
Citation: Mokhtari, S.; Hassan, M.

Performance of Bond between Old

and New Concrete Layers: The

Effective Factors, Durability and

Measurement Tests—A Review.

Infrastructures 2024, 9, 171. https://

doi.org/10.3390/infrastructures9100171

Academic Editor: Chris Goodier

Received: 11 July 2024

Revised: 17 August 2024

Accepted: 23 September 2024

Published: 27 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

infrastructures

Review

Performance of Bond between Old and New Concrete Layers: The
Effective Factors, Durability and Measurement Tests—A Review
Sahar Mokhtari and Munzer Hassan *

Department of Construction Engineering, École de Technologie Supérieure, University of Quebec,
Montreal, QC H3C 1K3, Canada; sahar.mokhtari.1@ens.etsmtl.ca
* Correspondence: munzer.hassan@etsmtl.ca

Abstract: With the rise in construction costs and aging of existing concrete structures, retrofitting
and strengthening have gained more popularity. Among all of the available techniques, adding
new repairing layers on top of old concrete ones has proven to be highly effective. However, the
efficacy of such method is dependent on the performance of the cold bond between old and new
layers of concrete whose establishment requires different considerations, such as paying attention to
the properties of concrete layers, namely their strength, permeability, aggregate size, density, etc.,
and the qualities of the interface between the layer, such as how wet it is or its roughness degree. In
this paper, the factors which can impact shear and tensile bond strength are fully discussed while
being categorized into two major groups of factors related to each concrete layer’s properties and
those directly associated with the connection area. The durability of the bond after exposure to
various environments in terms of temperature and relative humidity is also addressed and then a list
and comparison of numerous tests that are commonly conducted to measure the bond strength are
provided. The findings indicate the characterization of suitable materials and surface roughening
techniques which can ensure an adequate bonding between substrate and overlay, along with
recommendations for the scope of future research.

Keywords: bond strength; surface preparation; bonding agent; bond performance; bond tests;
concrete repair; durability

1. Introduction

The Federal Highway Administration (FHWA) has reported that 36% of bridges in
the USA require repair [1], and rehabilitation of old structures which have reached the
end of their service life, in order to be more economical than reconstruction, might lead
to casting concrete layers at different times on top of each other [2]. As an illustration,
in many cases, the cross-section of concrete members can be fully or partially covered
by a new layer of concrete, which is called concrete jacketing [3]. Jacketing can have
both structural and non-structural purposes, such as restoring the load-bearing capacity
of elements by increasing cross-sectional area and confinement [4], enhancing concrete
appearance, protection of reinforcing bars from abrasive substances and decreasing the
level of permeability [5]. When concrete jacketing is performed, a bond is formed between
the old and new layers of concrete and, clearly, the efficiency of employing rehabilitation
techniques is highly dependent on how resistant such a bond is. The main mechanisms
associated with the integrity of such an interface are Van Der Waals forces and mechanical
interlock. Figure 1 shows the components of the system and how it works [5,6]. Van Der
Waals forces have proven to be mostly limited to the hydration of cement particles located
in the surface of old concrete, which were not hydrated in the first place, so the chemical
bond formed between old and newly-placed concrete is weak [7]. On the other hand, a
strong mechanical interlock is directly associated with three main conditions:

• Substrate concrete must be strong enough, without any major cracks or unsoundness;

Infrastructures 2024, 9, 171. https://doi.org/10.3390/infrastructures9100171 https://www.mdpi.com/journal/infrastructures

https://doi.org/10.3390/infrastructures9100171
https://doi.org/10.3390/infrastructures9100171
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com
https://orcid.org/0000-0002-7344-4054
https://doi.org/10.3390/infrastructures9100171
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com/article/10.3390/infrastructures9100171?type=check_update&version=1


Infrastructures 2024, 9, 171 2 of 37

• Moisture content and temperature of the substrate has to be suitable;
• Substrate surface must be clean of any dust or dirt [8].
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However, notwithstanding such considerations, in most cases, the region between sub-
strate and overlay acts extremely weakly due to the formation of interfacial shear stresses
and lack of sufficient adhesion between the layers, and the severity of this phenomenon
might even lead to the adhesive failure of the entire system. Adhesive failure denotes
debonding in the interface before concrete crushing or spalling occurs [3].

This mode of failure happens in structures where inadequacy of their bond strength
leads to premature fracture rather than using the mechanical capacity of concrete layers
to the full [9], so the cold joint between concrete repair layer and the substrate should be
able to resist any kind of stress induced by either static or cyclic load, temperature change,
shrinkage, etc. [10], or degradation of the system will lead to cracking, which results in
corrosion of steel rebars and leakage, or even brittle failure [11].

