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The interfacial treatment between normal concrete (NC) and ultra-high–performance
concrete (UHPC) is crucial to ensure bonding strength. Grooving is an effective
method to treat the UHPC–NC interface, but the shear properties and failure modes at
the composite interface remain under-investigated. This study focuses on the bonding
performance of different groove designs (width, spacing, and angle) at the UHPC–NC
interface, and push-off tests with 15 specimens were carried out to evaluate the strength
and stiffness. Furthermore, a finite element model (FEM) and calculation methods were
validated with the experimental study to reveal the bonding strength, and a parametric
study on the groove depth was also carried out. The interface treated by grooves increases
3.32 and 2.48 times in strength and stiffness compared with specimens bonded by epoxy
resin adhesive. The results also show that failing at the interface and NC matrix made up a
majority of the failure modes. The shear strength of the UHPC–NC interface increased with
the width and decreased with the space between the grooves. Grooves with 10mmwidth,
100 mm space, 25 mm depth, and right angle were recommended. This paper will lay a
foundation for the surface preparation of UHPC strengthening NC bridges.
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INTRODUCTION

Ultra-high–performance concrete (UHPC) is widely defined as a cement-based material with
compressive strength of no less than 150 MPa and tensile strength of no less than 8 MPa (Yoo
and Banthia, 2016; Li and Deng, 2021). In addition, UHPC exhibits long-term durability due to its
great impermeability (Lian et al., 2021). The potential of using the cement-based material as a repair
material for strengthening normal concrete (NC) bridges is promising (Feng et al., 2020; Qin et al.,
2020; Zhang et al., 2021). For the concrete bridges strengthened by UHPC, the bonding performance
of the UHPC–NC interface is critical to ensure the efficiency (Murthy et al., 2018; Yang et al., 2019).
The literature showed that more than 50% of structures failed due to interfacial cracking after repair
or reinforcement (Li, 2004). Thus, it is essential to utilize UHPC and NC together to delay cracking at
the interface (Al-Osta et al., 2017; Tong et al., 2021).

Currently, many researchers have paid attention to the interfacial behaviors of UHPC and NC.
Harris et al. (2011) studied the bonding performance applying varying stress configurations and
environmental conditions. The roughness of concrete substrates, bonding age, freeze–thaw cycles,
and the wetting conditions of the concrete substrate were considered. The results showed that the
interfacial bonding between UHPC and NC exhibited good mechanical properties as the bonding
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strength could be 69%–117% of the tensile strength of the NC
substrate. Lee et al. (2007) evaluated the bonding durability
between UHPC and NC using grooving through accelerated
aging tests. Notably, the UHPC–NC interface had a relatively
higher performance than the NC–NC interface during slant shear
and pull-out tests. Hussein et al. (2016) and Hussein et al. (2017)
researched the adhesion and friction of the UHPC–NC interface
with different interfacial roughness, and the tensile strength and
friction coefficient of the bonded interface were obtained.
Moreover, they established a traction-separation model widely
used in simulating the bond behaviors in the UHPC–NC
composite structures (Zhu et al., 2020; Zhu et al., 2021). Tayeh
et al. (2012) and Tayeh et al. (2013) carried out shear tests and
tensile splitting tests to study the bonding ability between UHPC
and NC. The test results showed that UHPC improves the
microstructure of the transition zone, thus enhancing the
bonding strength between the NC substrate and UHPC. To
sum up, the good impermeability of the interface can
significantly prolong the service life of the repaired structure.
Most research focuses on the shear properties and failure modes
of the UHPC–NC interfaces using different interfacial treatments.

Previous studies had shown that the shear strength increased
greatly after grooved treatment. Zhang et al. (2020a) and Zhang et al.
(2020b) applied 10mm and 20mm grooves for surface treatment,
and it was found that the shear strength of the NC matrix with
different strengths can be improved. Besides, the specimens showed
significant ductility. The bearing capacity and ductility of the
grooved interface were slightly lower than those of the interface
with embedded studs.Wu and Zhang (2018) researched the bonding
performance between the precast ultra-high–performance concrete
repair layer and existing concrete. It is recommended that grooving
is an effective way, before repairing, to make the interface in the state
of shearing. Jiang et al. (2020) and Jiang et al. (2021) compared the
vertical groove, groove formed by high-pressure water, and different
depths. It was found that the interlocking effect of aggregates
produced by the groove can improve the shear strength, and
20mm depth showed better performance compared with 10mm
and 30mm. Ganesh and Murthy (2020) predicted the maximum
failure load by the numericalmethod through oblique shear, splitting
tensile, and four-point bending tests. The research shows that the
interface with grooves presented a uniform and good mechanical
performance. The interface strength can be predicted by the
relationship between stress and crack width. Guan et al. (2021)
evaluated the interfacial shear performance between UHPC andNC.
Dimensions of the grooves and the effect of dowel rebar were
considered. The UHPC–NC interface with a depth of 10mm
groove had the best mechanical performance if no dowel rebar
was applied. Larger grooves had higher shear resistances due to the
interlocking effect. In sum, grooving is a common treatmentmethod
for the interface connection between NC and UHPC, which can
significantly improve the shear strength and slip of the interface. Its
specific shapes, sizes, and spaces can still be further optimized.
However, failuremechanisms, numerical simulation, and calculation
methods need to be further explored.

