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The bonding performance between new and old concrete affects the reliability
and service life of the repair structure. However, the bonding interface is
complex and has many influencing factors, so selecting appropriate repair
materials and evaluation methods for repair structures under different service
environments is important. This paper presents a comprehensive overview of
the factors that influence bonding properties. These include the choice of
repair materials, the condition of the existing concrete, the type of interfacial
agents used, the service environment, and the testing methods employed. The
paper concludes by examining the challenges and opportunities in developing
interface bonding properties to provide insights and research directions for
future theoretical analysis and experimental research.
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1 Introduction

Concrete structures are widely used nowadays. The existing concrete structures show
different degrees of damage due to service environments and loading factors. Repairing
structures to maintain structure integrity and improve their bearing capacity and durability
is necessary. One significant challenge in repairing structures is ensuring the bonding
performance between new and old concrete (LIU, 2006; ZHENG and CHEN, 2008).
This issue arises in various new structures, including dams, prefabricated component
nodes, and fabricated buildings, high-speed railway track slabs and filling layers, and
interfaces between prestressed pipe grouting materials and channels (TAYEH et al., 2012;
KOTHARI et al., 2020; VALIKHANTI et al., 2020). The structure of new and old concrete
is depicted in Figure 1, comprising old concrete, repair material, interfaces between old
concrete and repair material, and interfacial agents. Multiple factors impact bonding
performance, including the types of repair material, the strength of old concrete, roughness,
the water content of the interface, and types of interfacial agents. High temperatures, varying
humidity, freeze-thaw cycles, and chemical corrosion impact bond performance during the
service life. The evolution of bond performance further impacts serviceability and service
life, making it crucial to uncover the critical factors affecting bonding performance.

Researchers have achieved many results in bonding properties between old and
new concrete. This paper analyzes the influences of repair materials, interface agents,
environmental factors, and test methods based on current research results. Moreover, this
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FIGURE 1
Interface structure of new and old concrete.

paper looks forward to future research that provides a theoretical
and technical basis for related engineering and technology research.

2 Effect of different repair materials
on bond strength

Repair materials affect early strength development and
durability of repair structures, so suitable repair material is a
prerequisite to ensuring molecular force between concrete (ZHENG
and CHEN, 2008). Research showed that the types of repair
materials influence bond properties (LIU, 2006). Common repair
materials include ultra-high-performance concrete, self-compacting
concrete, mortar, and fiber-reinforced material.

2.1 Ultra-high performance concrete

Compared with ordinary concrete, Ultra-high performance
concrete (UHPC) has an advantage in strength, ductility,
workability, and durability. This paper analyzed the effects of silica
fume, fiber, and water-cement ratios on bond strength.

Silica fume is one of the cementitious components in UHPC.
Research showed that the filling and pozzolanic effects can improve
interfacial transition zone and bond strength (TAYEH et al., 2012).
Qiao et al. found that bond strength increased and decreased with
silica fume increase. Compared with a silica fume mass fraction
of 3%, the 9% mass fraction shear strength and splitting tensile
strength increased 39.5% and 30.6%, respectively. However, when
it reached 12%, bond strength decreased. The reason is that the
reaction of silica fumes with calcium hydroxide crystals on old
concrete produces a C-S-H gel, which can improve interface
density. However, too much silica fume and insufficient calcium
hydroxide affect hydration. Scholars revealed the mechanism from
a microscopic perspective. Kothari et al. studied the relationship
between C-S-H composition and interface thickness through
scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS). They found that after adding silica fume, the calcium
content of C-S-H gel at the interface was high, the calcium-silica
ratio varied between 1.2 and 1.6, and the thickness of the interface
area was less than 20 pm. It can be seen that silica fume can improve
bonding performance (KOTHARI et al., 2020).

Contradictory research results from Fiber at UHPC have been
pointed out. Researchers believed that fiber could inhibit the
shrinkage of concrete (VALIKHANTI et al., 2020). Chen et al. tested
the bond strength of UHPC with a steel fiber volume fraction
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of 0-2.5%; bond strength increased with fiber content increase
(CHEN etal., 2021). Kabay etal. also found that with steel fiber
mixed, tensile strength increased 17% (KABAY and KIZILKANAT,
2018). On the other hand, some researchers pointed out that due to
UHPC and old concrete existing in a layer of mortar, fibers do not
affect the bonding interface directly (HABER et al., 2018).

Kothari et al. found that UHPC was a low water-binder ratio
material; it can reduce the porosity in the interface transition zone.
When the water-cement ratio of UHPC was 0.33, the porosity
was only 6%. Compared with ordinary concrete, UHPC porosity
was lower and bond strength was higher (KOTHARI et al., 2020).
Valikhani et al. observed many hydration products with a dense
structure at the interface. Because of the low water-cement ratio of
UHPC, there were many unhydrated particles. If the water content
on old concrete is suitable, new concrete will continue to hydrate and
improve bond strength (VALIKHANT et al., 2020).

2.2 Self-compacting concrete

Self-compacting concrete (SCC) can be compacted under self-
weight. Compared with ordinary concrete, self-compacting concrete
has a higher cementitious content, a lower water-cement ratio,
fewer coarse aggregates, and excellent fluidity and passing ability.
These make it more suitable as a repair material (LACOMBE et al.,
1999; CHEN and ZHENG, 2010; MENG et al., 2018). This paper
discusses the impact of SCC slump flow, material composition, and
rheological properties on interface properties.

Diab et al. analyzed self-compacting concrete and old concrete
with slump flow values of 640 mm, 710 mm, and 800 mm. They
found that as the slump flow increased, bond strength also increased
(DIAB et al.,, 2017). However, Li Linxiang etal. discovered that
as the slump flow of SCC increased, the bond strength between
the self-compacting concrete and track slab tended to decrease.
The bond strength slightly decreased when the slump flow was
increased from 570 mm to 690 mm. When the slump flow was
increased from 570 mm to 730 mm, the bond strength decreased
54%. This strength decreased because when the slump flow was large,
SCC may have stratified segregation due to thick water films that
weaken the interfaces’ bonding force (LI et al., 2015). The difference
between the findings of Diab et al. and Li Linxiang et al. is that Diab
et al. incorporated some additional factors. Li Linxiang et al. found
that bond strength increased with cementitious material increase
because hydration products of new and old concrete interlaced to
increase the bond strength (DIAB et al,, 2017).
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Li Linxiang etal. found that bond strength increased with
cementitious material increase because hydration products of new
and old concrete interlaced to increase the bond strength. Increased
air content decreases bleeding tendency, and interface bond strength
improves (LI etal., 2015). The addition of latex or fiber to SCC
can reduce volume shrinkage. Diab etal. found that latex can
reduce hydration rate and fiber can control the shrinkage of new
concrete. In addition, the addition of a 10% parametric expansion
agent can also improve bonding performance (DIAB etal., 2017;
MENG et al., 2018).

