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Abstract: As a high-quality building material exhibiting excellent toughness and durability, ultrahigh-
performance concrete (UHPC) is increasingly being used in the construction industry and as building
reinforcement. During the reinforcement of existing concrete structures with UHPC, their interface is
the weakest part of a structure. Interface bonding ensures the operation of two types of materials
together. However, existing studies rarely report the bonding of the UHPC—normal concrete (NC)
interface. Herein, the existing test methods and interface bonding mechanisms are summarized.
Subsequently, the differences among relevant design codes are investigated by comparing different
theoretical formulas. Important influencing factors of the reinforcement method, namely, interface
roughness, fiber type and content, interface agent type and content, moisture content, existing
concrete strength, cementitious material content, curing conditions, freeze-thaw cycles, and chloride
ions, are also considered. Further, the enhancement mechanism of the characteristics of the UHPC-
NC interface is clearly described. Finally, the shortcomings and application prospects of the interfacial
bonding properties are highlighted.

Keywords: interfacial bonding strength; influencing factors; normal concrete; ultrahigh-performance
concrete

1. Introduction

Normal concrete (NC) is a material with low strength and poor resistance under
harsh environments, whereas ultrahigh-performance concrete (UHPC) is a cement-based
composite material with a low water-to-binder ratio, low porosity, good homogeneity,
and ideal compactness. As a building material, UHPC has ultrahigh strength, excellent
durability, toughness, and good ductility because of its fiber inclusions [1-8]. As such, it
is widely used in bridge structures and ocean engineering and is gradually being used in
composite structures and as reinforcement for existing structures [9,10]. Previous studies
have demonstrated that the interface connection between different structures or materials is
the weakest part of a structure. Further, it is the location where failure starts and propagates
to the other parts of the structure [11,12].

Generally, UHPC and NC should co-load and coordinate deformation in UHPC-NC
composite structures [13-16], wet joint filling [17-19], and existing structure reinforce-
ments [20-23]. Good bonding between these two materials is critical for ensuring the
reinforcement effect. UHPC improves the overall mechanical performance, limits the
invasion of harmful substances, and improves the service life of structures.

This paper summarizes the existing interface bonding strength tests, as well as the
theoretical calculations and influencing factors of the shear strength of the interface bond-
ing zone of UHPC-NC composites. Moreover, the shortcomings of previous studies are
presented, and future research directions to guide the application of UHPC to strengthen
existing structures are discussed.
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2. UHPC-NC Interfacial Bonding Strength Test

For a UHPC-NC composite structure, the interface zone is commonly subjected to
complex stresses, which comprise bending stress, pure shear stress, tensile and shear stress,
and compressive and shear stress. Accordingly, the interface bonding strength of UHPC—
NC should be evaluated. Several methods are employed to analyze the interface bonding
strength, including the direct tensile test, pull-off test with core drilling, splitting test, direct
shear test, slant shear test, and bending test [24].

2.1. Direct Tensile Test

The tensile tests for interface bonding strength are categorized into direct and indirect
tensile tests [25,26]. The direct tensile test uses simple equipment and is easy to implement.
Figure 1 shows the specimen shape and test load method for the direct tensile test. Feng [27]
tested the interface bonding strength of wet joints using a direct tensile specimen; however,
the eccentric load for the test was defective, affecting the reliability of the results. Zhang [28]
and Hussein [29] reduced the eccentric load by installing rotatable ball hinges at the ends
of the anchor. In addition, there is a considerable size effect in the softened segment of
the stress—strain curve obtained using direct tensile tests. The softened segment cannot be
regarded as a pure material, thereby affecting the reliability of the test results.

Figure 1. Schematic of the direct tensile test.

2.2. Pull-Off Test with Core Drilling

Hussein [29], Carbonell [30], Sprinkel [31], and Tayeh [32] conducted pull-off tests
with core drilling to measure the interface bonding strength of UHPC-NC. In these tests,
the drilling core equipment directly extracts a core sample to address the limitations of
the direct tensile test. The specimen shape and test method for the pull-off test are shown
in Figure 2.

Figure 2. Schematic of the pull-off test.

Experiments have primarily noted three failure modes in the UHPC-NC interface
bonding zone [29]: substrate, interface, and overburden failures (Figure 3). The interface
bonding strength of a specimen is measured in the interfacial failure mode. For the other
two failure modes, the tensile strength instead of the interface bonding strength of the
material is obtained because of the effects of the existing concrete strength, concrete aggre-
gate, reinforcement layer thickness, core depth and diameter, and eccentric load [29,33]. In
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addition, a specimen is damaged and prone to basal failure due to the multiple influencing
factors and requirements of the test. However, the ideal interface failure mode is difficult
to obtain [28].

(a) (b) (c)

Overlay
material

Substrate

Figure 3. UHPC-NC interfacial bond tensile test [29]: (a) failure in the substrate; (b) failure at the
bond line; (c) failure in the overlay material.