Furthermore, due to the ever-increasing popularity of prefabrication in building new
structures, especially bridges, grouting the connection region between the prefabricated
elements is essential. This practice will also form a bond between layers of old and new
concrete, which has a direct impact on the overall performance and stability of the structure
and, if a bond which is strong enough is not achieved, concrete layers might be separated
from each other and sometimes even lead to structural collapse. Such possibilities plus
the considerable costs of repair have led to the necessity of proper bonding of concrete to
ensure both safety and a monolithic performance of the concrete elements. Many studies
so far have experimentally and numerically investigated the relevant factors influencing
bond performance, the applicable techniques for improving it and quantifying its strength.
Whereas the research began in the 1960s and is still ongoing, a conclusive summary of all
the parameters involved in concrete-to-concrete bonding is not available. This paper aims
at reviewing any kind of factor which can directly and indirectly influence bond strength,
the experimental tests available for assessing this, and suggesting some insights for future
investigation. The main objectives of this paper are providing the parameters involved in
bond performance into separate categories with their comparison, some of the previous
research results, and the explanation behind the effectiveness of the factors, while listing the
primary tests for evaluating the shear strength at the interface of layers, their differences,
and considerations that must be taken into account for selecting the proper one.

2. Influential Factors on Bond Performance

The shear strength of the interface between old and new concrete layers is influenced
by the simultaneous effect of three actions: cohesion, friction and dowel action. Cohesion
refers to the adhesion of concrete layers and their mechanical interlock; friction is related to
slippage of layers on each other, which depends on concrete surface and induced normal
stresses; and dowel action represents the deformation of any reinforcement passing the
interface [12]. Hence, many factors are involved in shear resistance of a bond and a
deep understanding of these seems necessary, since bond performance varies to a great
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extent with the characteristics of concrete layers and the methods employed for surface
preparation. These parameters are categorized into the qualities which are associated with
the interface between the layers, such as relative humidity of the interface, presence of
bonding agents and surface roughness, and those related to characteristics of each layer
individually, such as strength, workability, age and thickness. Some of these factors will be
elaborated on in the following sections.

2.1. Influential Features of Concrete Layers

Different features of both substrate and overlay concrete and their mechanical proper-
ties can change the bond strength and play a vital role in the failure mode of the system,
such as compressive strength, age, type of aggregate and binder, level of shrinkage, etc., [3]
which will be discussed in the following part.

2.1.1. Compressive Strength

It is impossible to neglect the impact of added concrete mechanical properties on
bond behavior and one of these characteristics is compressive strength [13]. Different
studies have shown that an increment in the compressive strength of added concrete will
raise the bond strength and that is why high performance and ultra-high performance
concrete are favorable and more advantageous for repairing purposes [14–18]. A higher
compressive strength is equated with a denser matrix, fewer gaps at the interface, and
thereby a better Interfacial Transition Zone (ITZ) quality, which can ultimately lead to a
cohesive and stronger bond [19,20]. Some studies have even shown a doubly higher shear
resistance in the case of using UHPC compared to normal concrete (NC) [3,21].

High-strength concrete (HSC) and ultra-high-performance concrete (UHPC) are chosen
as suitable options for retrofitting purposes because their application can minimize material
usage since only a thin layer can strengthen the structure and protect it from chloride
attack and water penetration [15]. Moreover, the comparison of utilizing HSC and NC for
strengthening reinforced concrete members has illustrated the beneficial influence of HSC
rather than NC on bond strength in many studies [19]. This agrees with the observations
of Iavarone et al. (2023), who made samples with different substrate and overlay and
concluded that HSC is the best option for retrofitting structures with low-strength elements.
An increase in the shear stress at the interface was also witnessed with the growth of
substrate strength, especially when no roughening technique was employed [22]. This
was in line with the results obtained by Zhang et al. (2020), who chose three compressive
strengths of 30 MPa, 40 MPa and 50 MPa for concrete substrates and explained that the shear
strength of NC–UHPC composites increases linearly with their compressive strength [23].
Beushausen et al. (2008) experimentally discovered that the shear resistance of concrete
composite specimens is almost 10% of the compressive strength of the new layer of concrete,
regardless of its age. In addition, the higher the compressive strength became, the lower
this ratio was [24]. This growth in bond strength can be justified by the linear increase in
shear stresses and their corresponding normal stresses at the interface for higher concrete
strengths. Such a rise in shear stresses results in a higher interfacial friction that is beneficial
to bond behavior [14].