In view of the limited research on the mechanisms and shapes
of grooves between UHPC and NC, this paper carried out the
push-off experiment (EXP). Different widths (10 mm, 20 mm,

and 30 mm), spaces (50 mm, 75 mm, and 100 mm), and angles
(-11°, 0°, and 11°) were considered. By comparing UHPC–NC
bonded by epoxy resin adhesive, the influence on interface
strength and stiffness with various shapes was discussed, and a
recommended groove size was obtained. In addition, the finite
element model (FEM) was established using the concrete
damaged plasticity (CDP) model and then validated with the
strength–slip curves obtained from the EXP. Calculation methods
to obtain the strength of interface were provided. After that, a
parametric analysis for different depths was conducted. The
results can support the interface treatment of NC structures
before repairing with UHPC.

EXPERIMENTAL PROGRAM

Description of Specimens
In order to explore the bonding performance of the UHPC–NC
interface with grooves, Z-shaped specimens were selected for the
push-off experiment. The design of specimens refers to the study
by Wu and Zhang (2018). The pressure area is 100 × 100mm2,
the interfacial bonding area is 200 × 100mm2, and detailed
information is shown in Figure 1.

In this experiment, five groups of three specimens were designed,
as shown in Figure 1. The depth of the groove is 10mm, and the
main parameters are shown in Table 1. The interfaces of the S5
group are bondedwith epoxy resin adhesive, and the interfaces of the
other four groups are treated with grooving. The groove width of the
S1 group includes 10mm, 20mm, and 30mm; the groove space of the
S2 group includes 50mm, 75mm, and 100mm. Different groove
angles are considered in S3 and S4 groups. In addition, the width of
the S3 group is 10mm, and the width of the S4 group is 20 mm. After
calculation, when the angle between the inclined edge of the
trapezoidal groove and the normal direction of the bonding
surface is less than 22°, the interfacial friction is greater than the
tangential force along the inclined surface, which will prevent the
interfacial slip in order to facilitate the fabrication of the specimens,
and different angles including 11°, 0°, and -11° are chosen.

Epoxy resin adhesive is used for the S5 group as the bonding
material. Its applicable temperature is -60 °C to -120 °C. The
initial curing time is 2 h, and it gets completely cured after 24 h
with shear strength ≥ 12MPa.

Materials
The mix proportions of NC and UHPC are given in
Supplementary Table 1. UHPC, which was mixed with flat
steel fibers of 2% volume ratio, 8 mm length, and 0.12 mm
diameter, was produced by Hunan Gu Li Engineering New
Material Company, and the nominal tensile strength of the
fiber was 2,700 MPa.

According to the relevant codes for concrete mechanical
properties (GB/T 50081-2002 (2002) (Standard for Test
Method of Mechanical Properties on Ordinary Concrete,
2002) for NC and GB/T 31387-2015 (2015) for UHPC,
respectively) (Reactive Powder Concrete, 2015), the
compressive strength of concrete was obtained by cubic
specimens with dimensions of 150 × 150 × 150 mm for NC
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and 100 × 100 × 100 mm for UHPC. Prism specimens with
dimensions of 150 × 150 × 300 mm for NC and
100 × 100 × 300 mm for UHPC were also fabricated to test the
elastic modulus. All the mechanical properties are listed in
Table 2. The stress–strain relationship of UHPC under
compression and tension is provided in Supplementary Figure 1.

Mechanical Properties of NC and UHPC
Manufacturing of the Specimens
The fabrication process of the specimens is shown in
Supplementary Figure 2. The formwork was made

according to the design size (Figure 2A). After that, NC
was poured into the formwork (Figure 2B). Twenty-eight
days after the NC side was formed, the specimens were
grooved with water cutting (Figure 2C). Then, the other
side of the UHPC formwork was nailed to NC after cutting,
and then the UHPC part was poured into it to finish the
fabrication process (Figure 2D). In order to ensure the
formwork can be fully and evenly filled with UHPC and
enhance the bonding performance, the interface is kept wet
during pouring UHPC. The formworks were removed after
24 h for normal temperature curing and steam-cured at 90°C

FIGURE 1 | Details of UHPC–NC push-off specimens.