Although the core pull-off test can overcome the shortcomings of the eccentric load
of the direct tensile test, several factors affect its test results. Compared with the direct
tensile test, the pull-off test damages the structure of the samples, which makes it difficult
to achieve an ideal model of interface damage [28]. Hussein [29] designed a new tensile test
device (Figure 4) that inhibits substrate failure. A steel sleeve was used as the constraint of
the substrate. Interface failure occurred within the UHPC-high-strength-concrete (HSC)
specimens with a moderately rough surface. Furthermore, a tensile stress of 5.01 MPa was
obtained, which is 50% greater than the tensile strength of HSC at 56 days.

Steel bolt
Load cell
Steel bolt :
(15 mm) Eyebolt
Steel cap pE———x (15 mm)
2 Pipe cap
g Steel nipple
UHPC || (75 mm)
Epoxy
Interface zone 8 0O-ring Steel pipe
nipple
HSC (75 mm)
o
- -

Figure 4. Tensile test device designed by Hussein [29].

Valipour [34] designed a new testing method that reduces the interface transition zone
damage caused by the drilling core pull-off test, improves the device, and reduces eccentric
load. Figure 5 shows the UHPC designed as an inverted cone shape to induce interface
failure. An ideal failure mode and good variation coefficients were obtained.
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Figure 5. Improved pull-off test designed by Valipour [34] (unit: mm): (a) specimen; (b) improved
pull-off test set-up.

2.3. Split Test

Tayeh [35], Mansour [36], and Fan [37] proposed the split test to examine the UHPC-
NC interface bonding strength. As an indirect test method, the split test can overcome
the shortcomings of the pull-off test. A typical test specimen is divided into two shapes:
cylindrical and cubic (Figure 6). During the test, the load is applied to the bonding surface
using a pressure test machine, which is easy to use, resulting in a slight dispersion of the
results. This approach is recommended as the standard test method in ASTM C496 [38].
Ren [39] investigated the effect of different interface treatment methods (i.e., interface agent
and roughness) on the strength in the interface bonding zone using the split test. The test
demonstrated that different interface treatment methods can result in different interface
failure modes. Further, this approach can better evaluate the impact of different interface
treatment techniques.

(a) (b)

Figure 6. Specimen for the indirect tensile split test method [39]: (a) cubic sample; (b) cylindrical sample.

Based on the split tests, Ren [39] achieved different interface failure modes. This test
method can avoid damage to the structural interface transition area while evaluating the
influence of different interface treatment methods on the bond strength. However, the
elasticities of UHPC and NC affect the sample’s stress distribution, which has hardly been
investigated. Thus, further studies are suggested for split tests.

2.4. Direct Shear Test

The direct shear test method takes advantages of the lower interface bonding strength
between UHPC and NC rather than the shear strength in existing concrete substrates;
however, this method is vulnerable to interface failure. The direct shear test includes
single-sided, L-shaped, and double-sided shear [40], as shown in Figure 7. The single-
sided direct shear test is simple to implement and allows easy load application (Figure 7a).
However, the test load applied to the specimen can rarely pass the centroid section, causing
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eccentricity. In other words, the shear and bend stresses can affect the interface bonding
zone, resulting in the concentration of stress within the interface bonding zone, which
affects the reliability of the test results.

(@) (b) () (d)

Figure 7. Shear test: (a) single-sided direct shear test; (b) L-shaped direct shear; (c) bisurface 1;
(d) bisurface 2.

Guan [41] and Javidmeh [42] designed the L-shaped shear test to overcome the short-
comings of the single-sided direct shear test (Figure 7b). This approach can reduce the
influence of the eccentric load induced by the stress concentrations within the interfacial
bonding zone. However, the stress concentration at the corner of the component is noted
during the load application. An excessive stress concentration can cause specimen failure.

Mansour [36] and Momayez [43] designed two double-sided shearing tests. To resolve
the above issues, the first double-sided shearing plane is located at the interface of the two
materials (Figure 7c), and the second double-sided shear plane is located at the interface
of the two materials within the existing concrete (Figure 7d). Momayez [43] investigated
the effect of the interface roughness on the interface bonding strength using these two
double-sided shearing tests. The interface bonding strength was revealed to be positively
correlated to the roughness, and the dispersion of the test results was deduced.

Comparing the three straight shear tests, using the single-sided straight shear test, the
load can be easily applied; however, the interface bonding area causes the concentration of
stress and provides inaccurate test results. Meanwhile, the L-type shear test can reduce the
concentration of stress within the interface bonding area; however, the specimen’s corner is
prone to fracture caused by the stress concentration. The double-sided shear test reduces
the concentration of stress, and the test results are more accurate.

