud at the fulcrum L0. Themain reason is
that the shrinkage effect at the fulcrum L0 is suppressed due to the
constraints of its boundary conditions. Meanwhile, Figure 13C
shows that the shear stress of the stud is significantly reduced after
combining the stud and the non-toughened epoxy bonding
interface. Moreover, the shear stress of the stud at fulcrums L0
and L is only 14.60% different. Therefore, the toughened epoxy
bonding interface can significantly reduce the shear stress of
the stud and make the stress distribution of the interface
more uniform. Moreover, the existence of studs can further
improve the shear performance of the toughened epoxy
bonding interface.

4.3 Effects of Interface Defects
4.3.1 Standard Wheel Load
Five percent interface defects are arranged at the bonding
interface of the bridge deck, and the interface stress

distribution under the standard wheel load (70 kN) is
obtained, as shown in Figure 14.

It can be seen from Figure 14 that before and after the epoxy
bonding interface defect, the shear stress distribution of studs and
interfaces in various interfaces basically does not change. As
shown in Figure 14A,B, before the interface defect, the maximum
shear stress in the positive and negative directions of the
toughened epoxy bonding interface is 20.78% different from
that of the non-toughened epoxy bonding interface. After the
interface defect, the maximum shear stress in the positive and
negative directions of the interface differs by 16.88 and 21.52%,
respectively. This indicates that the toughened epoxy bonding
interface can significantly reduce the interface shear stress after
the defect. Figure 14C shows the shear stress distribution
between the stud and the interface. It can be seen from the
figures that after the interface defect, the maximum shear stress of
the toughened epoxy bonding interface only increased by 8.96%
in the positive direction, and the shear stress of each stud
increased slightly. Therefore, it can be shown that under the

FIGURE 15 | Stress distribution before and after interface defects under the overload wheel load. (A) Non-toughened epoxy bonding interface. (B) Toughened
epoxy bonding interface. (C) Few studs + toughened epoxy bonding interface.
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standard wheel load, the few studs + toughened epoxy bonding
interface can still work normally after 5% defects, and the
toughened epoxy bonding interface is still in the elastic stage.

4.3.2 Overload Wheel Load
Figure 15 shows various interfaces’ damage and stress
distribution under five times the standard wheel load
(350 kN). In Figure 15A, after the non-toughened epoxy
bonding interface defects, the interface failure range does not
expand anymore. In addition, the interface failure in the wheel
load area is no longer concentrated and slightly reduced. In
Figure 15B, after the toughened epoxy bonding interface
defects, the interface failure is mainly concentrated at the
interface of both ends, and the failure area is greatly reduced.
Comparing Figure 15A,B, it can be found that on one hand,
interface defects do not significantly change the stress state of the
interface; on the other hand, the toughened epoxy bonding
interface still exhibits good toughening properties even after
interface defects. Figure 15C shows that the shear stress of the
toughened epoxy bonding interface in the few studs + toughened
epoxy bonding interface is significantly reduced after the interface
defects. The failure area is significantly more concentrated, and
the shear stress of the stud is reduced. It may be due to the relief of
stress concentration and interface toughness at the defect.

5 CONCLUSION

To explore whether the toughened epoxy bonding interface can
reduce the amount of bridge deck studs or even cancel the studs,
this paper designed four types of interfaces to study the interfacial
behavior of the steel–UHPC composite deck. The load cases,
including local wheel load, UHPC shrinkage, and interface
defects, were considered in the numerical simulation.
Moreover, the constitutive model of the toughened epoxy
bonding interface is validated through the direct shear test and
compression-shear test. The main conclusions are summarized as
follows:

(1) The maximum interface shear stress of the toughened epoxy
bonding interface is 0.61 MPa under the standard wheel load,
which is 20.78% lower than that of the non-toughened epoxy
bonding interface. The toughened epoxy bonding interface
mainly manifests as interface failure in the wheel load region
and a smaller range at the interface of both ends. Moreover,
the undamaged area around enters the plastic stage first,
which greatly delays the failure process of the toughened
epoxy bonding interface. However, the non-toughened epoxy
bonding interface will fail rapidly once they enter the
failure stage.

(2) For a few studs + toughened epoxy bonding interface, due to
the sufficient bonding between the UHPC layer and steel
bridge deck, the maximum shear stress of the stud is

61.24 MPa under the overload (350 kN). The interface
shear stress is more uniform than that in the full stud
connection interface, which avoids the stress concentration
in the root of studs, and the studs’ average stress is
significantly reduced by 63.21%. Therefore, the toughened
epoxy bonding interface can indeed improve the toughness of
the steel–UHPC interface. It is verified that using the
toughening epoxy bonding interface can reduce the
amount of studs.

(3) Before the interface fails, the interface shearing effect is borne
together with the bridge deck studs, the toughened
epoxy bonding interface mainly bears the shear force,
and the stud stress is relatively small. Even if the local
interface failure begins, the shear resistance of the
interface is still dominated by the toughened epoxy
bonding interface, and the stud stress is significantly
lower compared with the few studs + toughened epoxy
bonding interface.

(4) When the interface defect is 5%, the interface stress under the
standard load in both toughened epoxy bonding interfaces is
only 0.635 and 0.646 MPa, respectively. At this time, large
area failure occurs at the non-toughened epoxy bonding
interface under the overload. However, the toughened
epoxy bonding interface only has a few interface damages,
exhibiting good defect tolerance (Chen et al., 2018;Kamen
et al., 2008).
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