While the majority of the experimental investigations are in favor of a higher com-
pressive strength for ensuring bond integrity, numerical studies are also providing similar
results, plus developing models for prediction of bond performance based on strength of
layers. Momani et al. (2023), for instance, proposed an artificial neural network (ANN)
model to estimate the bond strength between HSC and NC with good accuracy, considering
the effects of compressive strength and other parameters [25].

2.1.2. Shrinkage

Suitable dimensional stability, which is referred to as low or no shrinkage, is a contribu-
tory factor to a durable concrete-to-concrete connection because separation of concrete layers
from each other [11] or interlayer slip [26] can occur due to three different mechanisms:
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1. Formation of microcracks in the interface because of the inner tensile stresses induced
by shrinkage;

2. Enlargement of bigger pores to enhance the overall volume and interconnections
between the pores and a higher amount of permeability;

3. Drying out and partial collapsing of Calcium–Silicate–Hydrate (CSH) sheets in concrete,
which cause an expansion of capillary pores, resulting in a “coarser” microstructure [27].

All of the above mentioned mechanisms happen at the same time and are mostly
activated by a high rate of evaporation from the surface, which is drying shrinkage [26],
and since the expansion and contraction of concrete layers is restricted, the infliction of
tensile, shear and normal stresses by the loss of capillary water goes further, to the point
of either delamination [28,29] or ingress of detrimental chemicals, such as sulphates or
chlorides [30]. Consequently, it is of vital importance to take the shrinkage of new concrete
and differential shrinkage, which denotes the difference in the amount of shrinkage of
layers into account, especially because the old layer has negligible shrinkage while the new
one begins to shrink soon after being set, due to hardening [5].

As shrinkage is highly influential on the bond behavior, various studies have investi-
gated its impact and tried to mitigate it using different methods. The long-term (a period
of approximately 2 years) impact of differential shrinkage on bond strength and durability
was assessed in a study by Beushausen et al. (2008). A considerable reduction of 25%
was experienced in specimens’ interfacial strength due to shrinkage [24]. Qin et al. (2019)
incorporated Shrinkage Reducing Admixtures (SRAs) into concrete overlay mix design
and exposed it to moisture attack for different durations to indicate whether decreasing
shrinkage is capable of increasing the durability and compatibility of new and old concrete
layers. The four-point bending test results demonstrated an approximate 10%, 15% and
23% growth of interfacial fracture toughness for 0, 2 and 4 weeks of moisture exposure,
respectively, proving the positive effect of lower shrinkage on bond behavior [31]. Toledo
et al. (2020) observed that regardless of the substantial early age shrinkage of UHPC
overlays on bridge decks because of high cement and low coarse aggregate content [32], no
significant stresses were formed at the interface to affect bond strength, and this was due to
a low modulus of elasticity during the early ages [33].

2.1.3. Supplementary Cementitious Materials

The properties of materials used either in the overlay or substrate can arguably alter
the characteristics of the interface and its strength. Cement-based materials are amongst
the most popular due to their low cost, suitable mechanical properties and compatibil-
ity with concrete [18]. Furthermore, sustainability in the construction field has become
immensely important in recent years and one of the ways to produce more sustainable
and environmentally-friendly materials is by replacing Portland cement either fully or
partially with supplementary cementitious materials (SCMs) that are the by-products of
other industries. SCMs can decrease the amount of harmful emissions in the atmosphere
and the waste produced due to different industrial activities [34].

One of the most common SCMs that can be used in concrete mix design is silica fume
because of its promising impacts on concrete, such as lower porosity, higher strength and
lower bleeding ratio [35]. Momayez et al. (2005) investigated the impact of the application
of different amounts (0%, 5%, 7% and 10%) of silica fume in concrete overlays on bond
strength and worked out that regardless of the type of bond test performed, there is a
growth in bond strength as the amount of silica fume increases. However, when the content
of silica fume is over 7%, its impact becomes trivial [36]. This increase is probably due to
changing the microstructure at the interface and the micro-filler effect of silica fume [37].
Silica fume also has a positive impact on the compressive strength of concrete to the extent
that an addition of merely 15% silica fume can improve the 28-day compressive strength of
concrete by more than 20% [35] and a higher strength equals a better bond performance, as
mentioned earlier.
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Another prevalent SCM that is employed in retrofitting purposes is fly ash, which is
the by-product of energy plants burning coal [38]. The chemical composition of different
types of fly ash is highly varied because it depends on the kind of fuel and the utilized
technique for its collection, and such different characteristics as particle size and number of
amorphous components can also lead to different behavior [39]. For example, the amount
of SiO2, Al2O3 and CaO which exist in different kinds of fly ash will lead to different bond
strengths. When the content of CaO is high in the employed fly ash, the performance of
the bond between old and new concrete is ameliorated, yet its long-term impact and the
effect of other chemical compositions concentrated in fly ash has not been investigated so
far [37]. In a study, different amounts of fly ash were added to a concrete mixture and the
short-term strength of the bond was decreased considerably, while an improvement was
witnessed in the long run due to the positive impact of fly ash on the microstructure of the
interface [40].