2.5. Slant Shear Test

Slant shear tests are commonly used to determine the UHPC-NC interface bonding
strength under the combined action of shear pressure [29]. Common specimen shapes
include prisms and cylinders with a standard interface angle of 30° (Figure 8a). Based on
the Moore-Coulomb theory, Figure 8b shows the relationships among the interface normal,
shear, and maximum axial compressive stresses of an inclined shear specimen [29]. If the
axial compressive stress at failure (0,) and the interfacial angle (x) are known, the normal
(on) and shear (ty,) stresses at the interface can be calculated according to the diagram in
Figure 8b.
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Figure 8. Slant shear test [29]: (a) slant shear test; (b) slant shear stress analysis diagram.

Carbonell [30] investigated the effect of different interface angles (55°, 60°, and 70°) on
the specimen failure modes through the slant shear test. It was revealed that interface failure
occurred in specimens with interface angles of 70°, whereas substrate failure occurred in
the remaining specimens. The specimen failure modes had different interface angles. As
different specimen failure modes are obtained with different interface angles, selecting an
appropriate interface angle can accurately reflect the actual interface bonding strength [44].
Austin [45] discovered that interface angle and roughness considerably affect the slant
shear test results. Moreover, an analytical method was developed for predicting the critical
angle while considering the influence of the internal friction angle using numerous slant
shear tests. The compressive stress required for the interface failure was minimal when the
specimen was at a critical angle.

Austin [45] experimentally validated the aforementioned analysis method and deter-
mined the relationship between the ratio of the failure stress to the pure shear strength and
the interface angle. The smooth, moderately rough, and extremely rough interfaces had
critical angles of 27°, 23°, and 19°, respectively. If the interface angle exceeds the critical
angle, the interfacial failure stress ratio, defined as the ratio of the failure stress to the pure
shear strength, rapidly increases. Thus, a small angle between the inclined planes should
be used to promote the interfacial failure of specimens with rough surfaces. However, if
the elastic modulus and Poisson’s ratio of the two materials do not match, further slant
shear tests with the UHPC-NC samples are required.

2.6. Bending Test

The interfacial bending test method is commonly used to measure the bonding strength
and obtain the UHPC-NC interface bonding strength under bent conditions. The three-
and four-point bending methods are the most commonly used interfacial bending methods.
Figure 9 shows the loading method and specimen shape [46]. The interface bonding surface
of Figure 9a—c is a horizontal plane, whereas that of Figure 9d is a vertical plane. In this test,
the machine load is applied at the midpoint or at three points on the upper surface of the
test specimen. Assuming that the test specimen meets the horizontal section, the bonding
performance of the interface between the two materials is evaluated using the following
crucial criterion: the interface does not slip during load application. The simplicity of
the test procedure and the ability to observe the crack resistance of the component are
two advantages of the bending test. Conversely, its disadvantage is the low specimen
usage rate.
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Figure 9. Bending test: (a) bending prism test 1; (b) bending prism test 2 at the horizontal interfacial
plane; (c) bending prism test 3 at the vertical interfacial plane; (d) bending prism test 4 at the vertical
interfacial plane.

3. Theories of the Interfacial Bonding Shear Strength

The formulas for calculating the interface bonding shear strength of new and old NC
(NC-NC) are derived based on shear friction theory or test data derivation. However,
the Chinese standard “Concrete Structure Design Code” (GB50010-2010) states that the
interface shear strength of a composite section [41,47,48] should not exceed 0.4 N/ mm? to
conform to the structural provisions.

Researchers have derived multiple theoretical formulas for the calculation of UHPC-NC
interface shear strength. Zhou [26] and Wang [49] conducted an experimental study on
the effect of a keyway structure on the UHPC-NC interface bonding shear strength and
discovered conservative calculations based on Chinese norms. Tayeh [32] investigated
the effect of the interfacial reinforcement of bars on the interface bonding shear strength
of UHPC-HSC using shear friction theory (Figure 10). It was found that the interfacial
shear-reinforcing bars play an important role in load transfer. The shear-bearing capacity
of the specimen was higher than the values promoted by the American Association of State
Highway and Transportation Officials Load Resistance Factor Design [48] and 2010 Comité
Euro-International du Beton International Federation for Structural Concrete Code [50,51].
Hence, the standard calculated value of the composite members is conservative and de-
pendent on the interface shear strength of the NC composite members rather than the
mechanical properties of the UHPC. Therefore, the UHPC-NC interface bonding shear
strength calculated using the codes is conservative.

180

=1, c=1.93 MPa, A.=25781 mm?,
160 A.=142 mmz,. f);414 MPa
140
~ 120
2 Wil A1 fi=108.55
> 100 1
=
®
3 80 |
&
2 60 4 uA=58.78 kN|
N | cAq=49.75 kKN
40 4
20 A
0
0 1 2 3 4 5 6 7 8 9 10 11 12

Shear Displacement, & (mm)

Figure 10. Components of the shear friction behavior [12].

