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Prefabricated UHPC-steel composite structure can make full use of the two materials’ mechanical and construction performance
characteristics, with super mechanical properties and durability, which has been proved to be a very promising structure.
However, using traditional mechanical connectors to connect prefabricated UHPC and steel not only is inconvenient for the
prefabrication of UHPC components but also introduces heavy welding work, which is detrimental to the construction speed and
antifatigue performance of the composite structure. Bonding UHPC-steel interface with epoxy adhesive is a potential alternative
to avoid the above problem. In order to explore the mechanical properties of the prefabricated UHPC-steel epoxy bonding
interface, this study carried out the direct shear test, tensile test, and tensile-shear test of the UHPC-steel epoxy-bonded interface
(prefabricated UHPC-steel epoxy bonding interface).)e results show that the interface failure is mainly manifested as the peeling
of the epoxy-UHPC interface and the destruction of part of the UHPC matrix (the failure of the UHPC’s surface). In pure shear
and pure tension state, the interfacial shear strength is 5.14MPa and the interfacial tensile strength is 1.18MPa. In the tensile-shear
state, the interfacial shear strength is 0.61MPa and the interfacial tensile strength is 1.06MPa. )e stress-displacement curves of
the interface normal and tangential direction are all in the shape of a two-fold line. )e ultimate displacement was within 0.1mm,
showing the characteristics of brittle failure. Finally, a numerical model of the tensile specimen is established based on the cohesive
interface element, and the interfacial tensile-shear coupling failure mechanism (tensile-shear coupling effect) is analyzed.

1. Introduction

Ultrahigh performance concrete (UHPC), as a new type of
steel fiber reinforced concrete, is usually composed of ce-
ment, silica powder, quartz sand, fiber, high-efficiency water
reducer, and other components. Compared with standard
concrete, UHPC has more excellent tensile, compressive
strength (usually) higher than 150MPa compressive
strength, tensile strength is greater than 8MPa [1], high
ductility [2], and excellent durability [3]. It has been widely
used in civil engineering and has been proved to be a new
civil engineering material with excellent application pros-
pects [4–6]. Like engineering cement composite (ECC),
UHPC has been proved to be a new civil engineering ma-
terial with excellent application prospects [4–6].

For the general concrete, the surface is easy to crack;
poor durability has been an unavoidable problem.)erefore,
to improve the crack resistance and durability of concrete,
engineering cement composite materials (ECC) and ultra-
high performance concrete (UHPC) have been widely used
in recent years. ECC has high ductility [7], self-healing
properties [8], and good impact resistance [9], with a tensile
strain capacity of over 3%. As a new type of steel fiber
reinforced concrete, UHPC is usually composed of cement,
silica powder, quartz sand, fiber, high-efficiency water re-
ducer, and other components [10].UHPC has excellent
tensile and compressive strength (generally higher than
150MPa and greater than 8MPa [1]), high ductility [2], and
excellent durability [3]. Like engineering cement composites
(ECC), UHPC has been proven to be a new type of civil
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engineering material [4–6, 11, 12] with great potential for
application.

However, there are some problems in the application of
UHPC. For example, the spontaneous shrinkage rate of
UHPC can reach 500–1500 με [13] in the hardening process
of UHPC, and shrinkage cracks appear easily when the
shrinkage is constrained. At the same time, the perfor-
mance of UHPC is also significantly affected by curing
conditions. )ese characteristics limit the complete ap-
plication of UHPC in the way of cast-in-place, and the use
of UHPC precast components can avoid the above prob-
lems [14–16]. Because of the controllable curing conditions
in the prefabrication plant and the absence of external
constraints, precast UHPC members’ shrinkage will not
cause cracking. In the steel-concrete composite bridge, the
use of UHPC can improve the anticrack performance of the
bridge deck and reduce the dead weight of the deck [17, 18].
However, the reliable connection between the steel beam
and the bridge deck significantly affects the composite
effect [19, 20]. Like the traditional steel-concrete composite
structure, the connection between UHPC and steel beam is
usually realized by mechanical connectors such as studs.
Many studs are arranged on the steel beam to ensure a
reliable connection at the interface [21]. In this connection
mode, welding defects and residual stresses are inevitably
introduced in stud welding, which is unfavorable to steel
structure fatigue. Meanwhile, when UHPC is used as a
structural layer of orthotropic steel deck, the number of
studs on a single bridge deck may exceed millions, which
brings heavy welding work [22]. Secondly, when the stud is
used to connect the precast deck and steel beam, many
holes need to be reserved on the precast deck, which brings
inconvenience to the fabrication of the deck. )erefore,
scholars and engineers are also trying to bond the interface
between steel and concrete by adhesive [23–25]. )e results
show that the epoxy bonding method can realize the re-
liable connection between the two materials and avoid the
stress concentration caused by mechanical connectors,
which is beneficial to the steel structure’s fatigue perfor-
mance. Simultaneously, the epoxy bonding method can
significantly reduce the studs’ welding workload, acceler-
ating the construction speed.