TABLE 1 | Details of specimens.

Specimens Numbers Shape of the grooves

Width (mm) Space (mm) Angle (°)

S1 S1-1 10 75 0
S1-2 20 75 0
S1-3 30 75 0

S2 S2-1 20 50 0
S2-2 20 75 0
S2-3 20 100 0

S3 S3-1 10 100 −11
S3-2 10 100 0
S3-3 10 100 11

S4 S4-1 20 100 −11
S4-2 20 100 0
S4-3 20 100 11

S5 S5-1~3 Bonded by epoxy resin adhesive, S = 200 × 100 mm2

Frontiers in Materials | www.frontiersin.org March 2022 | Volume 9 | Article 8597173

Yang et al. Interfacial Behavior of UHPC–NC

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


for 48 h. After that, the specimens were allowed to cure for
7 days at normal temperature.

Loading Arrangement
The bond strength was measured using the single-side shear test
method, as shown in Figure 2. All specimens were tested using
the 200 kN MTS testing machine and preloaded with 5kN as the
control load before formal loading. The loading was conducted at
a rate of 6kN/min. When the crack or interface slip appeared, the
loading transformed to control by displacement at 0.05 mm/min
rate. The interfacial bonding strength was obtained by the MTS
testing machine. A dial gauge was arranged at the back of the
specimens to assist in measuring the bonding slip of the interface.
This loading and test arrangement has been used by other
researchers (Wu and Zhang, 2018).

FINITE ELEMENT MODELS

Commercial software ABAQUS was chosen to simulate the
experiment. Considering that the loading rate of the
experiment is slow, the standard (static general) solver is
applied in ABAQUS. Detailed information on material
properties, meshing, boundary conditions, and interactions is
described in the following sections.

Constitutive Model of Materials
The concrete damaged plasticity (CDP) model in ABAQUS is
based on the relations between stress and strain of concrete

materials under tension and compression. It characterizes
the inelastic behavior of concrete through tension and
compression damage theories, which shows different
yield strengths in compression and tension (Shafieifar et al.,
2017).

NC
The constitutive law of NC is obtained through the calculation
equation defined in GB50010-2010 (Code for Design of Concrete
Structures, 2011), and the concrete damaged plasticity model is
used, as shown in Supplementary Figure 3.

For NC under compression, the stress–strain curves can be
calculated through the following equations:

σ � (1 − dc)Ecε (1)

dc �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1 − ρcn

n − 1 + xn, x≤ 1

1 − ρc
αc(x − 1)2 + x

, x> 1,
(2)

x � ε

εc,r
(3)

ρc �
fc,r

Ecεc,r
(4)

n � Ecεc,r
Ecεc,r − fc,r

(5)

where dc is the damage parameter of NC under compression, Ec is
the elastic modulus of NC, fc,r is the standard compressive
strength of NC, which is determined by the material test, εc,r

TABLE 2 | Mechanical properties of NC and UHPC.

Materials Compressive strength (MPa) Tensile strength (MPa) Modulus
of elasticity (MPa)

NC 42.5 2.3 32500
UHPC 145.1 7.6 47300

FIGURE 2 | Loading arrangement.
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is the peak compressive strain, and αc is the shape parameter for
the drop stage, αc � 0.94.

The stress–strain curve can be calculated for NC under
tension as

σ � (1 − dt)Ecε (6)

dt �
⎧⎪⎪⎨⎪⎪⎩

1 − ρt[1.2 − 0.2x5], x≤ 1

1 − ρt
αt(x − 1)1.7 + x

, x> 1,
(7)

x � ε

εt,r
(8)

ρt �
ft,r

Ecεt,r
(9)

where dt is the damage parameter of NC under tension, fc,r is the
standard tensile strength of NC, which is determined by the
material test, εc,r is the peak tensile strain, and αc is the shape
parameter for the drop stage, αc � 2.19.

UHPC
The concrete damaged plasticity model in ABAQUS is used to
represent the constitutive law of UHPC. The stress–strain
relationship under tension and compression is based on the CDP
model (Wang et al., 2019), as shown in Figure 3. In this relationship,
Ec = initial elastic modulus of UHPC and Ecs = secant elastic
modulus at the peak point. σc is 4.9 MPa, εca is 120 μm/m, εpc is
750 μm/m,p is 0.95,wp is 0.25mm,fc is 120MPa, ε0 is 3,500 μm/m,
εu is 10000 μm/m, and n is 1.19. Poisson’s ratio of UHPC is 0.2.