Geopolymer binders, which are also an environmentally-friendly substitute for Port-
land cement and can be adopted in sustainable construction, have been widely studied
for use in concrete and mortar overlays. For example, the slant shear test results con-
ducted by Phoo-ngernkham et al. (2015) illustrated that both shear and bending strength
of geopolymer mortars are high enough for rehabilitation purposes and the microscopic
images showed a dense and homogenous bond between concrete substrate and geopolymer
mortar [41]. Kramar et al. (2016) evaluated the suitability of three different repair mortars
(metakaolin, fly ash and ground granulated blast furnace slag (GGBFS)) by measuring their
bond strength. It was revealed that whereas metakaolin and fly ash provided sufficient
adhesion to be utilized as structural retrofit material, GGBFS-based mortar was easily
detached from the substrate layer [42]. Generally, alkali-activated materials have proven
to bond well with cement because calcium hydroxide reacts easily with alkali-activated
binders and that is why SCMs are mostly positively effective on bond performance.

2.1.4. Aggregates

The important effect of aggregates’ shape, size and surface roughness on the me-
chanical interlocking with their surrounding paste has already been proven [43–45]. Re-
garding the size, as an instance, larger aggregates lead to a larger ITZ and propensity for
bleeding, which contributes to a higher potential for microcracking and therefore a lower
strength [46,47]. Nevertheless, in another study, the shear resistance of the bond rose by 7%
when the aggregate size increased to almost four times more [48]. Propagation of cracks
in concrete subjected to loads occurs along the interfaces with a lower toughness, such as
that of aggregates. Hence, the energy required for causing failure in concrete is that which
leads to fracture in aggregates, which will grow with the rise in their stiffness [47,49]. It
should not go unnoticed that the amount of required water in the mixture will be less in the
case of aggregates with higher maximum size due to a reduction in particle surface area.
Moreover, bigger coarse aggregates lead to a reduction in concrete strength because of the
rise in the number of microcracks formed in ITZ [50,51]. The larger number of microcracks
will usher in a weaker bond yet, as the experiments have indicated, the impact of both
higher toughness in bigger sized aggregates and lower shrinkage are more significant than
the detrimental effects on bond strength. As well as the size of aggregates, the ratio of
their pores can impact the proportion of microcracks formed in the substrate and level of
roughness obtained by surface preparation methods. For example, concrete mixtures with
larger and more porous aggregates show a higher degree of roughness but more cracks in
the interface, which leads to a lower bond strength between the layers [52]. Aggregates
with spherical shapes and a smooth particle surface form a weaker bond with cement paste
at ITZ, while angular aggregates ensure a better interlock, which is not only beneficial
for bonds between layers, but also effective on concrete’s mechanical properties, such as
compressive strength [53].

The impact of aggregate stiffness was also studied in other research and it was revealed
that its role is highlighted in the case of roughening the substrate surface, and concrete
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with stiffer aggregates outperforms the other specimens in terms of bond strength, but this
effect becomes negligible when the substrate’s surface is smooth [17].

2.1.5. Age of Layers

Concrete layers have a viscoelastic behavior and that is why their creep and shrinkage
is governed by time [28]. One of the time-dependent characteristics is differential shrinkage,
which has been experimentally proven to be lower at the earlier ages of the substrate, so
this fact underscores the key role of age in bond performance [29]. According to tensile
relaxation, the induced stress in concrete has to decrease over time under constant strain,
so a part of the overlay stresses must be released by the passage of time, but tensile creep,
which is the increase in strain when stress is constant, is also effective and contributes to
a lower shear resistance in the bond [28]. Morimoto et al. (1994) discussed the impact
of concrete age on tensile relaxation. It was found that maximum tensile relaxation is
reached shortly (between 2–3 h) after being subjected to strain and, the higher the age of
the specimens, the lower that ultimate relaxation was observed [54]. Santos et al. (2011)
considered three different ages of 28, 56 and 84 days for the substrate layer before the new
concrete was cast on top. It was predicted that the increase in age gap between casting two
layers will lead to a lower bond strength due to differential shrinkage and formation of
a cold joint; however, the experimental investigations proved the opposite, so a 3D finite
element model was used to further study the reason behind this contradiction. It was
revealed that the compression applied to the specimen during the slant shear test decreases
the tensile stress at the interface and this compressive force increases with the rise in the
age of specimens, which is why the bond strength surged at higher ages [55].