Considering the aforementioned problems, the UHPC-NC interface shear strength
was fitted based on the test results. The deduced formulas for the corresponding interface
bonding bearing capacity are listed in Table 1. Wang [49] developed a shear calculation
formula for the UHPC-NC interface considering the keyway effect based on Eurocode 2 [52].
The shear formula of the interface bonding strength of UHPC-NC with a changing interface
roughness was derived by Feng [27]. Gopal [53], Yang [54], and Pan [55] investigated the
keyway effect on the shear capacity of the UHPC-NC interface and deduced the shear
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formula considering the polygon-key bolt force based on shear friction theory. Li [56]
developed a shear formula based on the strengthening effect of steel fiber on the interface
bonding shear strength.

Table 1. UHPC-NC interface shear strength calculation formulas.

References Calculation Formula Calculated Parameters
R: roughness; 0 < R < 4; fct: ordinary concrete cube;
= (- 2 0.55 & VSRS Y ,
Wang [49] T = (~0.012R% +0.138R +0.037) fe compressive strength: 35 MPa < f;, < 60 MPa.
B x/b os1 and ogp: compressive strengths of UHPC and NGC; x:
Feng [27] T = (051 +052)(a- 7 +c) roughness coefficient; a to c: relevant parameters.
Gopal [53] Vi: shear-bearing capacity of the UHPC key teeth; V,:
Yang [54] Vi= Vi + Vem + Veon friction resistance of the flat joint; V,: cohesive shear
Pan [55] resistance of the adhesive layer at the joint interface.
fc: axial compressive strength of concrete; /\f: characteristic
parameter of steel fiber; #: direct shear strength ratio (i.e.,
Li [56] Vivy = 1(0.989 4-0.5076A ) A/ fc ratio of the peak direct shear strength of the flat joint

specimen to the peak direct shear strength of the same type
of monolithic casting specimen).

(a) Sm: Smooth, slightly brushed‘ (b) Ch: Chippe (c) Br: Brushed

4. Factors Affecting the UHPC-NC Interface Adhesion

Previous studies have shown that interface roughness, fiber content, interface agent,
interface water content, existing concrete strength, cementitious materials, maintenance
system, corrosive substances (such as chloride ions), and the freeze-thaw cycle considerably
affect the interface bonding performance of UHPC-NC [29,41,57].

4.1. Interface Roughness

Interface roughness is an important factor affecting the UHPC-NC interfacial adhe-
sion [28,57,58]. The concrete surface of UHPC-NC composite members must be treated to
improve the original interface roughness. Current common treatment methods include
high-pressure water jet roughening, grooving, brushing, roughening, drilling, sandblasting,
and planting reinforcement [28]. Some interface treatment methods are shown in Figure 11.

(e) Gr: Grooved (f) R: Rough (aggregate exposure)

Figure 11. Different surface treatments for NC substrates [9].
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The interface roughness is affected by different interface treatment methods. The
relationship between the roughness and bonding strength is determined by different tests.
Ren [39] demonstrated that the interface bonding strength between UHPC and NC increases
with the increasing surface roughness of the NC substrate. The highest interface bonding
strength was obtained at a surface roughness depth of 4 mm. Water spraying as an interface
treatment can considerably improve the shear strength of the construction joints [59].

Hussein [29] investigated the UHPC-HSC structural interface bonding strength under
different roughness conditions using a direct tensile test. The bonding strength at the
UHPC-HSC structure interface was reported to increase with an increasing roughness.
Moreover, the specimen developed cracks in the HSC layer, and the interface bonding
strength was higher than those obtained by Harris [60] and Jung [61] using pull-off tests.
Harris [60] performed slant shear and split tensile tests to examine the effect of different
roughness values on the UHPC-NC structure interface bonding strength. In the slant shear
test, the bonding strength of the specimens with interfaces with low and high roughness
values increased by 26% and 56%, respectively, compared to those of the smooth interface
components. Both shear and slant shear tests can provide better evaluation of the effect of
interface roughness; however, the sensitivity of the core pull-off and composite beam tests
was lower than that of the former. Carbonell [30] and Tayeh [35] performed the UHPC-NC
core pull-off and bending tests. Regardless of the treatment of the NC substrate (untreated
or sandblasted), the specimen substrate was always damaged. Wang [59] used five interface
treatment methods on the specimen. The high-pressure water jet was found to be the most
effective method for improving the interface bonding strength. Zhang [28] discovered that
the average failure strength of the smooth, drilled, grooved, and planted bar interfaces
decreased by 35.20%, 25.90%, 9.40%, and 6.50%, respectively, compared to that of the
rough interface. Yang [62] investigated the effect of different interface planting bar rates
on the shear strength within the interface bonding zone using double-sided shear tests.
Specimens with 0.09%, 0.19%, and 0.29% planting bar rates can achieve interface bonding
shear strengths that are 1.54, 1.98, and 2.66 times that of specimens without planting bars,
respectively. Feng [63] investigated the effects of the trapezoidal, rectangular, and inverted
trapezoidal polygon keys on the interface bonding strength of a specimen using direct
shear tests. The failure mode, initial crack and peak strength, peak shear slip, ductility
coefficient, and peak-load-to-initial-crack-load ratio of the three polygon keys were nearly
identical. Among these, the trapezoidal polygon key with an included angle of not more
than 113° should be selected to facilitate construction.