Larbi et al. [26] conduct shear and tensile tests on
11(eleven) steel-concrete interface specimens and find that
when the specimens are loaded in a single direction, the
normal and tangential ultimate stresses at the epoxy-bonded
interface are 3.5MPa and 6.4MPa, respectively. Under the
bidirectional loading condition, the shear and tensile ulti-
mate stresses at the interface follow the quadratic relation.
Berthet et al. [27] design the natural bond and epoxy bond
interface between steel and concrete and find that the shear
strength of the natural bond interface and the epoxy bond
interface is 0.8MPa and 3.4MPa–5.4MPa, which are greater
than the shear strength of the concrete. Q.Sun et al. [28]
spread limestone evenly after applying epoxy adhesive on the
steel plate and carry out the tensile test and push-out test on
this interface form. )e test results show that the UHPC-
steel plate interface leads to high bonding performance
under the pure tension and pure shear state of normal and

tangential direction. Its tensile and shear strength reaches
about 2MPa, but its interface state is a brittle failure under
the unconstrained state. Wang et al. [29] conduct bending
tests on UHPC- steel composite beams with different in-
terfaces and obtain that the ultimate load of beam LEA-6.9 is
93.2% of that of beam LHS-6.9. )e beam LHS6.9 adopts
epoxy adhesive sprinkled with limestone aggregate for in-
terface treatment, while the latter adopts studs. )e interface
adopting epoxy adhesive and limestone aggregate can suc-
cessfully replace the shear stud interface to some extent. Luo
et al. [25] carried out corresponding research on UHPC-
paved steel bridge deck structure and compared with the
steel mesh welded to the steel bridge deck; it was found that
the epoxy bonding and rough treatment between the in-
terfaces can avoid the phenomenon of stress concentration.
When the interface is subjected to normal tension, the bond
strength is 3∼5MPa; when the bridge deck is flexural, the
interfacial shear strength is 11–13MPa. )ese studies show
that the shear strength of the steel-precast concrete interface
[26] is different from that of the steel in-situ concrete in-
terface [27], but the shear strength is between 5 and 6MPa.
However, the research mentioned above on UHPC-steel
epoxy bonding interface properties are all carried out for
cast-in-place UHPC. )erefore, this paper focuses on the
prefabricated UHPC-steel epoxy bonding interface’s static
performance to provide a reference for the prefabricated
UHPC-steel composite bridge using epoxy adhesive.

In order to explore the mechanical properties of the
prefabricated UHPC-steel interface with epoxy adhesive, the
failure modes, bonding strength, and stress-displacement
curves of the prefabricated UHPC-steel epoxy bonding
interface were determined through the direct shear test, axial
tensile test (tensile test), and tensile-shear test. )e consti-
tutive model of the prefabricated UHPC-steel epoxy
bonding interface was constructed based on the constitutive
cohesion model of the bilinear tension-displacement
(traction-separation) relationship.

2. Interface Test

2.1. Specimen Design. )e details of the specimens were
shown in Table 1 and Figure 1. In the direct shear test, to
avoid eccentric loading, the thickness of the specimen’s
steel plate (PS-E) within 50mm from the loading end was
increased by 5mm so that the loading point can be
controlled in the plane where the interface was located.
)e specific size of the specimen is shown in the figure. In
the axial tensile test(tensile test), the specimen (PT-E) had
a loaded steel plate size of 150mm × 150mm × 20mm, and
ribbed rebars with a diameter of 12mm were welded on
the steel plate. )e adhesive area of the specimen PS-E and
the specimen PT-E was 150 mm × 150 mm. In the tensile-
shear test, the size of the steel plate of the specimen (ST-E)
was 150mm × 144mm × 20mm, and there were six ribbed
rebars with a diameter of 8mm welded on the surface to
ensure the reliable connection with UHPC on the other
side of the interface. )e two ends of the specimen
transmitted tensile force through rebars with a diameter
of 12mm.
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2.2. Material Properties. )e specific mix proportion of
UHPC is shown in Table 2. Among them, the steel fiber
doped in UHPC is straight, 8mm in length, 0.12mm in
diameter, and 2% in volume.

)e epoxy resin used in this test is CBSR-A/B steel
adhesive produced by Carbon Technology Group Co., Ltd.,
which mainly consists of primary agent CBSR-A and curing

agent CBSR-B, with the material weight ratio of 2 : 1. )e
tensile strength, compressive strength, and flexural
strength of epoxy adhesive are 30MPa, 65MPa, and
45MPa, respectively, and the tensile elastic modulus is
3200MPa.

)e mechanical properties of steel plate, rebar, and
UHPC are shown in Tables 3 and 4, respectively.

Table 1: Detailed information of the specimen.