Meanwhile, other studies have validated the effectiveness of concrete overlay age on
interfacial shear resistance. It has been suggested that 28 days can be considered for proper
evaluation of multi-concrete layer specimens, because the concrete obtained most of its
strength during this period, and even much earlier (after 7 days), which is promising, since
sufficient strength can be obtained shortly after retrofitting [23].

2.1.6. Density

Most of the studies on bond performance have used normal density concrete (NDC);
meanwhile, ACI 318 and CSA A23.3 introduce Equations (1) and (2), respectively [56,57],
to calculate the design shear bond strength between concrete layers that include factors µ
and λ, which depend on concrete density.

νRdi = ρ fyd(µsinα + cosα) (1)

νRdi = λ φc(C + µσ) + φsρ fydcosα (2)

However, Shaw et al. (2014) researched the shear resistance between layers of concrete
with lightweight aggregates (LWA) and showed that consideration of concrete density
through λ leads to a conservative design in the case of low-density concrete [58]. Further-
more, due to internal curing and a lower shrinkage degree, the impact of curing conditions
and shrinkage becomes less important when LWA is utilized in concrete layers, since the
water stored in aggregate pores can extend cement hydration and lead to more cement
products [59,60]. It cannot go unnoticed that the differential stiffness of NDC–LWAC is
lower than that of NDC–NDC, because the modulus of elasticity in concrete made of LWA
is lower than that of an NDC with the same class of strength [17]; therefore, taking all of
the aforementioned points into account, the significance of the role that concrete density
plays in the bond strength cannot be ignored.

Expectedly, the bond strength in an overlay concrete with lighter aggregates and lower
density has to be less than that of NC [16], even when the binding matrix is the same
and this is because, normally, the density and strength of a concrete mixture are directly
associated with each other, so that when the density decreases, the concrete also loses
strength and hence depicts a lower tensile and shear strength at the interface [17].
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2.1.7. Overlay Thickness

There are few articles that have investigated the influence of various overlay thick-
nesses on the bond strength between old and new concrete and most of the studies have
only focused on the effect of thickness on the load-bearing improvement of concrete el-
ements [61,62]. However, in a test conducted by Teng et al. (2021), an increase from 25
to 50 mm in overlay depth led to a 30% reduction in the interface strain and therefore a
better bond strength. This is because a higher thickness results in more constraint under
expansion, causing stresses at the interface. These stresses, however, compensate for the
tensile forces formed by shrinkage and cracking; thus, there is a lower delamination and
bond failure tendency in the specimens with a higher thickness of overlay [63]. Hence,
many more studies are required to evaluate the role of overlay thickness on the behavior of
concrete-to-concrete bond.

2.1.8. Overlay Workability

The effects of new concrete workability on the bond performance are multi-fold. On
the one hand, the pores of substrate layer can be filled by the new concrete if it has a
high workability and result in an increase in the interlock between layers, which causes a
higher bond strength. On the other hand, low workability causes a more porous interface
and a weaker bond. Therefore, obtaining an optimum amount of workability for repair
materials is of prime consideration [64]. Moreover, if a higher workability is achieved using
water-reducing admixtures, such as superplasticizers, bond performance will be improved
because overlay is spread more easily and evenly on the substrate, enabling a stronger
bond [65].

Megid et al. (2019) observed that the capillary suction phenomenon, which enhances
mechanical anchorage between overlay and substrate, depends on the fundability of fresh
concrete and, in case of not having adequate workability, mechanical compaction is going
to be essential, which is also costly; otherwise, a lower contact area between the layers will
lead to poor adherence [66].

2.1.9. Other Factors

Some other parameters have also been investigated in different studies. For example,
Moelich et al. (2021) showed that inhomogeneous size of aggregates and particles at the
interface due to pumping can lead to discontinuities in the bond plane. This is because the
larger particles are driven toward the center of the pumping pipe as a result of a higher
shear stress around the pipe walls [26]. This phenomenon leads to a different mechanical
interlock in the bond and a different bond resistance from part to part [67].