As self-compacting concrete (SCC), its rheological properties
significantly impact the bonding performance. The rheological
properties of SCC mainly include thixotropy, plastic viscosity, and
yield stress. Research has found that the lower the thixotropy
of SCC, the better the interlayer bonding strength (DYBEL and
KUCHARSKA, 2020). Yuan et al. found that when SCC is used in
the high-speed railway filling layer, there are two filling methods:
bottom-up and horizontal pushing, which mainly depend on SCC’s
plastic viscosity and yield stress. When the plastic viscosity and yield
stress were low, the filling method of SCC was bottom-up, which
can result in air being trapped between the filling layer of SCC and
the track slab, leading to lower interfacial bond strength. Conversely,
SCC was filled horizontally, effectively allowing air to be expelled
(YUAN et al,, 2016).

2.3 Mortar of different components

Mortar is used as a repaired material. Different types of it have
different effects on interfacial bond strength. A summary is shown
in Table 1.

Table 1 shows that polymer mortar-modified material can
improve bond strength. Wang etal. found that with styrene-
acrylate (SAE) powder added, the bond strength of ordinary mortar
increased from 0.97 to 1.3 MPa to 3.12-2.87 MPa (WANG and
ZHANG, 2015). Kao etal. found that adding styrene-butadiene
rubber (SBR) powder to mortar resulted in a tensile strength
of 3.35 MPa for repair specimens (KAO etal.,, 2018). When SBR
polymer was added to mortar, the shrinkage measured after 1 year
was 1/3 less than that of ordinary silicate cement mortar, which
can significantly improve the bond strength (MOMAYEZ et al.,
2005a). It is important to note that while polymer doping can
be good for repairing the flexural strength of a structure when
it is high, the compressive and shear properties can be adversely
affected when too much is added. So, fitting polymer content is
5-10% of cementitious material. The mechanism by which polymer-
modified mortar enhances bonding performance is that the polymer
creates a film that decreases the porosity and permeability of the
interface. This film also improves bond strength through mechanical
bonding (WANG and ZHANG, 2015; LEE etal., 2020), such as
the polymer film formed by the polymer at the interface, the
filament, and the mesh structure. These structures connect the
repaired mortar and the old concrete. Table 1 shows that bond
strengths, from high to low, are SAE powder, SBR emulsion, and
SAE emulsion. The researchers found that modified mortar polymer
film prepared by SAE powder had high film density and good
toughness. It was more suitable as a repair material than SAE
emulsion (WANG and ZHANG, 2015; KAO et al., 2018). However,
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in underwater conditions, the poor performance of polymer mortar
affects bond strength (QIAN et al., 2016). In addition, polymer film
will decompose under high-temperature conditions and affect bond
strength (RASHID et al., 2015).

Magnesium  phosphate (MPC) and calcium
sulfoaluminate cement (CSA) are used in cement concrete pavement
repair (GUO et al., 2018). MPC has good fluidity, drying shrinkage,
bond strength, and wear resistance. Compared with normal Portland
cement, its shrinkage is smaller. (QIAN et al., 2014). MPC has a

good pore filling effect and high bond strength. Table 1 shows that

cement

when M/P (molar ratio) is 6-10, bond strength increases as the
ratio decreases. The increase in bond strength is due to magnesium
contents being high and hydration products being insufficient
(QIN et al., 2018). In contrast, CSA mortar has other convenient
advantages. Due to the rapid growth of crystals during hydration,
CSA mortar forms a non-dense network structure. However, the
hydration products contain more gel, which reduces porosity and
improves bond strength. As age increases, bond strength increases
with increased gel content. Li et al. found that adding a 0.9% high-
efficiency polycarboxylic acid water-reducing agent into CSA can
improve fluidity and enhance bonding performance (LI et al., 2020).
Some researchers have added 30%-50% Ferric aluminate cement
(FAC) to MPC. They found that FAC generates many crystals and
gel materials to form a denser structure (JIA et al., 2021).

Compared to conventional concrete, mortar has good fluidity.
However, the volume stability of mortar is poor because of its large
shrinkage. Adding polymer-modified materials and high-flow, high-
strength cement materials such as magnesium phosphate cement
can reduce shrinkage and improve bonding performance.

2.4 Fibre reinforced material

Adding fibers to new concrete can reduce shrinkage and improve
bond strength. The effectiveness of the improvement depends on
factors such as the type, dosage, tensile strength, and elastic modulus
of the fiber used (BANTHIA et al., 2014).

(1) High modulus fiber

Fibers that possess a high elastic modulus are effective in
reducing concrete shrinkage. Some examples of such fibers include
steel and basalt fibers. Basalt fibers are commonly 13 mm long and
have a modulus of 90-110 GPa. Steel fibers also share the same
length of 13 mm and are available in end-hook type, flat, and milled
varieties. Among these, end-hook-type steel fibers have the best
performance (QIAO et al., 2020).

The bonding properties of old concrete are affected by the
amount of steel fiber and roughness on the surface. Research shows
that when the surface of old concrete is smooth, the steel fibers
near the bonding surface are parallel, and there is no improvement
in bonding performance. On the other hand, when the surface is
rough, the steel fibers are anchored in the gaps, which can improve
bond strength. However, the bond strength decreases if the steel
fiber is too high. Figure 2 shows that bond strength decreases when
the volume content of steel fiber increases from 0.5% to 1%. This
is because steel fiber content is too high, and there is insufficient
cement paste to wrap the steel fibers and fill gaps (JINCHUAN et al.,
2016; ZANOTTT et al., 2018). Similarly, basalt fibers can improve
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TABLE 1 Summary of literature review on bonding performance between UHPC and old concrete.

Mortar type

Modified material content

Testing method

10.3389/fmats.2024.1389785

Bond strength/MPa

Ordinary mortar

Tensile-resistant

0.97-1.30 (WANG and ZHANG, 2015)