Specimen Interface size (mm) Interface thickness (mm) Interface tilt angle α Number
PS-E 150×150 2 — 6
PT-E 150×150 2 — 6
ST-E 144×150 2 30。 6
Note. Interface tilt angle α is listed in Figure 1(i).
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Figure 1: Detailed information of specimen: (a, b, and c) Components and overall structure of specimen PS-E; (d, e, and f) Components and
overall structure of specimen PT-E; (g, h, and f) Components and overall structure of ST-E (unit: mm). (a) Steel plate. (b) UHPC. (c)
Specimen PS-E. (d) Steel plate. (e) UHPC. (f ) Specimen PT-E. (g) Steel plate. (h) UHPC. (i) Specimen ST-E.
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2.3. Loading Scheme. An electronic universal testing ma-
chine (MTS Exceed E45.205) was used to carry out the direct
shear test, tensile test, and tensile-shear test on specimen PS-
E, specimen PT-E, and specimen ST-E, respectively. As
shown in Figure 2, two dial indicators were arranged
symmetrically at both ends of each specimen’s interface, and
the measured interface displacement was the average value
of the data in the dial indicator. All tests adopted the dis-
placement loading control method, and the loading speed
was 0.01mm/min until the specimen was damaged by
loading.

3. Analysis of Test Results

3.1. Direct Shear Test. At the initial loading stage, a weak
crackling sound began to be emitted intermittently at the
interface in the direct shear test. At this time, there was no
apparent interface displacement or surface cracking of
UHPC. )en, as the ultimate bearing capacity approaches,
partial disengagement was observed at the interface. After
the ultimate bearing capacity was reached, the interface
suddenly cracks, and the bearing capacity of the specimen is
lost instantly. Take the specimens PS-E-3 and PS-E-6 as
examples; see Figure 3, for the steel plate interface and
UHPC after breakage.

In the direct shear test, there were several types of failure
modes for the prefabricated UHPC-steel epoxy bonding
interface: E-S interface failure, E-U interface failure, and
localized failure of the epoxy layer. It can be observed that,
after the specimen PS-E-6 was destroyed, the interface
bonding area can be divided into zone I and zone II. Zone I

showed the peeling in the E-U interface, and the peeling in
the E-S interface was concentrated in zone II. Apart from the
cracking boundary formed by these two interface failures in
the epoxy layer, there was no local failure in the epoxy layer.
After the failure of specimen PS-E-3, the failuremodes of E-S
interface failure and E-U interface failure (Zone III and Zone
IV) were observed, accompanied by local failure of the epoxy
layer. By analyzing the interface failure of all direct shear
specimens (PS-E), it can be concluded that the failure modes
of the prefabricated UHPC-steel epoxy bonding interface are
mainly E-S interface failure and E-U interface failure.
Furthermore, because of the excellent bonding properties of
UHPC, the area of zone I is larger than that of zone II; that is,
the interfacial failure is more concentrated in the E-U
interface.

3.2. Tensile Test. In the tensile test, before the ultimate
bearing capacity was reached, the measured data of the dial
indicator at both ends showed that the relative displacement
between the steel plate and UHPC on both sides of the
interface was within 0.005mm, with almost no relative
separation displacement and no evident phenomenon
during the loading process. When loading to the ultimate
bearing capacity, a cracking sound was heard from the
interface, and cracking cracks had appeared all around it
Figure 4(a). Relatively small separation displacement occurs
between the steel plate and UHPC on both sides of the
interface. Significantly, the stress-displacement curve near
the ultimate bearing capacity has a local surge, but the
duration is transient. )is phenomenon may be caused by
the sudden pulling out of the steel fibers in the UHPC area
near the interface and the uneven distribution of interface
stress caused by the rebars’ failure at both ends to pair
completely. Finally, the interface suddenly cracked, and the
specimen lost its bearing capacity instantly. Figures 4(b) and
4(c) showed the interface breaking of specimen PT-E-1
during loading and the interface state after a failure.

Table 2: Specific mix proportion of UHPC.

Component Mass ratio Proportion (%)
Cement 1.000 34.55
Silica fume 0.250 8.64
Quartz sand 1.100 38.01
Quartz flour 0.300 10.37
Water- reducing agent 0.019 0.66
Water 0.225 7.77

Table 3: Mechanical properties of steel plate and rebar.

Part Category )ickness (mm) fs (MPa) fsu (MPa) Es (MPa) vs

Steel plate Interface plate
20 215 350 206000 0.310 225 370

Diameter (mm) fy (MPa) fu (MPa) Ers (MPa) vrs

Rebar Drawing rebar 12 345 377 210000 0.3Embedded rebar 8
Note: fs is the yield strength of steel plate; fsu is the ultimate strength of steel plate;Es is Young’s modulus of steel plate;vs is Poisson’s ratio of steel plate; fy is
the yield strength of rebar; fu is the ultimate strength of rebar; Ers is Young’s modulus of rebar;vrs is Poisson’s ratio of rebar.

Table 4: Mechanical properties of UHPC.