The effect of fibers on bond resistance has been studied and proven to be beneficial
by different authors [68,69]. Zanotti et al. (2019) explained that the effectiveness of fiber
presence on bonding behavior lies significantly on different factors: type of test, casting
direction and fiber and concrete properties. For instance, 0.5% of added steel fibers could
improve bond strength derived from splitting tensile tests and slant shear tests, while it
had a negligible effect when push-out tests were carried out. It was also revealed that fiber
orientation at the interface plane depends on casting direction and can determine whether
fibers will be able to participate in bearing shear stresses in the bond or not [70]. In another
study, steel fibers and Polyvinyl Alcohol (PVA) fibers were added in two different volumes
and lengths to a mortar mixture, which was used as a repair material on concrete substrates.
Slant shear test results revealed that a 98% enhancement was observed when 13-mm steel
fibers were utilized in the admixture, which was better than the effects of PVA fibers. The
longer (12 mm) PVA fibers could also improve bond adhesion to a higher extent compared
to the shorter ones. However, in both cases, the fibers proved to be highly effective only
when a surface roughening approach was applied [71].

Reinforcement bars can pass the connection between concrete layers in order to de-
crease shear stresses at the interface and provide anchorage, which can strengthen the bond
significantly, but at the same time the risk of tensile stress formation around reinforcements
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due to their corrosion or movement can jeopardize the bond performance [5]. Valikhani
et al. (2021) combined the usage of different numbers of mechanical connectors (0, 1, 2, 4,
6 and 8) with surface roughening using a sandblasting method to assess bond strength.
After casting both layers of concrete (NC and UHPC), holes were drilled into both concrete
sides in order to attach mechanical connectors and epoxy was utilized to ensure a complete
connection. The results showed that mechanical connectors were immensely beneficial in
both increasing shear strength between layers of concrete and resulting in a more ductile
joint, and this was predictable due to dowel action [72].

Expansive or shrinkage reducing admixtures (SRAs) are organic chemicals that are
able to decrease the level of shrinkage, and thus cracking, in concrete and the interface
between concrete layers [73]; consequently, a higher bond resistance can be achieved by
using them [74].

2.2. The Role of Concrete Types on Bond Properties

Obviously, since different properties of concrete, as mentioned above, can change
the characteristics of bonds between the layers, concrete type is also effective. Numerous
studies have been conducted so far on the role of concrete type in bond performance
and the major kinds of concrete investigated are UHPC, NC, lightweight concrete (LWC),
self-consolidating concrete (SCC), fiber-reinforced concrete and recycled aggregate concrete
(RAC). Since the previous sections discussed how different properties of concrete and also
the presence of fiber in them can alter bond performance, this section will explain how
UHPC, LWC, SCC and RAC can influence the interface and which of their characteristics
are involved in the bond when they are used as the substrate or overlay.

2.2.1. Ultra-High-Performance Concrete (UHPC)

UHPC is a type of concrete that includes low w/c ratio, fine aggregates, normally
2% of steel fibers, and other cementitious materials, such as fly ash or silica fume in some
cases [75]. High mechanical strength, low permeability and high durability, particularly
against chloride penetration, are some of the main properties of UHPC, which have all
proven to be beneficial in bond strength [76]. Furthermore, application of fibers in its
mixture not only increases its tensile strength, but also leads to the formation of a stronger
bond between old and new concrete [72]. Its higher density, because of being compacted,
also has a positive impact on shear resistance between layers. All of these factors make this
type of concrete a desirable candidate and increase its service life [21,77], as well as reducing
the necessary thickness in order to be used as an overlay for repairing purposes [78]. A
25–51 mm thickness for UHPC overlay has proven to be sufficient for strengthening concrete
and preventing water ingression [15]. Therefore, many authors have studied the adhesion
between UHPC and other types of concrete, especially normal-strength [15,79–81].

Harris et al. (2014) investigated the compatibility of NC and UHPC by three tests,
pull-off, slant shear and splitting tensile, and found that a suitable bond can be obtained
by only limited surface preparation and even without using any bonding agents [82]. In
another study, Feng et al. (2021) prepared UHPC with different types of steel fibers (straight,
I-shaped and II-shaped) and three different w/b ratios and used them on top of normal
concrete layers. The bond between them was tested by the single-side shear method and
it was indicated that, firstly, increasing the roughness of the substrate surface was very
helpful in raising the bond because of the growth in contact area between UHPC and NC;
secondly, shear strength of the bond was maximized using straight fibers and minimized
by II-shaped ones due to the creation of a dowel action by the straight fibers. Furthermore,
a moderate value for w/b illustrated the optimum results for bond strength, because lower
values can lead to an incomplete cement hydration and, in case of being too high, the
amount of silica fume that had to be utilized was small [83]. Al-Osta et al. (2022) fabricated
substrates of SCC and concrete screed (CS) with UHPC as the overlay and investigated
the effects of water and heat curing on their bond strengths. The results revealed that the
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adhesion of UHPC with other concrete types is so strong that curing condition does not
influence the bond to any significant extent [84].