FE Meshing
Three-dimensional eight-node (C3D8R) elements were used to
simulate UHPC and NC with reduced integration to avoid the
locking phenomenon. These elements have three translational
degrees of freedom in each node with linear interpolation for
the displacement. Moreover, a general size mesh is applied for
the models, and the scale is 5 mm to obtain
independent results from the mesh. Details of FE meshing
for models of push-off tests are depicted in Supplementary
Figure 4.

Boundary Conditions and Interactions
According to the experimental scheme, rotations and
displacements of the bottom of the push-off specimens were
restrained in X-, Y-, and Z-directions. A reference point was
coupled with the loading surface, as shown in Figure 4. The
displacement-controlled loading is used in the finite element
analysis to obtain the strength–slip curves. Besides, geometric
non-linearity is considered.

Assuming that grooves fully connect the UHPC–NC interface,
therefore, surface-to-surface contact can be applied for
interaction. Finite sliding and no adjustment are chosen. The
contact is characterized by tangential behavior and normal
behavior. In ABAQUS, the penalty function is used to describe
the relationship between the tangential friction and the relative
slip of the interface. When the slip reaches the limit value of 1, the
friction will remain constant. A friction coefficient was
implemented in which finite slip was allowed between the
contact surface of UHPC and NC. The value of friction
coefficient was recommended by AASHTO, which is 0.6 for
the NC surface without any roughness treatment (AASHTO,
2016). Normal behavior is mainly represented by the relationship
between normal stress and opening. Hard contact was applied to
depict the behavior of normal bonding. Separation is allowed
after contact. That is to say, no penetration is allowed at each
constraint location, and the surfaces transmit no contact pressure
unless the nodes of the slave surface contact the master surface.
Moreover, there is no limit to the magnitude of contact pressure
transmitted when the surfaces are in contact. Finite sliding was set
in normal behavior in ABAQUS (Chen and Graybeal, 2012;
Nasrin and Ibrahim, 2018).

DISCUSSION OF THE RESULTS

Failure Modes
During the push-off tests, cracks appeared near the UHPC–NC
interface and intersected or paralleled it. Most specimens did not
fail due to eccentric compression. The failure modes of
UHPC–NC specimens connected with grooves are shown in

FIGURE 3 | Constitutive law of UHPC under (A) tension and (B) compression.
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Figure 5. It can be seen that the NC matrix failed significantly in
group S1, and the other groups mostly failed at the interface
between UHPC and NC. Four types can be divided according to
the failure modes.

The failure occurred at the NC matrix only (Figure 5A): the
shear strength at the initial loading stage was mainly provided by
the cohesion between UHPC and NC. Firstly, tiny shear cracks
were observed on the NC matrix near the bonding surface, and
then the shear bearing capacity was mainly provided by the NC
matrix. With the loading process, the shear crack penetrated
through the NC matrix. Then, the NC matrix was shear failed,
and the failure surface was mainly on the NC matrix near the
bonding area. Besides, the bonding interface of UHPC–NC
remained intact, the aggregate of NC at the failure surface
partly broke, and the exfoliated NCwas still bonded to the UHPC.

The failure occurred at the bonding interface only (Figure 5B):
the shear strength at the initial stage of loading was mainly
provided by the cohesion between UHPC and NC. Firstly, tiny
shear cracks were observed on the bonding surface, and the shear
resistance was mainly provided by UHPC grooves which inhibit
the propagation of cracks. However, with the loading process, the
crack propagated vertically along the interface. Finally, the shear
crack penetrated the interface, and the shear failure occurred at
the bonding surface. The interface of the specimens was split into
two parts, and there appeared no crack on the NC matrix
and UHPC.

The failure occurred at the NC matrix and interface
(Figure 5C): firstly, the crack developed obliquely to the
bonding surface between UHPC and NC, and UHPC grooves
mainly provided the shear strength. As the loading continued,
when the load increased to 90% of the ultimate load, the bridging
effect of steel fibers can be observed. Finally, the crack propagated
obliquely through the NC matrix’s bonding surface. Meanwhile,
the bonding interface and the NC matrix failed nearly
simultaneously. The failure surface was partly on the bonding
interface and the NC matrix. The bonding interface of
UHPC–NC was partially cracked, while the NC matrix was

damaged near the interface, and the exfoliated coarse
aggregate was still bonded to UHPC.