Part fc(MPa) fct(MPa) Ec(MPa) vc

UHPC 112 20 42100 0.2
Note: fc is the compressive strength of UHPC; fct is flexural strength of
UHPC; Ec is Young’s modulus of UHPC; vc is Poisson’s ratio of UHPC.
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As shown in Figures 4(b) and 4(c), the interface failure of
the specimen PT-E occurred on the E-U interface and the
UHPC surface near the interface, which was characterized as

follows. (1) )e surface failure of the UHPC: the area sur-
rounded by dashed lines in the figure was the primary
damaged area on the UHPC surface. In this area, the
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Figure 2: Loading scheme of specimen PS-E, specimen PT-E, and specimen ST-E. (a) Direct shear test. (b) Tensile test. (c) Tensile-shear test.
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Figure 3: Interface failure mode of specimen PS-E. (a) Epoxy-steel interface failure (E-S interface failure) and epoxy-UHPC interface failure
(E-U interface failure). (b) Epoxy-steel interface failure (E-S interface failure), epoxy-UHPC interface failure(E-U interface failure), and
epoxy layer’s localized failure.
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bonding property between the epoxy and UHPC surface
surfaces was great, and a part of steel fiber and fine aggregate
on the UHPC surface was bonded to the surface of the epoxy
layer. Except for the delineated area, this failure pattern is
distributed throughout the whole interface. (2) E-U interface
failure; the interface failure did not damage the epoxy layer
and the UHPC surface itself, which was manifested as
peeling in the E-U interface, and the epoxy layer and the
UHPC surface were free of impurities. (3) Epoxy layer
failure: in the area surrounded by the solid line in the figure,
the epoxy layer was separated from the steel plate’s contact
surface, and the broken epoxy adhesive was attached to the
UHPC surface. It should be noted that the failure of the
rebars at both ends of the specimen to be entirely in
alignment would result in the decrease of the tensile strength
of the interface, and the test results underestimated the
bearing capacity of the specimen. In conclusion, all the
tensile specimen (PT-E) test results showed that the interface
failure mainly presented the first two failure characteristics.

3.3. Tensile-Shear Test. When the load reached the ultimate
bearing capacity in the tensile-shear test, the overall dis-
placement increased significantly compared with the direct
shear test and tensile test. )e relative separation dis-
placement (in the dial indicator) was about 0.3mm. After
reaching the ultimate bearing capacity, the interface sud-
denly is broken down, and it lost the bearing capacity in-
stantly, in which relative separation displacement (in the dial
indicator) increased to about 0.33mm. )e failure of all
specimens was generally characterized by brittle failure. Take
specimen ST-E-3, for example, the steel plate interface and
UHPC after failure were shown in Figure 5.

In the tensile-shear test, the six specimens’ interface
failure characteristics are shown in Figure 5. With the epoxy
layer as the boundary, the epoxy layer itself was not dam-
aged. )e interface failure was concentrated on the UHPC
side, mainly manifested as the UHPC surface’s damage and
the peel in the E-U interface.

3.4. Interfacial Bond Strength. In order to test the bonding
strength of the prefabricated UHPC-steel epoxy bonding
interface, direct shear test, tensile test, and tensile-shear test
are designed, respectively, in this study. Under the action of

unidirectional loading, it is necessary to study the bond
strength of interface normal and tangential direction by
specific evaluation methods. In the direct shear test, the
interface is in the state of tangential shear. According to
existing literature [30], the interface shear strength of
specimens can be defined as follows:

τtb �
Pt

At

, (1)

where Pt is the load applied during interface shear failure
and At is the bonding interface area.

In the tensile test, the interface is in a normal tension
state. According to the existing literature [28], the interfacial
tensile strength of specimens can be defined as follows:

σnb �
Pn

An

, (2)

where Pn is the load applied during interface tensile failure
and An is the bonding interface area.

In the tensile-shear test, the epoxy bonding interface
bears the combined action of normal tension and tangential
shear [31], and the bond strength of interface normal and
tangential direction is calculated as follows:

σnb �
P

A
cos2 α, (3)

τtb �
P

A
sin α cos α, (4)

where α is the angle between the interface and the vertical
direction of loading, as shown in Figure 1(i), P is the tensile
load of the specimen, And A is the cross-sectional area of the
specimen.

)e test results are summarized in Table 5. In the table,
the load value is measured by the load sensor, and the
displacement value is the average value of the dial indicator
at both ends. Due to the influence of partial void in the
interface of the specimen and the failure of the rebar at both
ends to completely influence the eccentric loading, the av-
erage difference between the bearing capacity of some
specimens in the three types of tests and that of other
specimens is more than 15%.)e experimental data shall not
be considered.