0%

Splitting 2.2 (QIAN et al., 2016)
10% Tensile-resistant 2.01-2.31 (WANG and ZHANG, 2015)
SBR (emulsion) modified mortar
10% Splitting 2.42 (20°C) (RASHID et al., 2015)
SBR (powder) modified mortar — Tensile-resistant 2.87-3.12 (WANG and ZHANG, 2015)
SAE (emulsion) modified mortar 10% Tensile-resistant 1.28-1.50 (WANG and ZHANG, 2015)
SAE (powder) modified mortar 10% Tensile-resistant 2.87-3.12 (WANG and ZHANG, 2015)
PAE (emulsion) modified mortar — Splitting 2.48 (20°C) (RASHID et al., 2015)
PCM modified mortar 5%-10% Splitting 1.8 (QIAN et al., 2016)
Air entraining cement mortar 4% Splitting 2.5 (QIAN et al,, 2016)
0 1.65 (ZHENG et al., 2019)
2.5% 1.47 (ZHENG et al., 2019)
5.0% 1.52 (ZHENG et al., 2019)
Epoxy resin modified mortar Splitting
7.5% 1.90 (ZHENG et al., 2019)
10% 2.10 (ZHENG et al., 2019)
12.5% 2.65 (ZHENG et al., 2019)
Tensile 4.25 (QIN et al., 2018)
M/P (molar ratio):6
Bending 9.85 (QIN et al., 2018)
Tensile 3.70 (QIN etal., 2018)
M/P (molar ratio):10
Magnesium phosphate cement mortar Bending 8.77 (QIN et al,, 2018)
Tensile 3.21 (QIN et al., 2018)
M/P (molar ratio):14
Bending 7.13 (QIN et al., 2018)
10%MgO Bending 9.5 (QIAN et al., 2014)
3.1 (LI et al., 2020)
Aluminate cement mortar (CSA) — Bending
6.4 (QIAN et al., 2014)
FAC/Mgo:0 3.91 (JIA et al.,, 2021)
FAC/Mgo:1/9 4.0 (JIA et al., 2021)
) ) ) FAC/Mgo:2/8 441 (JIA etal,, 2021)
Ferric aluminate-magnesium phosphate Bendin
cement (FAC-MPC) J
FAC/Mgo:3/7 4.73 (JIA et al., 2021)
FAC/Mgo:4/6 5.26 (JIA et al,, 2021)
FAC/Mgo:5/5 5.39 (JIA et al., 2021)
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FIGURE 2
Bond strength of concrete with different fiber content (ZANOTTI et al.,
2018).

bond strength by increasing the plastic shrinkage resistance of
cement material, but an excessive amount of fiber reduces the fluidity
of mortar. An interface agent can supplement the cementitious
material to enhance bond strength further. Jiang et al. compared
fiber-modified mortar with or without an interfacial agent and found
that the bond strength of applying acrylic acid (AAE) interface agent
increased by 38% (JIANG et al., 2010). This result shows that the
superior properties of high-modulus fibers as repair materials can
be better leveraged using interface agents.

Jiang etal. pointed out that when mixed with 0.6 kg/m?,
1.6kg/m® and 2.6 kg/m® basalt fiber, bond strength increased
10.60%, 18.50% and 21.40% respectively (JIANG etal., 2010;
JIANG etal., 2016). Qiao Qinghao etal. found that when the
volume fraction of steel fibers is 1.2%, specimens’ shear and split
tensile strengths reached 3.78 MPa and 2.99 MPa, respectively.
When it increased to 1.6%, bond strength decreased to 2.98 MPa
(QIAO et al,, 2020). Mo et al. found that bond strength was highest
when the volume fraction of steel fiber was 1.0%. When the volume
fraction of steel fiber was 1.5%, the drying shrinkage value was
the smallest. However, the workability of concrete was reduced
(JINCHUAN et al., 2016). So, the appropriate volume fraction of
steel fiber was 0.5%-1%.

(2) Low modulus fiber

Polyvinyl alcohol (PVA) fiber has low elastic modulus and good
ductility, which is used to inhibit early shrinkage of concrete. PVA
fiber has characteristics of a small diameter, strong hydrophilicity,
and easy mixing. It can embed into pores of old concrete bases
and improve bond strength. Kabiri etal., through an electron
microscope, found that after the repair specimen was destroyed,
the number of PVA fibers remaining in the old concrete base
was the same as the damaged surface, which proved the bridging
effect of PVA fibers. (KABIRI and ZANOTTI, 2019). The length
of the fiber affects bonding performance. Figure 2 shows that for
PVA fiber reinforced concrete with a length of 12 mm, its bonding
performance is higher than 8 mm. In addition, when volume
fraction of PVA fiber is 0-1%, bond strength increases with fiber
content increase. However, the fiber agglomerates when more than
1% and the bond strength decreases. Qiao Qinghao et al. found that
when the volume content of PVA fiber was 1.0%, shear strength
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reached a maximum value of 3.75 MPa (QIAO et al., 2020), so PVA
fiber contents of 0.5-1% are best.

High elastic modulus fibers can improve bond strength and
produce mechanical anchors on old concrete. Low elastic modulus
fibers reduce the shrinkage stress at the interface by reducing the
elastic modulus of cement-based materials after hardening. Both
can improve bonding performance due to fibers reducing shrinkage,
cracking, and bleeding at the interface. In addition, the bridging
effect of fibers can improve the interfacial transition zone and inhibit
the formation and development of microcracks. However, too much
fiber can affect the flow of repair material. When fiber concrete is
used as a repair material with an interface agent, it can supplement
cementitious materials and improve bonding performance.

3 Effect of old concrete performance
on bond strength

3.1 Strength of old concrete base

The sufficient strength of old concrete is an important guarantee.
When the quality of old concrete is poor and there are many surface
cracks, the weak parts are located in the old concrete surface.
If the bonding interface strength exceeds the old concretes, the
weak areas will be in the old concrete base. In these cases, the
bonding performance is controlled by the strength of the base
material. (AALETT and SRITHARAN, 2019). Generally, when
repair materials have sufficient strength, fracture surfaces appear
on the side of old concrete or between old concrete and interface
agent. Moreover, bond strength increases with an increase in old
concrete strength (ZHANG Y. et al., 2020). However, the increased
strength of old concrete bases does not guarantee a higher bond
strength of new and old concrete (UEDA, 2019). Using polymer
fiber-modified mortar decreases bond strength as old concrete
base strength increases. Because polymers and water molecules
cannot penetrate high-strength old concrete bases (ZHANG et al.,
2013). Courard et al. pointed out that old concrete with different
strengths needs different surface treatment methods, which can
ensure maximum bond strength (COURARD et al., 2014). Zhang
16% when SCC is
used as a repair material, but too high SCC strength has little effect

et al. found that bond strength can increase 12%-

on the bonding performance, and the strength difference should
not exceed 5 MPa. (ZHANG X. et al., 2020). Diab et al. obtained
similar results, when the strength ratio of SCC to old concrete is
1.4, the bond strength is significantly improved (DIAB et al., 2017).
According to some scholars, a significant difference in stiffness
between new and old concrete can lead to stress concentration
at the bonding interface ends during the oblique shear test. This
stress concentration can cause damage to the specimen. Therefore,
minimizing the difference in elastic modulus is important to reduce
this effect. (AUSTIN et al., 1999; JULIO et al., 2006; SANTOS and
JULIO, 2011; DIAB et al., 2017).