The failure occurred at the NC matrix and interface
(Figure 5D): it is similar to the failure mode of type C, but
less UHPC is attached to the failure surface. The cohesion
between UHPC and NC mainly provided the shear resistance
at the initial loading stage. Firstly, a tiny shear crack appeared on
the epoxy resin adhesive layer. The shear crack developed
obliquely to the NC matrix with the loading process and
finally penetrated. The shear failure occurred between the
bonding interface and the NC matrix and was partly observed
on the epoxy resin adhesive layer and the NC matrix. Most of the
exfoliated NC was still bonded to the UHPC matrix.

The failure mode of S1-1 was A (Figure 6A), the bonding
interface remained intact, and cracks only appeared at the side of
the NC matrix. The failure modes of S1-2 and S1-3 specimens
were type C. The failure surface was consistent with the interface.
Cracks only occurred at the side of the NC matrix.

The failure modes of the S2-3 specimen were B (Figure 6B),
the bonding surface was damaged, and there were no cracks in the
matrix on both sides. The failure mode of S2-2 was C, the failure
surface was consistent with the bonding surface, and cracks
occurred on the side of the NC matrix. Transverse cracks
developed in the middle of the NC matrix.

The failure mode of the S3-1 specimen was type B (Figure 6C),
the failure surface was the bonding interface, and there appeared
no cracks in the matrix on both sides. The failure mode of the
S3-2 specimen was type C, part of the failure surface was
consistent with the bonding interface, and the other cracked at
the side of the NC matrix. The failure mode of the S3-3 specimen
was B.

As for S4 and S5 groups, the failure mode of the S4 group was
class C (Figure 6D, Figure 6E). The failure surface is within
10–20 mm from the edge of the bonding interface. Besides, there
were no cracks on the UHPC side. The failure mode of group S5
was D, part of the failure surface was on the epoxy resin adhesive
layer, and the other was on the NC matrix.

FIGURE 4 | Boundary conditions and interactions.
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For specimens with small grooves, the convex UHPC was
subjected to a larger load, especially when the shear surface
cracked and slipped. During the process, a loud sound can be
heard when the internal steel fibers were pulled out. The bridging
effect of steel fibers was significant, and shear cracks appeared in
both the UHPC and NC layers near the shear surface, as shown in
Figure 6F. Finally, the specimens showed the failure mode of
class C.

Figure 5 in the Supplementary Material shows the distribution
of four failure modes, and the proportion of B (which failed at the
interface only) is only 7%, indicating that the reliability of the
UHPC–NC bonding interface is high. The proportion of C and D
is up to 80%, indicating that the shear resistance of the
UHPC–NC bonding interface with grooves is better than that
of the NC matrix.

On the one hand, the water–cement ratio of UHPC is low
and does not contain coarse aggregates, and the initial stress
caused by temperature and shrinkage at the bonding interface
is complex. When pouring UHPC, the ultra-fine silica powder
in UHPC will be tightly filled on the surface of the existing
concrete structure, and there will be no interlocked contact
between coarse aggregates like the NC–NC interface with a
dense microstructure. Due to the existence of UHPC grooves,
the bonding area between UHPC and NC expands, the
development of cracks is inhabited, and the ability to resist
complex initial stress can be effectively improved. On the other
hand, UHPC with a low water–cement ratio can reduce the
porosity of the transition layer of the interface. Therefore, the
bonding strength is enhanced with the increase of
compactness. After the interface cracked, the specimen can
still bear about 33.3% of the ultimate load and has good
ductility characteristics.

Strength–Slip Curves
The results of the EXP and FEM are shown in Figure 7 and
Table 3, where τ1 and τ2 are the peak shear strength of EXP
and FEM, respectively, and S1 and S2 are the slip corresponding
to 70% of the peak shear strength of EXP and FEM,
respectively, which are used to evaluate the ductility
characteristics of the specimen. Moreover, K1 and K2 are
the interface stiffness of EXP and FEM, respectively.
Meanwhile, e1 and e2 are the relative errors of
shear strength and stiffness. The specific definition is as
follows:

K1 � τ1
S1
, K2 � τ2

S2
(10)

e1 � τ2 − τ2
τ1

× 100%, e2 � K2 −K1

K1
× 100% (11)

For the S5 group, when defining the values of shear strength
and stiffness in the EXP, from the perspective of safety, the
maximum and minimum values of shear strength are removed,
and the median value is taken as the shear strength.