Crack

(a) (b) (c)

Figure 4: Cracking interface and failure interface of specimen PT-E during loading. (a) Cracking interface; (b) and (c) steel plate and UHPC
interface.
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3.5. Stress-Displacement Curve. In the test design, the rel-
ative displacement of the steel plate and UHPC near the
interface was the average value of the two dial indicators’
data. )e load applied to the specimen was obtained by the
sensor. Under a pure tension and pure shear state, the in-
terface subjected normal stress, and tangential stress can be
obtained from the formula calculated in Section 3.4. Here,
the stress-displacement curve of various specimens’ inter-
face in the direct shear test and tensile test can be obtained
Figure 6. As shown in Figure 7, under the combined action
of shear and tensile stresses, the interface normal and
tangential stresses of various specimens in the tensile-shear
test can be calculated from equations (3) and (4).

Figure 6(a) listed the shear stress-displacement curves of
specimen PS-E-1, PS-E-2, PS-E-3, and PS-E-5. Among them,
the shear stress-displacement curve of each specimen was in
the form of two broken lines. When loading to the ultimate
load, no yield platform appeared in these curves, indicating
that the epoxy adhesive interface’s tangential failure had no
ductility. Based on each specimen’s ultimate shear stress, the

whole curve can be divided into the loading zone and failure
zone. In the loading zone, when the shear stress was less than
0.38MPa, there was no displacement in the tangential di-
rection of each specimen interface, and no cracks developed
in the interface. With the increase of shear stress, the in-
terface displacement also kept increasing, and the curve was
approximate to a linear growth relationship. To define the
essential characteristics of the shear stress-displacement
curve of this kind of interface, the ultimate shear stress and
the corresponding tangential displacement value were the
average values of the test results of each specimen in Table 5,
and the calculated coefficient of variation is 8.9%, which was
less than 15%. When the shear strain reached the peak value,
the shear stress in the failure zone immediately decreased to
the interface’s loss of bearing capacity, and the interface
failure was brittle. )e ultimate displacement value is the
average value of each specimen’s ultimate tangential dis-
placement in Table 5.

Figure 6(b) showed the tensile stress-displacement
curves of specimen PT-E-1, PT-E-4, PT-E-5, and PT-E-6.

(a) (b)

Figure 5: )e interface failure of specimen ST-E. (a) Steel plate. (b) UHPC interface.

Table 5: Test results.

Test Specimen number P (kN) σnb (MPa) τtb (MPa) δb (mm) δp (mm)

Direct shear test

PS-E-1 107.43 0 4.77 0.051 0.054
PS-E-2 126.81 0 5.64 0.042 0.058
PS-E-3 124.81 0 5.55 0.039 0.051
PS-E-5 103.60 0 4.60 0.037 0.048

Tensile test

PT-E-1 23.06 1.23 0 0.005 0.006
PT-E-4 25.46 1.36 0 0.005 0.006
PT-E-5 20.19 1.08 0 0.005 0.006
PT-E-6 19.49 1.04 0 0.005 0.006

Tensile-shear test

ST-E-2 27.91 0.93 0.54 0.306 0.316
ST-E-3 30.14 1.00 0.58 0.326 0.347
ST-E-4 37.18 1.24 0.72 0.304 0.316
ST-E-6 32.04 1.07 0.62 0.320 0.322

Note: P is the ultimate bearing capacity of various specimens before failure; σnb is the normal tensile strength of the interface before the failure of various
specimens, the subscript n represents the normal interface direction and b represents that the specimen is in the ultimate loading state; τtb is the tangential
tensile strength of the interface before the failure of various specimens, the subscript t represents the tangential interface direction, and b represents that the
specimen is in the ultimate loading state; δb is the displacement value corresponding to the ultimate bearing capacity P; δp is the ultimate displacement of
various specimens(in particular, the displacement in the tensile-shear test is the average value of the dial indicator data).
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)e curve of each specimen was in the form of two broken
lines. When the specimens were pulled to the ultimate load
in the axial direction, no yield platform appeared in these
curves, indicating that the epoxy adhesive interface’s normal
failure was not ductile. Similarly, based on each specimen’s
ultimate tensile stress, the entire curve can be divided into
the loading zone and failure zone. In the loading area, when
the tensile stress was less than 0.27MPa, there was no
displacement in the normal direction of each specimen
interface, and no cracks developed in the interface. After
that, before the ultimate tensile stress, the curve in the area

surrounded by the elliptical dotted line began to appear
sharp angle and expanded upward with the increase of
normal displacement value. According to the interface
analysis in Section 3.2, when the epoxy layer was loaded to a
particular load, the peeling of the interface and the de-
struction of the UHPC surface began to appear at the local
part of the interface, resulting in the sudden crack of the
interface and the vibration of the dial indicator pointer. After
the pointer stabilized, the displacement recorded by the dial
indicator returned to the displacement value before the local
interface cracking, and the dial indicator works normally.