Alhallaq [64] tested specimens to determine the interface bonding strength relationship
between the roughness coefficient (R;) and UHPC-NC. The tensile and shear strengths
increased as the interface roughness coefficient increased. Increasing the roughness is not
the preferred treatment method when the interface is under tension [30,35,62,63]. Other
interface treatment methods can achieve good results. In detail, increasing the interface
roughness can improve the interface bonding performance; however, excessive interface
treatment can damage the substrate and reduce the interface bonding performance. Using
slant shear, split, and direct tensile tests, Zhang [28] investigated the effect of NC surface
grooving, punching, and other treatments on the interface bonding performance. Figure 12
shows that the bonding strength of the UHPC-NC interface decreases with an excessively
high interface roughness. The analysis revealed that excessive interface treatment causes
microcracks on the NC surface. Moreover, although pneumatic hammer chisel technology
can improve the NC interface roughness, high-impact energy forms microcracks on the NC
substrate, causing stress concentration [65].
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Figure 12. Principle of the fiber-reinforced interface properties [39].

4.2. Fiber Addition

The interface bonding properties of UHPC-NC can be improved by adding different
types of organic or inorganic fibers [65,66]. Figure 12 shows the theoretical and analytical
results of the fiber-reinforced interface characteristics. Fibers can reduce UHPC shrinkage
and stress caused by poor shrinkage. Moreover, the risk of interface cracking caused by
material shrinkage is effectively reduced with a thin reinforcement surface. Moreover,
under an applied load, the bridged effect between fibers can effectively inhibit microcrack
development in UHPC, redistribute the stress around the main crack, increase the residual
stress after cracking, and change the force transfer and failure modes of the bonding
surface. Subsequently, the fibers distributed in the disordered direction can improve the
UHPC interface roughness, and those at the bonding surface can extend into the gap
of the NC interface, improving the mechanical interlock force between UHPC and NC.
Masse [67], Xie [68], Shuo [69] and Ren [39] discovered the effect of interface factors, such as
fiber distribution direction and dosage, on the interface bonding performance. Huang [46]
conducted the interface bonding test of UHPC-NC using the split tensile test method. It was
discovered that two specimens with 1.5 vol.% fiber experienced split failure at the NSC layer,
whereas the remaining specimens underwent bond failure at the ultrahigh-performance
fiber-reinforced concrete (UHPFRC)-NSC interface. The NSC layer demonstrated a lower
failure load than that of the UHPFRC-NSC/HSC interface.

Jang [70] compared the interface bonding shear strength of UHPC-UHPC and UHPC-
NC specimens through an L-shaped shear test, whereby the specimens were mixed with
steel fibers. UHPC-UHPC was noted to have higher ductility and bearing capacity than that
of UHPC-NC, as shown by the load—displacement curve in Figure 13. Pan [55] discovered
that a steel fiber dosage of 1-2% can considerably improve the shear-bearing capacity of
UHPC-NC. In [65], the effect of 2, 3, and 4 vol.% steel fiber dosages on the interface bonding
strength of UHPC-NC was tested. The tensile strength within the interface bonding zone
clearly increased with an increasing volume content of steel fibers. At 4 vol.% fiber, the
interface split strength reached 92% of the overall split strength of cast NC. Through a
flexural test, It is discovered that the split tensile strength within the interface bonding zone
increases with the steel fiber volume dosage. The tensile strength of the interface bonding
split increased by 80% from that of the specimen without steel fiber under a 2.0% steel fiber
volume dosage [71,72].
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Figure 13. Load—displacement curves of two test blocks [59]: (a) UHPC-UHPC; (b) UHPC-NC.

4.3. Interfacial Adhesive Agents

Interfacial adhesive agents are broadly classified into cement-based composite and
polymer materials [29]. The hydrating products of cement-based composites fill the pores at
the interface, forming a compact transitional layer and improving the mechanical properties
of the layer interface. Polymer penetration effectively inhibits crack expansion and increases
the bonding force of the interface layer by permeating through the NC microcracks [28,64,73].

In [65], the effects of the absence of an interfacial adhesive agent and the use of cement
paste, silica ash paste, cement swelling slurry, and butadiene emulsion on the interfacial
bonding strength of UHPC-NC was compared using split tests. Except for butadiene
emulsion, using interfacial agents improved the interfacial bonding strength. Typically,
an interface agent is required for precast UHPC-NC composite components. Wu [57]
used structural adhesives and grouting materials of cement as the interface agents of
prefabricated UHPC-NC components. The superior effect of the structural adhesives over
cement-based grouting materials was reported. Therefore, structural adhesives are good
interfacial agents.