3.2 Old concrete base roughness
The mechanical bite force generated by the old concrete base is

an important part of the bond strength. Different surface treatments
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Test results of different old concrete treatment methods: (A) slant shear test and (B) split test (SANTOS and JULIO, 2011).

have different roughnesses. Figures 3A, B compare the bond strength
test results obtained by curing for 28d, 56d, and 84d under five
different surface treatments. The roughness obtained by these five
surface treatments, from smallest to largest, is left-as-cast, wire-
brushing, sandblasting, shotblasting, and hand-scrubbing, where L
and E represent indoor curing and outdoor curing, respectively.
The bond strength of the interface increased with increasing surface
roughness and conditioning time under the slant-shear test. Two
exceptions were identified for the hand-scrubbed surface (L56
series) and the sandblasted surface (E28 series). The effect of
roughness on bond strength was more pronounced in the split test,
where hand-scrubbing had the greatest bond strength. In general,
the bond strength of the interface increased with the increase of the
surface roughness; the bond strength of indoor curing is greater than
that of outdoor curing.Bond strength after roughening treatment is
stronger than without (CHAIL 2013; HABER et al., 2018; LIAO et al.,
2019); an old concrete base with good roughness can increase the
bond strength by several to ten times (HE et al., 2017; BENTZ et al.,
2018; VALIKHANT et al., 2020). Haber pointed out that the porosity
of interfaces less than 10% is suitable. If higher than 10%, it needs
a certain degree of roughness to form sufficient bond strength
(HABER et al., 2018). Therefore, roughening treatment is necessary,
it can provide the main mechanical bite force.

Currently, two commonly used techniques for treating old
concrete bases are physical and chemical. Physical methods can
be further divided into two categories: mechanical treatment and
spray treatment. Mechanical treatment techniques include wire
brushing, surface grooving, chiseling, drilling, etc. Spray treatment
techniques include sandblasting, high-pressure water jet, and so
on. The chemical method is to conduct chemical corrosion on
old concrete to improve mechanical bite force. Each method has
its advantages and limitations, mechanical treatment equipment is
simple and convenient to construct, after the slotting treatment,
the shear strength of the bonding surface can be similar to that of
the embedded bar specimen, and even significantly improved. In
addition, after old concrete is chiseled, the surface becomes loose,
the bonding area becomes larger, and mortar is easy to penetrate. But
microcracks and internal damage influence strength (HAN et al.,
2001). Jet treatment has little disturbance to base layers, but the
requirement for equipment is strict (HABER et al., 2018). Chemical
treatment increases interface roughness, interfacial mechanical bite
force, and van der Waals. However, this method is difficult to control
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and unreliable compared to the mechanical method (JIANG, 2001).
Table 2 shows the roughness of different treatment methods. The
roughness produced by sandblasting and high-pressure water jet
methods is lower than that of mechanical treatment. Generally
accepted that the sandblasting method when old concrete strength is
low. On the contrary, the mechanical treatment method is adopted.

Table 3 summarizes bond strength under different roughness.
Sandblasting and high-pressure water jet methods have small
roughness and high bond strengths. When roughness is less than
1 mm, interface bond strength measured by the oblique shear test
can reach 14.31 MPa, and measured by the splitting test, it can
reach 4.1 MPa. The steel wire brush can obtain a large roughness,
the interfacial bond strength measured by oblique shear can reach
10.67 MPa. Different chiseling methods produce varying levels of
roughness depending on engineering requirements. As roughness
increases, bond strength experiences a significant boost of up to
102.7%, with the potential to reach 1.6 MPa during splitting tests.
Surface drilling, grooving, and exposing surface coarse aggregates
are the most effective mechanical treatment methods for achieving
roughness. Among them, the grooving method stands out with
an impressive bond strength of up to 25.39 MPa in oblique shear
tests, resulting in a noticeable enhancement effect. As measured by
oblique shear, the interfacial bond strength experiences an 82.3%
increase. Meanwhile, 34.6% and 15.5% bond strength increases
are observed under splitting and tensile tests, respectively. Table 2
shows that drilling and grooving improvement was more obvious
in the oblique shear test; the interfacial bond strength can increase
82.3%, under splitting and tensile tests, the bond strength increased
only 34.6% and 15.5%. Some scholars molded old concrete with
fixed roughness molds; these concretes have excellent bonding
properties, but their application still needs verification. In summary,
sandblasting and high-pressure water jet methods perform best,
while chiseling and grooving have lower costs.

According to research, bond strength achieves its optimal
state at a certain level of roughness, and a further increase in
roughness has a negligible effect (WANG et al., 2016). Therefore,
it is crucial to choose an appropriate method to assess roughness.
This paper analyzed common evaluation methods, including sand
filling, fractal dimension, digital image, silicon powder stacking,
and aggregate exposure ratio methods. The sand-filling method is
simple and suitable for small, commonly used components. But
not suitable for larger area roughness. Fractal dimension methods
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TABLE 2 Roughness of different treatments.

Roughness treatment method

sandblasting methods

Roughness/mm

0.203 (SANTOS et al,, 2007)~ 0.96 (SANTOS et al.,
2007)~ 0.29 (SRI) (COURARD et al., 2014)

10.3389/fmats.2024.1389785

Roughness degree

Low

High pressure water jet method

0.73 (CARBONELL MUNOZ et al., 2014). 2.22 (SRI)
(COURARD et al., 2014)

Steel wire brushing

0.099 (SANTOS et al.,, 2007) 0.6-1.2 (ZHANG et al.,
2020a). 2 (HARRIS etal., 2011). 3-4
(MOMAYEZ et al., 2005a)

Middle

Chiseling

0.98 (SRI) (COURARD et al., 2014). 2
(HARRIS et al., 2011)\ 2.4 (GUO et al,,
2018). 0-5.10 (WANG et al., 2016; WANG et al.,
2018), 5.6 (GUO et al,, 2018)

Middle

Exposed coarse aggregate

2.18 (CARBONELL MUNOZ et al., 2014), 1-3
(ZHANG et al,, 2020a)« 4-5 (ZHANG et al., 2020a)

Middle

Mold forming roughness

1.59 (AALETI and SRITHARAN, 2019). 1.6
(AALETT and SRITHARAN, 2019). 3 (AALETI and
SRITHARAN, 2019). 5 (AALETI and SRITHARAN,

Middle

2019). 6.5 (AALETI and SRITHARAN, 2019)

Drilling

©10 %5 (TAYEH etal, 2012). 30 % 30 High
(ZHANG et al., 2020a)

Grooving

10 % 5 (TAYEH et al., 2012). 20 % 10 (ZHANG et al., High
2020a)~ 10 # 15 (GUO et al.,, 2018). 15%20
(GUO et al., 2018)

can quantitatively and objectively evaluate surface geometry. As
shown in Figure 4, combining optical methods can obtain 3D shape
data from real surfaces. However, fractal dimension methods are
complicated and unsuitable for construction (NA et al., 2006; SHI,
2018; ZHANG Y. et al., 2020). Digital image methods use a digital
camera to photograph rough surfaces and grayly process them. The
brightness of each point on the image represents roughness. Silicon
powder stacking methods use 50 g of silicon powder with a particle
size of 50-100 um to form a circle in the test area, and the radius of
the circular area defines the roughness index (SRI); the larger the
roughness index, the smoother the interface. Aggregate exposure
ratio methods define surface roughness by coarse aggregate
exposure percentage. Grade A roughness: about 10% of the coarse
aggregate is visible; grade B roughness: about 30-40% of the coarse
aggregate is visible; grade C roughness: about 60-80% of the coarse
aggregate is visible. However, this method is not accurate.