τtb = 5.14MPa, δtb = 0.042mm
δtp = 0.053mm, cv = 8.9%
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Figure 6: Stress-displacement curves of various specimens in direct shear test and tensile test. (a) )e shear stress-displacement curve of
specimen PS-E. (b).)e tensile stress-displacement curve of specimen PT-E.
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Because this process was transient, the tensile stress-
displacement curve appeared sharp angle when the interface
cracked locally. After that, local cracks in the interface
continued to grow until the ultimate tensile stress was
reached. At this time, the cracks around the interface shown
in Figure 4(a) appeared after the crack is penetrated. )e
ultimate tensile stress and the corresponding normal dis-
placement of the curve are the average values of each
specimen’s test results in Table 5, and the calculated coef-
ficient of variation is 10.8%, which was less than 15%. After
entering the failure zone, the tensile stress immediately
dropped to zero, and the interface failure was brittle. )e
ultimate displacement value was the average value of each
specimen’s normal ultimate displacement in Table 5.

Figure 7 showed the shear and tensile stress-
displacement curves of specimen ST-E-2, ST-E-3, ST-E-4,
and ST-E-6. At the beginning of the loading, the stress-
displacement curve increased linearly. When the stress in-
creased to the ultimate stress, the interfacial stress increased
slowly, and the interface started to have slight dislocation.
Finally, after loading the interface failure, the stress im-
mediately dropped to zero, and the interface behaved as a
brittle failure. )e results showed that compared with the
pure shear and pure tension stress, the interface normal
ultimate tensile stress decreased by 10.17%, and the tan-
gential ultimate shear stress was reduced by 88.13%. )e
shear strength of the prefabricated UHPC-steel epoxy
bonding interface decreased obviously under the combined
tensile-shear stress, but the tensile strength reduction was
not significant.

4. Numerical Implementation of
Interface Constitutive

4.1. Modeling Scheme. Taking the specimen ST-E as an
example, fully understanding the interface failure process
and mechanism of the interface under the coupling action of
shear and tensile stresses, a numerical model of the pre-
fabricated UHPC-steel epoxy bonding interface is estab-
lished. )e rebar, UHPC, and steel plates of specimen ST-E
are simulated using three-dimensional 8-node linear solid
elements (C3D8), and the constraint condition between
tensile rebar and UHPC is embedded region. In addition to
the interface, the other side of the steel plate binding to the
UHPC is achieved through “Tie” constraints.

In the existing literature, the steel-concrete interface’s
numerical simulation method usually adopts the interface
element [29, 32]. In this method, the cohesive interface
element can accurately simulate the interface with discon-
tinuous displacement and calculate the process of crack
initiation and propagation by defining the traction-
separation constitutive response of normal and tangential
direction at the interface. )e prefabricated UHPC-steel
epoxy bonding interface is relatively thin, and the results of
three types of tests show that the epoxy layer of the interface
is basically not damaged. Take the epoxy layer as the
boundary. It is found that the interface failure is concen-
trated on the side of UHPC, and the E-S interface’s bonding
performance is reliable. Based on this interface failure

characteristic, a zero-thickness cohesive interface element
(COH3D8) is introduced into the finite element analysis to
simulate the epoxy bonding interface (Figure 8).

4.2. Constitutive Model of Cohesive Interface Element. As
shown in Figure 9, bilinear traction-separation constitutive
response is applied to the cohesive interface element of zero
thickness.

)e specific expression is as follows:

tn,s,t �

t
0
n,s,t

δ
δ0n,s,t

� Knn,ss,ttδ, δ ≤ δ0n,s,t,

t
0
n,s,t

δf
n,s,t − δ

δf
n,s,t − δ0n,s,t

, δ0n,s,t < δ ≤ δ
f
n,s,t,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where t0n, t0s , and t0t are the ultimate strength of the interface,
δ0n, δ

0
s , and δ0t are the separation displacement values cor-

responding to the ultimate strength of the interface, andδf
n ,

δf
s , and δf

t are the final crack displacement of the interface.
)e above interface parameters are derived from the

direct shear test and tensile test in the finite element model.
)e specific calculation results are shown in Table 6. )e
fracture energy (Gn, Gs, Gt) of the whole interface normal
and tangential direction is the area surrounded by each
broken line in Figure 9(a).

4.3. Constitutive Relation of Materials. As an elastic-plastic
material, the damage and cracking behavior of UHPC can be
defined by defining CDP (concrete damaged plasticity)
model in ABAQUS. In this paper, the tensile constitutive
model is based on the stress-strain relationship proposed by
Zhang [33], as shown in Figure 10(a).)e constitutive model
of compression is based on the stress-strain relationship
proposed by Yang [34], as shown in Figure 10(b), where Ec is
the initial elastic modulus and Es is the elastic modulus of
secant line at the peak point. In the tensile stress-strain
relationship, fct is 7.2MPa, εcais 0.002, εpc is 0.01, wp is 1,
and p is 0.95. In the compressive stress-strain relationship,
σc is 112MPa, εcp is 0.0035, εcu is 0.01, Ec is 42100MPa, and
Es is 32000MPa. Poisson’s ratio of UHPC is 0.2.