The interfacial agent ratio influences the effect of interfacial bonding. Zheng [74]
conducted an experimental study and reported the different degrees of improvement of
the interfacial bonding strength with the incorporation of different interfacial agents. The
bonding split tensile strengths of UHPC-NC gradually increased as the interfacial agent
incorporation ratio increased. Ganesh [75] investigated the effect of the interfacial agent
on the interfacial bonding strength of cast UHPC-NC and precast UHPC-NC specimens.
During the slant shear, four-point bend, and split tensile tests, the interfacial bonding
strength of the precast specimens using epoxy resin increased by 12.20%, 26.10%, and 60%,
respectively, compared with the cast samples (Figure 14).

4.928

333
3.89

2.786

[ Adhesive agent (N-28(A)) L30F

No adhesive agent (N-28) :;;.— 1.196

L.15F

1.10F
|‘05:_ 10 1.009

1.00F 10
z ook 1.0
93 0.982
5 0.90f 0.966
0.85F
0.80F S
0.731 0.789 Adhesive agent LR-N-
0 7’{} I I L I 1 I
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3.78
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2.77

2.82
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Slant shear test

Splitting tensile test  Direct tensile test Slant shear test Splitting tensile test|  Direct tensile test

Figure 14. Effects of the epoxy-based adhesive agent on the interfacial bonding strength [26].

Wang [76] compared the interface bonding strengths of precast and cast UHPC-NC
components with multiple interface agents using pull-off tests. Phenylene butadiene slurry
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was demonstrated as the best interfacial agent, followed by modified fly ash, silica fume
paste, expanded cement paste, and cement paste. Moreover, the structural adhesives
considerably improved the interfacial shear bonding strength compared to cement grouting
materials [74]. Under an established shear connector, the direct shear strength of the
specimen bonded by a grouting material was lower than that required by the regulations
issued by the American Concrete Institute (ACI). However, the direct shear strength of the
specimen bonded by a structural adhesive can satisfy the ACI requirements.

Through drilling core and bending tests, Tayeh [35] discovered the specimen failure at
the NC substrate with UHPC as the interfacial agent. Valikhani [40] designed two UHPC
samples with different interfacial roughness values to investigate its effect as the interfacial
agent between UHPC and NC. Compared to the specimens without interfacial agents (S
and R), the interface bonding strength of the specimens with interfacial agents (SB and
RB) decreased by 14% and 50%, respectively (Figure 15). Thus, the enhancement effect
using UHPC as the material interfacial agent with different interface roughness conditions
should be investigated.
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Figure 15. Average bond strength for each group of tests.

4.4. Interfacial Water Content

The effect of the interfacial water content on the bonding properties of the UHPC-NC
interface bonding zone primarily occurs when water exists on the NC surface. This slows
down water migration in UHPC and promotes the production of hydration products and
the reduction of porosity in the interfacial transition zone [28,77-79]. Microscopic tests
have been performed to investigate the effects of different interfacial water contents on
the hydration products and porosity of the interfacial transition area [80,81]. As shown
in Figure 16, Group SSD (interfacial pre-wetting) had a higher proportion of hydration
products, which improved the compactness of the interfacial transition area.

Zhang [28], Hussein [29], and Bentz [80] demonstrated that a pre-wetted NC surface
affects the interface bonding properties of new and old materials, and a wetted NC substrate
can improve the interface bonding strength of composite members. The bonding property
of the UHPC-NC interface is considerably affected by the wetting degree of the NC base and
is positively correlated with the interface shear strength. The references [81-84] conducted
an axial tensile test on specimens after treating them with SSD, ASW, and ASD. It was found
that increasing the wetting degree of the NC substrate under natural curing conditions
improved the crack load and load capacity of the UHPC-NC specimens under the axial
tensile test. Meanwhile, Farzad [82] and Bentz [80] believed that interfacial pre-wetting
treatment does not improve the bonding properties of the UHPC-NC interface because the
water from the UHPC flows to the NC substrate during the slant shear test, increasing the
water-to-binder ratio. According to Beushausen [85], SSD has a negative impact because of
the increase in the porosity and water—cement ratio of the interface, which are related to
the fluidity of the UHPC and material properties of NC.
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Figure 16. Overall porosity and hydrated and unhydrated distributions on the grout side of the
interface for the control and SSD specimens [80].

Bentz [80] investigated the effect of different interfacial moisture contents on the
interface bonding strength between UHPC-NC and NC-NC. Under SSD conditions, the
interface is conducive to the interface bonding strength improvement. Semendary [83]
discovered that wetting surface treatment effectively inhibits interfacial failure, reduces
the randomness of the failure mode, and improves the overall mechanical properties of
specimens compared to the drying treatment of the NC surface. Figure 17 illustrates the
influence of the interfacial moisture content on the tensile bonding strength.The interfacial
bonding strength of UHPC-NC increased by 34%, similar to that obtained by Huo [84].