It can be seen that the FEM fits well with the EXP in terms of
interface strength and stiffness, and the error is within ±17%.
In addition, S3-1 shows the highest shear strength of 3.98 MPa,
and S2-3 shows the highest interface shear stiffness of
22.95 MPa/mm. Compared with that of the S5 group
(bonded by epoxy resin adhesive), its shear strength is
1.2 MPa. The average stiffness is 9.23 MPa/mm, and the
strength and stiffness are increased by 231.7% and 148.6%,
respectively. The results show that grooving is very effective in
improving interface performance. By comparing the failure
modes, it can be found that failing at interface bonding occurs
in S1-2, S1-3, and S2-2. Although the strength greatly
improved compared with that of S5, their stiffness
decreased. However, the stiffness of the S4 group with
failure mode C increased significantly. The results show that
reasonable shapes of grooves play an important role in
enhancing interface performance.

FIGURE 5 | Failure modes of specimens. (A) Type A. (B) Type B. (C)
Type C. (D) Type D.
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Influence of the Grooves
Influence on the Bonding Strength
The change in interface strength is shown in Figure 8A. For
S1, the interfacial bonding shear strength increases with the
width. When the width reaches 30mm, the maximum
interfacial bonding shear strength is 3.12 MPa. Due to the
existence of UHPC grooves, when there appear microcracks
in the bonding interface, their propagation will be restricted
and the strength ductility of UHPC is better than that of NC.
The greater the width of the grooves is, the greater the shear
strength provided by UHPC is. Meanwhile, the grooving
treatment of the bonding interface will destroy the
integrity of the concrete and produce microcracks.
However, the cast-in UHPC will properly fill these
microcracks, and the mechanical force between the NC
matrix and UHPC gets strengthened owing to the bridge
effect of steel fibers. When the width of the grooves increases
from 20mm to 30mm, the shear strength of the bonding
interface is provided by the NC matrix, which leads to the
failure of the NC matrix, i.e., failure mode C. At this
time, the increase in width will not enhance the shear
strength.

For specimens of S2, the shear strength of the interface
decreases with the increase of space. It is worth noting that
failure modes of A occur in S2. The reason is that when the space

increases, the propagation path of microcracks between grooves
along the edge of the UHPC–NC interface shrinks,
which will lead to interfacial failure and reduce the bonding
strength.

Comparing the specimens of the S3 group and S4 group, it is
found the shear strength of grooves with angle is better than that
without angle. On the one hand, the interfacial bonding shear
strength of -11° is about 25% higher than that of 0°; on the other
hand, the interfacial bonding shear strength of 11° is about 13%
higher than that of 0°.

Changing the angle can increase the strength by 1.25
times. The angle can improve the effect of interlock, so it
brings higher bonding shear strength. As shown in
Figure 8B, when the specimens with 11° grooves are
subjected to the shear force, the shear crack will develop
toward the bonding interface and aggravate the cracking of
the interface. When the specimens of -11° grooves are
subjected to the shear force, the shear crack will develop
toward the inner part of the NC matrix, and cracking of the
interface will be inhabited, therefore improving the shear
resistance. In addition, the shear strength of the S3 group
with 10 mm width is better than that of the S4 group with
20 mm width. It is indicated that grooves with 10 mm width
perform well, and excessive width causes the failure of the
NC matrix.

FIGURE 6 | Failure modes of interface. (A) S1. (B) S2. (C) S3. (D) S4. (E) S5. (F) Steel fibers and cracks at the interface.
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FIGURE 7 | Strength–slip curves of the specimens. (A) S1. (B) S2. (C) S3. (D) S4. (E) S5.

Frontiers in Materials | www.frontiersin.org March 2022 | Volume 9 | Article 8597179

Yang et al. Interfacial Behavior of UHPC–NC

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


Influence on Bonding Stiffness
The change in interface stiffness is shown in Figure 9. For
specimens of S1, the shear stiffness decreases with the increase
of the width, and the shear stiffness decreases more with the
volume loss rate (α). After cracks appeared in the bonding
interface, its shear stiffness was mainly provided by the UHPC
grooves. However, with the increase of the width, the propagation
path of cracks along the interface edge diminished, and the stress
factor at the tip of the microcrack increased. Therefore, the
microcrack developed in the NC matrix and finally extended
to the bonding interface. The shear stiffness of the UHPC grooves
was not fully utilized.

For specimens of S2, S2-2 exhibits relatively low stiffness.
Therefore, without considering S2-2, when the volume loss
rate and width are constant, the interfacial bonding stiffness
increases with space increase. The reason is that when the

space of grooves increased to 100mm, the crack path from the
edge of the interface decreased. Thus, the interfacial shear
strength decreased. However, the propagation path of
cracks between adjacent grooves extended, and the
slip increased, resulting in enhancing the interfacial shear
stiffness.