3.3 Water content state of old concrete
base

The role of water is a controversial issue. On the one hand,
dry old concrete can absorb the moisture of new concrete to fill
pores and improve compactness. Moreover, an increase in water
content in old concrete leads to an increase in the water-cement
ratio of the interface concrete, increasing porosity and decreasing
bond strength (LIetal, 2020). In addition, moisture affects the
bonding properties of epoxy resin. With increased moisture, fracture
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surfaces appear at bond interfaces, so epoxy resin is suitable for
dry bases (BLASZCZYNSKI et al., 2006; WAN et al., 2006; LAU and
BUYUKOZTURK, 2010). On the other hand, some studies believe
that dry concrete bases can damage bonding performance. When
the water content of old concrete is low, water is sucked into the old
concrete before new concrete forms, which affects the water cement
ratio of new concrete and its strength (BEUSHAUSEN et al., 2017).
Furthermore, dry old concrete will not fully hydrate new concrete,
reducing bond strength (ZHANG Y. et al., 2020).

Zhang et al. found that bond strength was highest when the old
concrete base remained saturated and dry. The bond strength of new
and old concrete is 49.0% higher than dry surfaces (ZHANG Y. et al.,
2020). Research by Santos et al. showed that saturated dry surfaces
in old concrete are stronger than dry surfaces (SANTOS etal.,
2012). The volume shrinkage caused by a high-water-cement ratio
in the interface can be avoided when the old concrete base surface
remains saturated and dry. In addition, in the process of pouring
new concrete and its subsequent hydration, the decrease in water
content of new concrete can be prevented, and improved bonding
performance.

4 Effect of different types of interfacial
agents on bond strength

Brushing a layer of inorganic or organic material on the
surface of old concrete can enhance the bond performance.
It is generally believed that the thickness of interfacial agents
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FIGURE 4

Surfometry profiles obtained by optomorfology (A) smooth surface and (B) hydrodemolished surface (COURARD et al.,, 2014).
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should be greater than 0.5 mm and less than 1.5 mm. Common
interfacial agents include cement paste, cement mortar, and epoxy
resin (XIONG et al., 2002). These agents work through different
enhancement mechanisms, which this paper explains in detail.

4.1 Cement mortar

When cement mortar is used as an interface agent, due to
its properties being similar to old concrete bases, the C-S-H gel
and ettringite formed in the hydration process can penetrate the
cracks of an old concrete base, reducing the interface porosity
and form a dense interface transition zone. Xiong et al., through
scanning electron microscopy, found that the ettringite penetrated
the microcrack and improved the bond strength to a certain
extent. (XIONG et al., 2002). However, due to the brittleness of
cement mortar, it performs poorly (RASHID et al., 2020). Therefore,
fly ash, expansion agent, and polymer can be added to cement
mortar to improve performance. Table 4 shows fly ash can improve
the interfacial transition zone and increase intermolecular force.
Xiong et al. pointed out that excessive fly ash makes the calcium
to silicon (C/S) ratio in C-S-H gel smaller, which is good for
formatting C-S-H gel to form a dense structure (XIONG et al,
2002). Adding expansion agents has a certain compensation effect
on shrinkage, and the microstructure of the interface is more
compact than the interface between cement paste and old concrete
(XIONG etal., 2002). Compared with cement paste, the bond
strength of polymer mortar increased 31%; the polymer film can
reduce the porosity of the interface and can also play a mechanical
squeezing effect. However, polymers deteriorate rapidly at high
temperatures and recover at low temperatures, affecting the bond
strength (KUNTAL et al., 2020). Mohammadi also pointed out that
polymer cement is not suitable for concrete repair engineering under
high humidity (MOHAMMADI et al., 2014). In addition, adding
fine aggregate to cement paste to form cement mortar can improve
bond strength. Compared with cement paste, the fine aggregate
enhances the interface’s mechanical bite and intermolecular forces.
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Under oblique shear tests, bond strength increased 12.8%. After
adding fly ash modified mortar, splitting strength increased 22.7%.

4.2 Epoxy resin

Epoxy resin is an efficient interlayer adhesive and has the
advantages of short initial setting time, rapid development of early
strength, good toughness, corrosion resistance and high bond
strength. The bond strength requirements can be met with a
thickness of less than 1 mm. On the other hand, it can repair
concrete defects and strengthen interlayer bonding, making stress
distribution uniform (AHMED and AZIZ, 2019).

The roughness of old concrete affects the bonding properties.
Santos et al. tested bonding performance under different roughness
conditions and found that when the roughness of old concrete
bases is large, epoxy resin has little effect on bonding performance
(SANTOS et al,, 2012). Rashid et al. also noted that epoxy resin has
no obvious effect at large roughnesses. On the contrary, the epoxy
resin acts well on a smooth surface (RASHID et al., 2020). Kuntal
etal. found that epoxy resin accumulated on rougher surfaces,
forming a thicker interface layer and decreasing lead bond strength
(KUNTAL et al., 2020).

Brushing methods also affect bond strength. Blaszczynski et al.
pointed out that when epoxy resin is used as a bonding layer,
brushing it vertically in two directions can ensure uniformity. This
brushing method increases the tensile strength of the bonding layer
increased 1 MPa. (BLASZCZYNSKI et al., 2006). Moisture has a
significant effect on the bonding properties of epoxy resin. However,
the results show that bond strengths do not decrease after the dry-
wet cycle. To clarify the bonding mechanism between the epoxy
resin and old concrete, Lau et al. established a prediction model
based on dynamic simulation technology, combined with a finite
element method to link micro-atomic scale and macro-test results
(BUYUKOZTURK et al., 2011; LAU et al., 2012).

There are compelling reasons to consider improving bond
strength with interfacial agents. Firstly, such agents can enhance
the chemical force in interfacial transition zones by filling pores
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TABLE 4 Summary of literature review on cement-based bonding agent.

Interfacial agent

Testing method

10.3389/fmats.2024.1389785

Strength (MPa)

Oblique shear 30.95 (XIONG et al., 2002), 3.2 (RASHID et al., 2020)
Splitting 2.616 (XIONG et al., 2002),0.38 (RASHID et al., 2020)
Cement paste Double shear 0.77 (RASHID et al., 2020)

Push-out test

2.08 (WANG et al., 2018)

Direct tension

1.32 (WANG et al., 2016)

Oblique shear

36.85 (XIONG et al., 2002)

Splitting

2.76 (XIONG et al., 2002)

Expanding cement

Push-out test

2.08 (WANG et al., 2018)

Direct tension

1.44

Oblique shear 35.52 (XIONG et al., 2002)
Cement mortar

Splitting 2.691 (XIONG et al., 2002)

Oblique shear 4.2 (RASHID et al., 2020)

Splitting 0.5 (RASHID et al., 2020)

Twin shear 0.53 (RASHID et al., 2020)

Polymer modified cement mortar

Bending strength test 0.73 (KUNTAL et al., 2020)

Direct tension

3.41 (HE et al,, 2017),1.76 (WANG et al., 2016)

Push-out test

2.98 (WANG et al., 2018)

Splitting

3.21 (XIONG et al., 2002)

Fly ash modified cement mortar

Push-out test

2.74 (WANG et al., 2018)

High strength cement mortar

Bending strength test

1.3 (KUNTAL et al., 2020)

on the surface of old concrete. Secondly, they can prevent water
from migrating from new concrete to old concrete bases, making
them particularly effective for reinforcing poorly filled new concrete.
Interfacial agents can produce two transition zones that may affect
bond strength if the agent is inappropriate.