)e stress-strain relationship of the steel plate and rebar
adopts the linear hardening elastoplastic constitutive model
[35] (Figure 10(c)), 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 plate, fs is 225MPa,fsu is 370MPa, εs is 0.001, and
εsuis 0.009. In the stress-strain relationship of rebar, fy is
345MPa, fu is 377MPa, εy is 0.002, and εsu is 0.102.

4.4. Failure Criteria and Parameters’ Study. Irwen [36] di-
vides the interface crack into three models according to
different loading directions, namely, open mode (mode I),
sliding mode (mode II), and staggered mode (mode III).
However, when the interface is in a state of complex stress,
the cracks are of two or more mixed cracking models, and
the crack propagation is significantly affected by the
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interface stress coupling. In order to simulate the crack
propagation process of the prefabricated UHPC-steel ep-
oxy bonding interface accurately, the cohesion-analysis
method was used in this paper. )e cohesive interface
element’s failure process is mainly divided into two stages:

(1) failure initiation and (2) failure evolution. In the failure
evolution stage, the interface element primarily uses the
stiffness degradation at the failure initiation stage to
simulate the crack growth. )e stiffness degradation is
mainly controlled by fracture energy’s failure criterion and
its parameters [37]. In a complex stress state, the rela-
tionship of interface failure criterion and unidirectional
fracture energy is shown in Figure 9(b). )erefore, this
section studies the interface failure criteria and parameters
of tensile-shear specimens.

In the figure, GI and GII are mode I and mode II fracture
energies when the interface is completely destroyed.α and η
are the material constants of power law and BK law,
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Figure 8: Zero-thickness cohesive interface element (COH3D8).
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behavior [32].

Table 6: Constitutive parameters.

Failure mode t0n,s,t (MPa) Knn,ss,tt (N/mm3) Gn,s,t (N/mm)

Type I 1.18 196 0.003
Type II 5.14 122 0.136
Type III 5.14 122 0.136
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respectively. λ is the ratio of mode II fracture energy to mode
I fracture energy, which is defined as follows:

λ �
GII

GI
× 100%, (6)

It can be seen from Figure 11 when the fracture energy is
released by interface failure under pure tension and pure
shear state, see Table 6. Compared with, it has significant
changes, which shows that, under the state of shear-tension
composite stress, the interface’s normal fracture energy has
been dramatically increased along with the decrease of the
tangential fracture energy. )e ultimate displacement has
been greatly increased, and the normal tangent has a cou-
pling effect. Simultaneously, the specimen’s ultimate dis-
placement has been dramatically increased, and the interface
has a coupling effect in the normal and tangential directions.
In power law, with the increase of α, λα fluctuates in 32%–
35%, and the maximum and minimum values of normal
interfacial and tangential fracture energy are obtained at α �

0.5 and α � 1.5, respectively. In BK law, λη fluctuates from
31% to 34% during the growth ofηfrom 0.2 to 1.0. )e
maximum and minimum values of interfacial normal and
tangential fracture energy are obtained at η � 0.8 and

η � 0.6. Under the two failure criteria, λα and λη are in the
range of 31 % to 35 %, indicating that, under the state of
shear-tension composite stress, the main failure form of
interface failure is a tensile failure.

In Figure 12(a), the interfacial fracture energy is the sum
of mode I fracture energy and mode II fracture energy. )e
fracture energy corresponding to the red dotted line is
calculated from the test results. It can be seen that the
deviation of the fracture energy released in the failure
process of specimen ST-E-2 and ST-E-4 is larger than the
calculated value, which may be caused by the unsymmetrical
rebar center at both ends of the specimen. )erefore, based
on the average fracture energy of ST-E-3 and ST-E-6, the
fracture energy deviation ratios of each parameter to the test
are listed, respectively. As shown in the figure, when in-
terface failure follows Power Law, the fracture energy cal-
culated is lower than that corresponding to BK Law,
indicating that, under this stress state, the interface stiffness
degradation caused by Power Law is faster than that of BK
Law, that is, the interface cracking and destruction is faster.
It can be intuitively seen that the fracture energy under BK
Law deviates too much from the reference value. In contrast,
Power Law is closer to the criterion of real interface failure.
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Figure 10: )e constitutive model of UHPC in (a) tension [33], (b) compression [34], and (c) steel plate and rebar [35].
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)e data shows that when α � 2, the minimum deviation
between the fracture energy and the reference value is 0.81%.
Meanwhile, it can be seen from Figure 12(b) that when
α � 2, the ultimate interfacial shear and tensile stress de-
viations of specimen ST-E-3 and ST-E-6 are 12.54% and
5.83%, respectively. )e difference of ultimate interfacial
stress is less than 15%, which shows that the finite element
model can simulate the real interface cracking process as
much as possible when the material constant α is two in the
power law. It is worth noting that the λ of each specimen in
the experiment is in the range of 33% to 37%; that is, the
interface failure is more inclined to tensile failure, which is
consistent with the conclusion of the finite element model.