For specimens of S3 and S4, it can be seen that changing the
angle of grooves can increase the stiffness by 1.17 times.When the
angle is -11°, the interfacial shear stiffness exhibits best. It is
notable that when the interface angle is 0°, the shear strength is
slightly higher than that of 11°. Due to the change in the opening
angle of the grooves, the interface microcracks with an angle of
11° accelerate the expansion due to the stress concentration.
Besides, a relatively high volume of loss rate reduces the
utilization of the shear stiffness of UHPC, therefore weakening
the composite elastic modulus of the UHPC–NC interface.

TABLE 3 | Results of the EXP and FEM.

Specimens Failure
modes

τ1
(MPa)

τ2
(MPa)

e1

(%)
S1

(mm)
S2

(mm)
K1

(MPa.mm−1)
K2

(MPa.mm−1)
e2

(%)

S1-1 A 2.08 2.00 −4.08 0.18 0.21 11.43 9.71 −15.05
S1-2 C 3.10 3.14 1.31 0.38 0.38 8.16 8.18 0.27
S1-3 C 3.12 3.14 0.62 0.60 0.62 5.18 5.06 −2.32
S2-1 A 3.54 3.27 −7.63 0.22 0.19 16.31 17.30 6.06
S2-2 C 3.13 2.95 −5.75 0.44 0.43 7.10 6.91 −2.66
S2-3 B 2.57 2.48 −3.50 0.11 0.12 22.95 20.84 −9.18
S3-1 B 3.98 3.85 −3.27 0.29 0.25 13.54 15.71 16.08
S3-2 C 3.18 2.75 −13.52 0.30 0.29 10.56 9.35 −11.46
S3-3 B 3.60 3.31 −8.06 0.35 0.34 10.29 9.85 −4.22
S4-1 C 3.73 3.38 −9.38 0.24 0.23 15.67 14.63 −6.64
S4-2 C 3.00 2.66 −11.33 0.22 0.20 13.39 13.57 1.33
S4-3 C 3.39 2.93 −13.57 0.25 0.23 13.45 12.68 −5.71
S5-1 D 1.2 — — 0.13 — 9.23 — —

S5-2 D
S5-3 D

FIGURE 8 | Influence of different grooves. (A) Bonding strength. (B) Crack pattern of the grooves with different angles.
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Recommended Values of the Grooves

In order to compare the efficiency of different shapes of
grooves at the UHPC–NC interface, the relative
bonding strength RD and bonding stiffness RK are
introduced to evaluate the influence of various factors.
Their expressions are

RD � τmax

τ0
(12)

RK � Kmax

K0
(13)

where τmax and Kmax are the bonding strength and stiffness of
UHPC–NC interface with grooves, respectively, and τ0 and K0

are the bonding strength and stiffness of UHPC–NC interface
bonded by epoxy resin adhesive, respectively. The area of RK

greater than the average value of 1.5 and RD greater than 2.5
are taken as zone I, representing the interface bonding strength
and stiffness are greatly improved through these kinds of
grooves, as shown in Figure 10. For the S1 group, when the
width is greater than 10 mm (S1-2 and S1-3), RK is less than
1.5, but RD is greater than 2.5. That is, the strength increases
significantly, and the stiffness decreases slightly. Meanwhile,
the width of S3 is 10mm, and the width of S4 is 20 mm.
However, the distribution of the S3 group is closer to zone I,
which indicates that the grooves with 10 mm width exhibit
better bonding performance. As for the S2 group, when the
groove’s space reaches 100 mm (S2-3), both RK and RD exceed
the average value, which exhibits significant strength and

FIGURE 10 | Distribution of RD and RK.

FIGURE 11 | Shear resistance mechanisms of UHPC–NC interfaces
with grooves.

FIGURE 9 | Influence of different grooves on bonding stiffness.
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stiffness improvement effect. Therefore, 100 mm space is
recommended. As for S3 and S4 groups, when the angle is
-11° (S4-1 and S3-1), the best bonding performance is
observed. Compared with the right angle (S4-2 and S3-2),
the strength is significantly improved, but the difference in
stiffness is small and RK is greater than the average.
Considering the convenience of construction and the
bonding efficiency, the grooves with the right angle are
recommended.

Calculation Methods of the Interface Shear
Strength
There is currently no clear specification for calculating the shear
strength of the UHPC–NC interface with grooves. ACI 318-14
(ACI Committee, 2008) provides the methods for the
UHPC–NC interface strength with studs as follows
(AASHTO, 2016):

Vn � μAvffy (14)
where Vn is the interface shear capacity, μ is the friction
coefficient, Avf is the area of interface shear reinforcement,
and fy is the yield strength of the reinforcement.