5 Effect of environment on bond
strength

Over time, various environmental factors can impact new and
existing concrete structures and their bonding surfaces, such as
high temperatures, rainwater from freeze-thaw cycles, and chemical
erosion. These factors can significantly affect the performance
and longevity of structures. Additionally, the decay rates of repair
materials can vary depending on the specific service environment.
This paper aims to detail the decay laws of different repair materials
in response to varying environmental conditions.
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5.1 Ambient temperature

This paper discusses the impact of environmental temperature
fluctuations on concrete structures exposed to extreme heat.
Temperatures in Xinjiang and some parts of the Middle East and
North America can reach 60°C in summer, affecting the bond
strength between new and old concrete. The concrete material,
ambient temperature, and interface agent performance influence
the bond strength. The paper summarizes the effects of different
ambient temperatures on the bonding properties of concrete.
Table 5 shows that increased temperature and temperature cycle
times, decrease bonding performances. Rashid etal. tested the
bonding properties of polymer modified mortar; the bond strength
decreased 48.16% at 60 C (RASHID et al., 2015). Al-gahtani et al.
analyzed the bonding properties of different repair materials
after 90 cycles at 20-70°C. The result showed that compared
with cement-based materials, resin materials’ strengths decreased
more. For cement-based materials, strength decreased 3.2-17.46%
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TABLE 5 Influence of ambient temperature on bonding performance.

Green concrete Temperature setting

Testing method

10.3389/fmats.2024.1389785

Main results

Bond strength/MPa

(°C)
20 45.35 The maximum reduction in
bond strength at the
circulating temperature was
48.16%. The tensile strength
Polymer modified cement after cooling increased 21.99%
mortar Double shear compared to the high
60 26.96
temperature and decreased
7.05% compared to the control
specimen (RASHID et al.,
2019)
Non-shrinkage cement mortar 23.46
For cement-based materials,
High strength epoxy resin 24.53 the 60-cycle strength is
mortar reduced by 3.2-17.46%, and
the 90-cycle strength is
High corrosion resistant epoxy 16.64 reduced by 8.07-34.80%
mortar
Non-shrinkage epoxy resin 2770 Oblique shear 14.03
For resin materials, the
High strength cement mortar 5.319 60-cycle strength is reduced to
9.3-20.47%, and the 90-cycle
Polymer modified cement 23.34 strength is reduced
mortar 18.98-36.43%
(AL-GAHTANI et al., 1995)
Cement mortar 19.43
20 2.85 Compared with the bond
strength at 20 °C, the strength
Polymer modified cement 40 Splitting 2.32 at 40 %C decreased about 18gt%.
mortar
60 °C decreased 23%
60 2.18 (RASHID et al., 2015)

after 60 cycles and decreased 8.07-34.80% after 90 cycles. For
resin materials, strength decreased 9.3-20.47% after 60 cycles and
decreased 18.98-36.43% after 90 cycles (AL-GAHTANTI et al., 1995).
Temperature fluctuations in the natural environment can negatively
affect the mechanical properties of the polymer, disrupt the polymer
film, change the interfacial porosity, and ultimately impact the
bond strength of concrete. Therefore, in high-temperature areas,
it is recommended to use cement-based materials to prevent the
adverse effects of polymer performance degradation on bonding
properties.

The mechanism of high temperature affecting bonding
performance includes two aspects: on the one hand, in the high-
temperature environment, due to the new and old concrete
expansion rate is different, the cement stone and aggregate
expansion rate is also different; in the bonding interface to produce
a larger internal stress, high pulp to bone ratio of the concrete than
the low ratio strength decline is greater. On the other hand, the
internal pores of concrete change at high temperatures. When the
temperature is high, the pore water evaporates, and the pore pressure
becomes large, resulting in small cracks in the concrete. In contrast,
the drying and water loss of the concrete will cause some of the small
cracks to continue to develop, and then the large cracks generated by
the penetration of the small cracks will reduce the interfacial bond
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strength. (RASHID et al., 2015). 76 (BAZANT and KAPLAN, 1996;
RASHID et al., 2019).

5.2 Freeze-thaw cycle

Table 6 shows that the freeze-thaw cycle significantly reduces
interfacial bond strength (GAO and CHENG, 2006). The factors
affecting the frost resistance of new and old concrete include the
composition of the concrete, the state of the old concrete base, and
the choice of interface agent. Repairing material is a key factor
affecting bond strength after freeze-thaw cycles.

Table 6 shows that some scholars have studied the frost
resistance of different repair materials. Qian etal. found that
the bonding performance of mortar with an air-entraining agent
showed no change after 150 freeze-thaw cycles, while without it,
it decreased 30%. Li Ping first found that bonding performance
can be doubled after adding an air-entraining agent to new
concrete (Li, 2004). Another study by Qian etal. found that
at the interface of PCM-modified materials, there was a high
percentage of polymer film mortar, which had good resistance to
water penetration with little change in strength after 150 freeze-
thaw cycles and good frost resistance (QIAN et al., 2016). Ru et al.
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* where: N - ordinary concrete; NA, air-entraining agent concrete; H - high-strength concrete; MX, ordinary cement mortar; MA, air-entraining agent cement mortar.
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FIGURE 5
The influence of freeze-thaw cycle on concrete with different
roughness (FAN et al,, 2021).

through scanning electron microscopy, observed a dense polymer
film in polymer modified mortar. It had good impermeability,
after 25 freeze-thaw cycles, the strength of SAE emulsion
modified mortar, SBR emulsion modified mortar, and SAE powder
modified mortar decreased 13.0%, 12.1%, and 11%, respectively
(WANG and ZHANG, 2015).

Guo etal. found that specimens with higher roughness have
stronger frost resistance (GUO et al., 2018). Fan studied freeze-thaw
cycles of specimens with different roughnesses; results are shown in
Figure 5. When the fractal dimension of roughness increases from
2.1 to 2.2, freeze-thaw resistance does not increase. When it was
greater than 2.3, frost resistance improved. It is worth noting that
Li Xianping and Cheng et al. pointed out that too much roughness
reduces impermeability, so after chiseling, cleaning the surface
damage of cement stone is enough. (YIetal, 2013). In addition,
some studies found that bond strength increases as freeze-thaw
times increase, possibly because unhydrated cement continues to
hydrate during the freeze-thaw process. The results are similar to
Wang et al. (WANG and GUPTA, 2021).