10
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mGrout2 Grout or UHPC

T mUHPC Tensile \
Concrete
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| ._1_-
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Figure 17. Effect of the substrate’s moisture condition on the tensile bonding strength [17].

Several researchers noted that pre-wetting has no considerable effect on the interfacial
bonding properties. By performing three-point bending and single-plane shear tests,
Farzad [82] demonstrated that the shear strength of the interfacial bonding of UHPC-NC on
a wet surface is higher than that on a dry surface. However, the slant shear test results were
contradictory, consistent with the conclusions of Bentz [80]. Moreover, Beushausen [85]
investigated the effect of different water contents on the interfacial bonding characteristics
and microstructures of three NC samples (i.e., different porosities and water absorption
characteristics). Wetting the NC surface did not improve the interface bonding strength
but increased the water—cement ratio and porosity of the interfacial transitional zone.
Therefore, the interfacial bonding characteristics are affected by the interfacial moisture
content, material properties of NC, and fluidity of UHPC.
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4.5. Existing Concrete Strength

Existing concrete strength is an important factor of the interface bonding strength of old
and new concrete [28,72,86]. Feng [27] investigated the effects of NC with different strength
values on the interface bonding strength of UHPC-NC and NC-NC through split and
slant shear tests (Figure 18). The test result revealed that the interface bonding strength of
UHPC-NC increases with the existing concrete strength. The improvement in the interface
bonding strength is better than that of NC-reinforced materials, which is consistent with the
conclusions drawn by Wu [57]. Zhang [28] and Carbonell [30] discovered that increasing
the existing concrete strength can improve the strengthening effect of the interfacial agent,
demonstrating that the existing concrete strength is an essential factor of the interfacial
bonding zone.
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Figure 18. Effects of the NC strength on the interfacial bonding strength [27]: (a) SC; (b) ratio of the

press in the base.

4.6. Binding Material

The cementitious materials within the UHPC raw materials are silica fume and fly
ash, which improve the microstructure of the interface bonding strength. Haber [20],
Tayeh [35], and Shen [73] examined the transition region of the UHPC-NC interface by
scanning electron microscopy (Figure 19). The UHPC-NC interface has a dense and uniform
transition region. The chemical reaction between reactive silica (SiO;) in silica ash and
calcium hydroxide (Ca(OH),) in the NC substrate formed a C-S5-H hydration product,
which filled the gaps at the interface and improved the compactness of the interfacial
transition area.

Figure 19. SEM of the UHPC-NC interfacial transition zone [35].

The physical action of silica fume in concrete refined the void system of the cement
paste, particularly the transition zone. The microstructure of the interface zone can be
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further improved with time because of a secondary reaction between the existing Ca(OH),
and pozzolana, resulting in a denser interface zone with better durability. The noticeable
improvement in the microstructure facilitated a considerable increase in the intermolecular
force and mechanical interlocking, increasing the bond strength (Figure 19).

4.7. Curing

The curing protocol affects the UHPC shrinkage and interface bonding performance
and adds stress to the interface [87]. Huo [84] compared the cracking resistance and
interfacial bonding performance of UHPC-NC flexural specimens under steam curing at
60 °C and natural curing. The results showed that steam curing could improve the bonding
performance of the UHPC-NC interface. In particular, the interfacial cracking resistance
of the specimens cured by steam at 60 °C for 72 h was considerably stronger than that of
the interface naturally cured for 28 d. Feng [88] and Wu [89] compared the influence of
different curing systems on the interface shear bonding strength of UHPC-NC and found
that the interface bonding strength of the specimens under normal-temperature curing
is higher than that under thermal curing. Zhang [28] conducted experimental studies
under different curing conditions and showed no considerable difference in the interface
bonding strength. However, the interface bonding strength of the specimens obtained by
steam curing at 90 °C was lower than that of the specimen obtained by curing at 60 °C and
normal-temperature steam curing. This result can be attributed to the rapid shrinkage of
UHPC because of high temperatures, which caused an uneven interface stress distribution
and resulted in microcracks in the interface, limiting the development of the interface
bonding strength. Therefore, a suitable curing system should be identified to minimize the
impact on the interface bonding performance.

4.8. Chloride Ions and Other Corrosive Substances

The composite member interface is porous and prone to seepage channel formation.
Consequently, harmful chloride ions and other erosive substances enter the UHPC-NC
interface, causing the degradation of the hydration products and decreased interface
bonding strength [90,91]. Consequently, the ability of the UHPC-NC interface to prevent
chloride erosion is important. Li [92] and Gao [93] conducted tests on standard impermeable
specimens using the seepage height method (Figure 20). Various factors, such as interfacial
agent and fiber addition, were found to considerably improve the interfacial impermeability
of old and new concrete and the interface bonding strength of UHPC-NC.

Interfacial

A

Figure 20. Interface permeability test.