2.2.2. Lightweight Concrete (LWC)

The combination of LWC with normal-weight concrete in structures is very common
due to many reasons, such as thermal insulation, desirable strength per unit weight and
good durability [85–87]. The ITZ formed between concrete with lightweight aggregates and
normal concrete is different in some respects. First of all, the ITZ formed contains a higher
degree of Ca(OH)2 crystals and C-S-H gel, which is therefore different in terms of chemical
composition of the cement paste from normal ITZ [88]. Second, a thin layer of water is
formed on NC after pouring LWC because of its hydrophilic nature. This water is observed
to increase w/c ratio at the interface and resultantly decrease the bond strength [89].
Thirdly, the wall effect that is induced by the confinement of the substrate ushers in a
higher rate of bleeding and bubbling at the interface and propagates cracks, which lower
the bond strength [90,91]. Last but not least, lightweight aggregates can participate in a
process known as internal curing by absorbing water and releasing it afterwards during
the cement hydration procedure; resultantly, a stronger bond can be achieved by having
more hydration products and paste in the ITZ and a stronger overlay [92–94]. Taking all of
these points into consideration, the microstructure and even chemical composition of ITZ
is highly affected by the presence of lightweight aggregates and will have an impact on the
bond strength.

Costa et al. (2018) cast three different layers of LWC with densities ranging from
1500 kg/m3 to 1900 kg/m3 on NC layers and conducted splitting and slant shear tests to
assess the bond behavior. It was found that the tensile strength of the bond decreased with
a fall in the value of density due to having an overlay with a lower stiffness and strength,
and this impact was more evident in the case of specimens with a rough surface [17].
Figueiredo et al. (2022) made a new lightweight concrete called sand lightweight concrete
by using ordinary sand and Lightweight Aggregate (LWA) instead of different proportions
of the coarse aggregates in an NC. It was shown that by decreasing the density, which was
achieved by replacing 25%, 50%, 75% and 100% of coarse aggregates, the bond strength
decreased more and more due to a higher differential compressive strength. Furthermore,
surface roughness, which had three values of 5 mm, 7.5 mm and 15 mm, proved to be
influential in this study, especially in the case of concrete mix with a higher amount of
coarse aggregates and this is due to the mechanical interlock and friction that aggregates
can have due to surface roughness [95].

2.2.3. Self-Consolidating Concrete (SCC)

Self-consolidating concrete, also known as self-compacting concrete, is a type of
concrete with a high workability, which can flow and settle under its own weight and
without any need for vibration; hence, pumping it will be easier and the construction
procedure can be speeded up [96]. Due to its flowability, it is capable of filling the gaps
and cavities in the substrate and forming a strong bond with its underlying layer and this
characteristic has made SCC a desirable option for retrofitting purposes [66,97,98]. As an
instance, a beam at the entrance of a parking lot, which had deteriorated severely because
of corrosion, was rehabilitated in 1996 in Sherbrooke, Quebec, using SCC [99].

Diab et al. (2016) investigated the bond performance between old concrete and SCC
while evaluating the effects of other parameters, such as bonding agent, substrate roughness
and SCC flowability. Flow diameter of SCC proved to be highly effective on bond strength,
so much so that an increase from 640 mm to 810 mm led to an almost 2 MPa rise in the slant
shear test results after 28 days. A 26% increase was also witnessed in bond strength with a
6 mm roughness in the NC substrate, showing the importance of surface preparation in
bond behavior [100]. Arezoumandi et al. (2018) used fiber-reinforced self-consolidating
(FR-SCC) concrete for rehabilitation of a bridge’s concrete reinforced beams. Type K cement
was used as a replacement for OPC (Ordinary Portland Cement) in some of the SCC mixes
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(10% and 15%) for reduction of shrinkage. The results illustrated that cracking propensity
decreases by 20% in the case of using 15% type K cement and retrofitted beams had a higher
flexural capacity [101].