Table 6 shows that various interface agents have different levels
of frost resistance. Cement mortar has higher frost resistance than
cement paste and expansive cement paste. After 25 freeze-thaw
cycles, the strength of cement paste and expansive cement paste
significantly decreased. In contrast, the strength of cement mortar
decreased 15.4% because mortar has a larger elastic modulus and a
smaller linear expansion coeflicient after hardening (Li, 2004).

It is clear from the concrete freeze-thaw damage mechanism
that damage is mainly due to: 1) during freezing process, water
volume expands, causing pore pressure. 2) crystal growth in
pores causes pressure crystallization. 3) difference in thermal
characteristics between ice and cement matrix (HANJARI et al.,
2011). In summary, modifying materials or interface agents can
change the interface state from loose to dense, while air-entraining
agents can reduce the volume expansion of crystalline ice. Both
methods can improve the frost resistance of repair structures.

5.3 Ambient humidity

Ambient humidity affects the bonding performance of concrete
structures. Studies showed that wet conditions affect concrete and
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epoxy performance (LAU and BUYUKOZTURK, 2010). Some
scholars have covered concrete specimens with a wet cloth for
4 weeks, and concrete-epoxy resin bond strength decreased 50%.
After 4 weeks of continuous load and water, the strength loss is up
to 77.6% (ZHOU et al., 2017). Moisture affects bonding properties
in two ways. One can be seen in Figure 6A that epoxy resin absorbs
water and plasticizes in water. Epoxy infiltration into old concrete
base increases the toughness of the concrete top. When failure
occurs, crack at the interface stays in the original area and does
not propagate into concrete. It requires little energy to propagate
on the bonding surface. The other can be seen in Figure 6B that
water molecules hinder interaction between epoxy resin and silica
under wet conditions, so epoxy is unsuitable for load-bearing
structures exposed to water for a long time (FRIGIONE et al.,
2006; BUYUKOZTURK et al., 2011; LAU et al., 2012). In particular,
different polymers perform differently in humid environments.
Some of these polymers’ strength decreased due to the dissolution of
the polymer film, and some may react with water to form stronger
hydrogen bonds to increase bond strength. (RASHID et al., 2015).

Increasing interface density and reducing water absorption can
improve bonding performance in a high-humidity environment.
Long etal. pointed out that silica fume can reduce water
absorption, and the filling effect reacts with volcanic ash to make
microstructures dense (LONG etal, 2011). Polymer particles
can also improve impermeability, making microstructures dense
(WANG and ZHANG, 2015).

5.4 Chemical erosion

Chemical erosion significantly affects bonding performance.
At present, typical chemical erosion in nature is divided into two
types: sulfate and chloride. Table 7 shows that after the sulfate
attack, ordinary mortar specimens’ bond strength decreased 27.7%
and UHPC specimens decreased 29.8%. Hussein et al. immersed
concrete repair specimens in a sulfate solution for 90 days and,
through scanning electron microscopy, found that there were
pores, microcracks, and many reaction products in the interfacial
transition zone. In a high concentration sulfate environment,
C-S-H gel continuously decomposed, expanded reaction products,
and decreased bond strength (HUSSEIN et al., 2018). Hussein et al.
pointed out that the cracking load and peak load of concrete
specimens decreased after chloride ion erosion (HUSSEIN et al.,
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2020). Table 7 shows that in a chloride environment, the strength
of ordinary mortar decreases 25% and UHPC repair material
decreases 23.9%. Chen et al., through SEM-EDS, found that there
were chloride ions in concrete, which proved that chloride ions can
reach a certain depth (CHEN et al., 2021).

Some scholars choose polymer, fiber, and other modified
concrete as repair materials to improve chemical corrosion
resistance. Table 7 shows that SAE modified mortar and fiber
concrete have good sulfate resistance (WANG and ZHANG, 2015;
HUSSEIN et al., 2018). After 5% sulfuric acid solution erosion, the
bond strength of ordinary Portland cement mortar decreased 27.7%,
while the tensile bond strength of SAE powder modified mortar
was only reduced 6.0% (WANG and ZHANG, 2015). Hussein et al.
found that under sulfate attack with a concentration of 10%, flexural
strength and compressive strength decreased slowly as steel fiber
content increased. However, the concentration of reaction products
and depth of erosion increased. Chen et al. found that when the
volume fraction of steel fiber is 1.5%, the resistance to chloride
ion erosion is the best (CHEN et al., 2021). Excessive fiber content
increases the porosity of interfaces, resulting in decreased chemical
resistance (HUSSEIN et al., 2020).

The failure mechanism of the bonding interface in a chemical
environment has two main aspects: 1) external acid, salt, and
other chemicals react with concrete, causing erosion of the cement
hydration products, which rapidly decompose into products that
lose their cementing ability; 2) the erosion products generated have
a certain volume expansion, which leads to crystallization and pore
pressure reduction or even loss of bonding performance between
new and old concrete (SCHERER, 2004).

6 Bonding performance test method

The bond strength of new and old concrete is closely related
to the test method. The bond strength values obtained by different
testing methods cannot be directly compared, so it is necessary to
clarify the characteristics of different bond test methods. Currently,
test methods are mainly divided into direct tensile, indirect tensile,
shear test and non-destructive testing methods.

In a direct tensile test, tensile stress of specimen is measured
by applying a force perpendicular to bonding surface, as shown
in Figures 7A,B. Figure 7A is a common tensile test method, but
the tensile process is susceptible to eccentricity. Figure 7B shows
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TABLE 7 Summary of literature review on bonding properties of new and old concrete under chemical attack.

Soil erosion type

Patching materials

Percent reduction in

strength/%

5% sulfuric acid solution

Ordinary mortar 27.7 (WANG and ZHANG, 2015)
SBR modified mortar 16.4 (WANG and ZHANG, 2015)
SAE modified mortar 14.0 (WANG and ZHANG, 2015)

SAE powder modified mortar

6.0 (WANG and ZHANG, 2015)

Soak in 5% sodium chloride solution

Sulphate attack
UHPC (steel fiber content 0%) 29.8 (HUSSEIN et al., 2018)
UHPC (steel fiber content 1%) 29.5 (HUSSEIN et al., 2018)
Soak in 10% sodium sulfate solution
UHPC (steel fiber content 1.5%) 25.8 (HUSSEIN et al., 2018)
UHPC (steel fiber content 2%) 18.4 (HUSSEIN et al., 2018)
Ordinary mortar 25.4 (WANG and ZHANG, 2015)
SBR modified mortar 13.0 (WANG and ZHANG, 2015)
5% hydrochloric acid solution
SAE modified mortar 14.7 (WANG and ZHANG, 2015)
SAE powder modified mortar 8 (WANG and ZHANG, 2015)
chloride attack UHPC (steel fiber content 0%) 23.9 (HUSSEIN et al., 2020)

UHPC (steel fiber content 1%) 17.4 (HUSSEIN et al., 2020)

UHPC (steel fiber content 1.5%) 16.1 (HUSSEIN et al., 2020)

UHPC (steel fiber content 2%) 18.5 (HUSSEIN et al., 2020)

UHPC (steel fiber content 2.5%) 17.9 (HUSSEIN et al., 2020)

common tensile strength test methods, which can measure reliable
results at a lower eccentricity. However, the stress state of weak
points at the edge of interface changes after debonding, resulting
in a small result. Therefore, the tensile test is suitable for cases
where the interface strength is less than the material strength
(SILFWERBRAND et al., 2011).