4.5. Numerical Simulation Results. See Figures 13(a) and
13(b) for the loading process of tensile-shear specimen ST-E-3
and ST-E-6. In the figure, according to the characteristics of
the load-displacement curve, the loading to 0.2P and 0.6P,
ultimate load P, and the final failure of the specimen are
selected as the research objects, and the whole loading process
is divided into the following four stages: (a) crack initiation
stage; (b) crack appearance stage; (c) crack growth stage; (d)
failure stage. In Figure 13(c), the area reduction rate is used to
evaluate the failure process and extent of the specimen in-
terface, which is defined as the percentage of the area Ai of
interface failure in a particular stage to the interface area A0
before loading. )e expression is as follows:
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Figure 11: )e influence of interface failure criterion and its parameters on interfacial fracture energy. (a) Power law. (b) BK law.
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c �
Ai

A0
× 100%. (7)

During the crack initiation stage, compared with the test
results, the slope of the load-displacement curve of the model
has a certain deviation, but with the increase of displacement,
the stiffness of both of them does not change much. When
loading to 0.2 P, the specimen’s stress is concentrated at the
drawing rebar and the interface. )e interface end cracks lo-
cally, the area reduction rate c is 0%, and the interface does not
begin to break. In the crack appearance stage, with the increase
of displacement, the curve of the test’s curve and the model
gradually decreases, and the curve is approximately parallel.
)e stiffness of the two has the same change rule, but the
change is small. When the load reached 0.6 P, the stress dis-
tribution appears in the upper part of the specimen interface.
Cracks appear at both ends of the interface. Along with the
interface failure at one end, the interface area reduction rate c is

5.24%, which indicates that the interface cracking phenomenon
is not significant. In the crack growth stage, the slope of the
load-displacement curve of the test and model is roughly the
same, and the stiffness changes are the same. It can be seen
from Figure 12(b) that, at the ultimate load P, the ultimate
stress difference between the two is within 15%, and the nu-
merical simulation results are reliable. Compared with the
previous stage, the interface area reductioncrate suddenly
increases to 64.29%. A large area of interface failure occurs,
indicating that the crack expands rapidly during this stage.
However, in the first three stages, the numerical results show
that UHPC is not damaged by tension, which is different from
the test phenomenon.)e reason may be that, in fact, near the
interface of the specimen, UHPC has no bridging action of the
steel fiber, and the strength of the UHPC surface is lower than
that of the finite element model; that is, the strength of the
UHPC surface was overestimated in the model. Finally, after
loading the ultimate load, the specimen’s bearing capacity
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decreases rapidly, the interface is completely destroyed, and the
UHPC surface is damaged by tension.

5. Conclusion

In order to study the static performance of the pre-
fabricated UHPC-steel epoxy bonding interface, this
paper carried out a direct shear test, tensile test, and
tensile-shear test and obtained the interfacial failure
mode, bonding strength, and stress-displacement curve.
Based on the constitutive model of a cohesive interface
element, a three-dimensional nonlinear finite element
model was developed to simulate the mechanical prop-
erties of shear-tensile specimens. )e main conclusions
are summarized as follows:

(1) )e shear failure mode of the interface is manifested
as E-S interface failure, E-U interface failure, and
epoxy layer’s localized failure. After all the specimens
were compared, it was found that the interface failure
mainly occurs at the E-U interface. )e normal
tensile failure mode shows the peeling of the E-U
interface and the destruction of part of the UHPC
matrix (the failure of the UHPC’s surface). Under the
combined action of normal and tangential stress, the
interface failure mode is mainly tensile.

(2) In pure shear and pure tension state, the tangential
shear strength of the interface was 5.14MPa and
the normal tensile strength was 1.18MPa. Com-
pared with the literature results, the normal tensile
strength of the interface is lower, mainly due to the
eccentric loading caused by the inaccurate
positioning of rebar at both ends of the specimen.
Under the combined action of normal and
tangential stress, the shear strength decreases by
88.13%, but the tensile strength only reduces by
10.17%, which is not significant.

(3) In pure shear and pure tension state, it can be seen
from the stress-displacement curve of the interface
that the normal and tangential stress-displacement
curve are all presented as a two-fold line. When
loading to the ultimate bearing capacity, the normal
and tangential ultimate interface displacements are
within 0.1mm. After reaching the ultimate strength,
the interface is instantly destroyed without plastic
deformation. Under the shear-tensile coupling effect,
the displacement has a certain increase. )e normal
and tangential displacements at the interface are
within 0.4mm, but it is still characterized by brittle
failure.

(4) )e λ of both the model and the test is less than
37%, which shows that the two interface failure
modes are consistent; that is, the main failure form
of interface failure is a tensile failure. )e inter-
facial tensile-shear failure process can be divided
into the following stages: crack initiation stage,
crack appearance stage, crack growth stage, and
failure stage.[38, 39]
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