4.9. Freeze—-Thaw Cycles

UHPC is almost unaffected by the freeze-thaw cycle in UHPC-NC specimens; how-
ever, its interface transition zone has high porosity and multiple tiny cracks, making it
the weakest part of the combined member. In [64,72,78,94], the effect of the freeze—thaw
cycles on the interface bonding strength of UHPC-NC was investigated. The interface
bonding strength decreased as the number of freeze-thaw cycles increased. Yu [95] investi-
gated the effect of different factors on the interface bonding performance of the specimens
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under freeze—thaw cycles, reporting that the steel fiber content and interface roughness
considerably affected the interface bonding split strength, whereas the casting direction
exerted only a minor effect. Feng [27] investigated the effect of the freeze-thaw cycles
on the interface bonding strength of UHPC-NC and NC-NC using the constraint ring
method. The interface bonding strength of UHPC-NC considerably decreased to less than
that of the NC-NC. Furthermore, Lee [96] conducted 0, 300, 600, and 1000 freeze—thaw
cycles on combined specimens of NC-NC, NC high-strength mortar (HSM), UHPC-NC,
and UHPC-UHPC to compare and analyze the interface bonding strengths through slant
shear tests. As shown in Figure 21, the interface bonding strength decreases to different
degrees. Moreover, UHPC-NC has higher bonding strength and freeze-thaw resistance
than NC-NC.
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Figure 21. Ratio of the slant shear strength under freeze—thaw cycles [96].

5. Conclusions and Prospects
5.1. Conclusions

(1) Herein, the test methods for measuring strength in the UHPC-NC interface bonding
zone were reviewed. For external load applications, the direct tensile test can cause eccentric
force, making it unsuitable for measuring adhesion, because the interfacial transition is
easily damaged. The split test is easily affected by additional bending deformation when the
direct shear test is performed. Moreover, the slant shear test is easily affected by the interface
angle and roughness. Bending tests have a low usage rate and small load bonding area,
which can easily cause stress concentration. Therefore, different test methods considerably
affect the measurement of the interface bonding strength of composite structures.

(2) A considerable difference between the UHPC-NC interface bonding shear strength
test and formula values calculated from the relevant codes in various countries was reported.
In particular, the conservative calculated values were obtained from specifications because
they only focus on the NC-reinforced interface and do not fully consider the influence of
the mechanical properties of UHPC.

(3) The main factors affecting the interface bonding strength are interface roughness,
fiber type and content, interfacial agent type, interfacial moisture content, existing con-
crete strength, cementified materials, curing conditions, chloride ions and other erosive
substances, and the freeze—-thaw cycle.

(4) Among the multiple factors affecting the interface bonding strength, the interface
bonding performance can be considerably improved by appropriately increasing the in-
terface roughness. However, excessive interface treatment can damage the substrate and
reduce the interface bonding performance. Fiber addition effectively improves the interface
bonding performance of UHPC-NC by reducing UHPC shrinkage and improving the mode
of interfacial load transfer. Although most interface agents can improve the interfacial bond
strength, the effect of using UHPC as an interface agent is controversial and needs further
study. The bonding properties of the UHPC-NC interface are affected by the water content
of the interface. The interface transition area density and bonding strength improved under
wet saturation and SSD condition.
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(5) The presence of cementitious materials, such as silica fume and fly ash, in UHPC can
improve the interface microstructure, which is suitable for increasing the interface bonding
strength. The strengthening effect of the interfacial agent can be improved by increasing
the existing concrete strength. As the curing system affects the UHPC interface bonding
strength, selecting a suitable curing system is essential. The interface bonding strength
decreases when harmful chloride ions and other erosive substances enter the UHPC-NC
interface. An interfacial agent and fiber can effectively improve the impermeability of
the interface between old and new concrete and the bonding strength of the UHPC-NC
interface.

5.2. Prospects

(1) Various strength test methods for the UHPC-NC interface bonding zone are prone
to causing the failure of the existing concrete substrate, resulting in the difficulty in mea-
suring the interface bonding strength and achieving inaccurate results. The test method
used to induce the specimen interface failure should be improved to obtain a more accurate
interface bonding strength.

(2) The relevant codes of various countries do not completely consider the influence of
the mechanical properties of materials in the calculation formula of the UHPC-NC interface
bonding shear strength. Furthermore, the types of interface treatment methods considered
are limited, and their impacts on the interface bonding zone and shear strength were not
considered. Consequently, the calculation formula should consider the influence of the
mechanical properties of materials, interface treatment methods, and other factors.

(3) The lack of relevant research on the UHPC-NC interface in the context of the
interface bonding performance, UHPC water-binder ratio, substrate material water absorp-
tion, and cast direction of the interfacial water content prompts the need for additional
investigations of the interface bonding performance of UHPC-NC under various factors.

(4) The lack of relevant research on the UHPC-NC interface in the context of the freeze—
thaw cycle, chloride penetration, dry—wet cycle, and other factors has led to a limited
understanding of UHPC-NC under harsh environmental conditions. Thus, research on
these topics must be expanded.
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