Indirect tensile tests include various bending and splitting tests,
as shown in Figure 7C - Figure 7F. Bending test form is shown
in Figures 7C,D. Compared to volume of specimen bending tests,
load bearing bond surface areas are smaller. Only a part of the
bonding plane is subjected to maximum stress, so it is suitable
for bending repaired structures. The splitting test is shown in
Figures 7E,F. Figure 1F is a common splitting test that allows
bond strength testing of circular or cubic bonded specimens
(ZHANG etal., 2017), and Figure7E uses a wedge-shaped
splitting test for more targeted testing of bond surface strength
(DELATTE, 2009).

The shear test includes direct and oblique shear tests. As shown
in Figures 7G - Figures 7N is a common direct shear test. Figure 1H
performs shear tests by applying a uniform force perpendicular to
the interface, which is suitable for actual (DELATTE, 2009). Most
of the shear tests bear both shear and bending stress. Using the Z-
shaped specimen in Figure 71 can reduce bending stress and data
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dispersion (TTAN et al., 2018; ZHANG X. et al., 2020). Figure 7] is a
form of double-sided shear. Silfwerbrand et al. concluded that the
bond strengths tested by this method differed from those in the
field. However, Chai Min, Bai Wenjun, et al. found that the failure
of specimens during double-sided shear was a one-sided failure,
which was consistent with actual situation (BAI et al., 2008; CHAI,
2013), so it should be analyzed according to the real situation.
Figure 7K is an oblique shear test that can test interfacial bond
strength under shear and pressure (MEGID and KHAYAT, 2017;
ZHANG et al., 2017; MA et al., 2019). Figure 7L applies a shear force
to the bonding surface, but it is difficult to apply it accurately.
The disadvantage of shear tests is that eccentric bending moments
may occur. Using the test method in Figure 7M can avoid it. The
above tests need to be carried out in the laboratory, resulting
in a deviation from the actual project. Silfwerbrand etal. tested
bond strength by applying torque to drill core on-site, as shown in
Figure 7N. The results were the same as the shear test, which was
more suitable for on-site construction (SILFWERBRAND, 2003).
The interface shearing force of new and old concrete comes from
the external load and the shrinkage of new concrete. Qian etal.
used conical specimens to simulate the uncoordinated deformation
of repair materials limited by multiple directions of old concrete
(QIAN et al,, 2014).
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FIGURE 7
Various test methods to determine interface bond strength between concrete substrate and overlay (SILFWERBRAND et al., 2011). (A) Direct tensile test,
(B) Direct tensile test, (C) Bending tests, (D) Bending tests, (E) Splitting tests, (F) Splitting tests, (G) Direct shear tests, (H) Direct shear tests, (I) Shear
tests, (J) Shear tests, (K) Oblique shear tests, (L) Direct shear tests, (M) Direct shear tests, (N) Shear tests.

Compared with other test methods, oblique shear tests have a
higher bond strength (MOMAYEZ et al., 2005b). Under the same
conditions, the splitting test results were lower (SANTOS et al.,
2007). The order of bond strengths from largest to smallest was
oblique shear, double-sided shear, splitting, and tensile. Momayez
et al. summarized the relationships between different test methods.
The results showed that the bond strength measured by pull-out
and splitting tests for cement-based repair materials is 34-48%;
double-sided shear and oblique shear tests were about 67-93% of
old concrete (MOMAYEZ et al., 2005b).

Non-destructive testing methods, such as interface ultrasonic
pulses, interface resistivity and water permeability, and impact echo,
are commonly employed to indirectly assess the bond performance
between old and new concrete. Several researchers have utilized
these methods for evaluating the bond properties. Qian etal.
emphasized a strong correlation (with correlation coefficients above
0.9) between the initial amplitude of ultrasonic pulses, initial
interface current, interface water permeability, and splitting tensile
strength, indicating that larger interface porosity leads to more
significant attenuation of ultrasonic amplitude and lower interface
resistivity (QIAN and XU, 2018). Garbacz et al. employed the impact
echo method to analyze the bond strength of old and new concrete.
They observed that the peak value of the frequency spectrum
is influenced by surface treatment methods of the old concrete,
although statistically insignificant. Furthermore, wavelet analysis
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(Wavelet approach) offers better insights into the impact of voids
on stress wave propagation within repair systems, with parameters
describing amplitude deviation increasing with higher tensile test
strengths (GARBACZ et al., 2017).

7 Prospect

Based on the above discussions, extensive research has been
conducted on bond performance of interface between new and old
concrete. The research mainly focuses on repair materials, interface
conditions of old concrete, interface agents, and testing methods. But
as the service conditions of new and old concrete structures become
more complex, some issues related to bond performance of interface
between new and old concrete have also been identified. For this
reason, further research is needed in following areas:

(1) Currently, there is much research on repair materials.
However, most of the research at this stage focuses on
materials under normal temperature conditions, with limited
studies on materials under negative temperature conditions.
Furthermore, research on thin-layer repair materials needs to
be improved. Hence, there is a need to strengthen further
research in these areas.

There is relatively comprehensive research on the mechanical
properties of the interface between new and old concrete.
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Nevertheless, there is a need for further investigation
into the

evolution process of interfacial damage. Therefore, future

constitutive relationship, characteristics, and
research should focus on developing and establishing
constitutive models for the interfacial bond, laying a solid
foundation for interfacial
damage properties.

The current research on the influence of the environment

quantitatively ~characterizing

3)
on interfacial bond strength mainly considers factors such as
temperature, freeze-thaw cycles, environmental humidity, and
chemical erosion. However, these studies generally consider
singular environmental factors. In practical engineering
applications, the interfacial bond between new and old
concrete is often subjected to the coupling effects of load and
environment, so it is necessary to strengthen experimental and
theoretical research on interfacial bonds under the coupled
action of load and environment.

(4) With the development of concrete structural forms, structures

and loading conditions of the interface between new and

old concrete are becoming complex. The laboratory testing
methods fail to reflect interfacial bond performance in
real engineering applications accurately. In future work,
efforts should be made to simulate structural and loading
characteristics of the interface between new and old
concrete as closely as possible to provide direct data for
practical applications. Non-destructive testing methods
for evaluating the interfacial bond performance of new
and old concrete currently lack precision and relevant

So, should be conducted to

enhance non-destructive testing methods and theories

theories. further research

related to the interfacial bond properties of new and
old concrete.
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