For this interface, the interface shear capacity is composed of
studs’ adhesion and interfacial shear resistances. And the
capacity is mainly provided by the bending of the studs that
is generally referred to as dowel action, as shown in
Supplementary Figure 6. However, the grooved interface is
connected without studs. Considering three failure modes,
the shear strength of the interface is contributed by the
adhesive bonding, the NC matrix, and the shear resistance of
UHPC grooves embedded in NC, as shown in Figure 11. Based
on the results of the EXP, the shear strength can be calculated as
follows:

τG � τNAN + τUAU + τsAs

S0
, (15)

where τG is the shear strength of the grooved surface, τN is the
shear resistance contributed by the NC matrix, τU is the shear
resistance contributed by the UHPC groove, τs is the shear
resistance contributed by adhesion, AN is the failure area of
the NC matrix, AU is the failure area of the UHPC grooves, As is
the failure area of the interface, and S0 is the area of the bonding
interface.

The interface without roughness, τs, can be taken as 0.213 τN
(Zhang, 2020b). Based on the friction shear mechanism (Santos
and Júlio, 2012), τN and τU can be calculated as follows:

τN,U � 0.5
����
fcft

√
(16)

where fc is the cubic compressive strength and ft is the tensile
strength. In this research, τN � 4.94MPa and τU � 16.60MPa.

AN,U,S can be calculated by multiplying the crack length and
the interface width. Finally, the interface shear strength can be
obtained. The table shows the calculation results. It can be seen
from Table 3in the Supplementary Material that the
calculation error of this method is within ±25%, and the
bearing capacity of the UHPC–NC grooved interface can be
well calculated.

EFFECTS OF THE DEPTH OF THE
GROOVES

From the sections above, a more efficient UHPC–NC interface
performance can be obtained with 10 mm width, 100 mm space,
and right angle. Based on the FEM, which fits well with the EXP, a
parametric analysis was carried out for different depths of grooves

FIGURE 12 | FEM results of different grooves.
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with the recommended dimensions in this paper. The interface
strength and stiffness changes when the depth of grooves varies
from 10mm to 35 mm were compared, as shown in
Supplementary Figure 7.

The FEM results are shown in Figure 12. When the depth of
grooves increased from 10mm to 15mm, the interface bonding
strength and stiffness increased to 0.47MPa and 3.70 MPa/mm,
respectively, the strength increased by 14.8%, and the stiffness
increased by 35.0%. It is indicated that the interface bonding
performance is sensitive to the depth of grooves. When the depth
increased to 25mm, the interface bonding strength reached the
maximum of 3.79MPa and the stiffness reached the maximum of
15.36 MPa/mm. However, when the depth increased above
25mm, the strength decreased to 3.67 MPa and remained
constant with the increase of depth and the interface bonding
stiffness gradually decreased to 15.27 MPa/mm. The results show
that the interfacial bonding strength and stiffness increased first
and then decreased with the depth increase. Grooves with 25 mm
depth were recommended to improve interfacial bonding
performance.

CONCLUSION

This paper aimed at investigating the interfacial bonding
performance between UHPC and NC connected with grooves,
and a push-off test with 15 UHPC–NC specimens was carried
out. Conclusions can be drawn as follows:

1) Due to the grooves’ interlock effect, there is a strong
mechanical performance between UHPC and NC, the
development of interfacial cracks can be delayed, and the
shear strength of the interface is even better than that of the
NC matrix.

2) Grooves can significantly enhance the bonding performance.
Besides, reasonable shapes of grooves were critical. Compared
with specimens bonded by epoxy resin adhesive, the interface
strength and stiffness are increased by 3.32 times and 2.48
times, respectively. Changing the angle can increase the
strength by 1.25 times and the stiffness by 1.17 times. A
method to calculate the bonding strength was provided.

3) The FEM was established for the push-off test. This model
applied hard contact and tangential friction coefficient for the

interface. From the test results, it can be found that themodel can
predict the shear strength and slip well, and the error was within
±17%. Based on the FEM, the parameter analysis of different
depths was carried out. The interfacial bonding strength and
stiffness increased first and then decreased with the depth
increase. Grooves with 25mm depth performed best.

4) Through comprehensive comparison of interfacial
performance, the convenience of construction, and the
volume loss rate of the matrix, grooves with 10 mm width,
100 mm space, and right angle are recommended.
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