2.2.4. Recycled Aggregate Concrete (RAC)

Since construction and demolition waste (CDW) is skyrocketing because of mass
production of concrete, recycled aggregates (RAs) obtained from recycling and reusing
concrete can be utilized as a replacement for natural aggregates in order to be environ-
mentally friendly and economically efficient [102]. Recycled aggregates are composed
of natural aggregate (NA) and old cement paste components and this issue leads to the
formation of two ITZs compared to the one formed in the case of NA application. This
phenomenon results in a higher permeability and lower mechanical properties than in NC;
furthermore, a higher number of pores heightens the likelihood of rebar corrosion due to
chemical attack [103]. Another parameter which influences the mechanical properties of
RAC is the incorporation percentage of RA instead of NA; for example, a reduction of 10%
has been reported in compressive strength of concretes incorporating 100% RA rather than
NA [104,105]. It is, therefore, probable that prefabricated concrete elements will be repaired
using recycled concrete layers and some studies have been carried out in this regard.

Ceia et al. (2016) used an NAC substrate subjected to different kinds and degrees of
roughness with three different kinds of RAC as overlays, each incorporating 20%, 50%
and 100% RA instead of NA. Then, slant shear tests were performed on the specimens
and results revealed that a rough surface could increase the shear strength of the interface
doubly and, expectedly, a higher ratio of aggregate replacement reduced the bond strength
due to the decline in the mechanical properties [106]. In other research, ultra-high durability
concrete (UHDC) was modified to incorporate a lower amount of cement and the bond it
formed with an RAC which had a low dosage of cement was assessed. A control specimen
was also prepared using normal concrete in order to investigate the effect of RAC properties
on bond behavior; however, both RAC and control concrete had a similar compressive
strength and the obtained results indicated that concrete type has minimal effect on failure
mechanism or bond strength (shear resistance of specimens with normal concrete was
merely 18% more than that of recycled concrete) and adhesive failure was observed in most
of the specimens. Roughness of the substrate layer also proved to be highly effective in this
experiment and the bond strength increased correspondingly with a rougher surface [107].

2.3. Substrate Moisture Content

Clearly, a substrate with high strength has a lower water to cement (w/c) ratio, which
leads to a lower degree of permeability; thus, the interlock between layers of concrete will
be limited. Nevertheless, although the porosity of substrate will rise with the increase in
its water content, which contributes to a better mechanical interlock between the layers,
excessive water absorption ushering in a weak interface will be a negative result [108].
Having taken these points into consideration, one of the parameters that has proven to affect
bond strength is the amount of water that is available in the interface of two concrete layers
before casting the new one [109,110]. The surface of a composite concrete member can have
different moisture contents, ranging from very wet to very dry based on construction site
conditions [108]. The two main reasons why neither a wet nor a dry surface is suitable for
concrete substrate are, firstly, the moisture in the interface can increase the w/c ratio of
the layer of concrete added and adversely impact its strength; secondly, the dryness of the
substrate might drive water out of the new layer and forestall the full cement hydration in
it [108,111] and the importance of this parameter becomes even more significant when the
w/c ratio of the concrete is low [77]. Hence, various studies have focused on a saturated
surface dry (SSD) condition for bond enhancement and it has been illustrated that the bond
strength can be improved by 34% in this case compared to that of a dry substrate [11,112].

While there is a prevalent consensus over the advantages of pre-moistening the sub-
strate surface before laying the next layer of concrete in promoting the adhesive behavior
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of the system, an optimum moisture range is important. A saturation degree of between
55% and 90% was reported to be the optimum amount and there will be a weak adhesion
for levels lower than this [113,114]. SSD condition might not always be the most desirable
choice but, since experimental evaluation of the optimal amount of moisture is not possible
in many cases, SSD is a safe compromise [8].

However, some studies have reported the ineffectiveness of substrate moisture on
bond behavior. For example, SSD condition did not increase the shear bond strength of the
specimens albeit being commonly recommended, and this was probably due to the higher
permeability and lower degree of cement hydration at the interface because of the presence
of more water [3,108].

2.4. Surface Preparation Methods

Surface preparation is the key to ensuring a well-bonded connection, which is only
attainable by having a surface that is sound, clean and rough [9,115,116]. The purpose of
surface preparation is twofold: firstly, removing any kind of extra substance that might
cause a reduction in adhesion; and, secondly, increasing the surface contact area, which
will be feasible through increasing roughness [117].

It has been specifically proven experimentally and theoretically that roughening the
surface of concrete can be immensely effective in improving the mechanical interlock of
hardened and fresh concrete [21,113,118–120]. El Afandi et al. (2023) collected data from
various studies in the literature and concluded that an increase in surface roughness from
0.2 mm to merely 0.3 mm can raise the bond strength to four times more [121]. Some
parameters are involved in roughness evaluation. Firstly, the depth of surface removal
is effective and depends on the method and concrete quality, but it is normally between
1–3 mm [8]. Secondly, there is a correlation between percentage of surface aggregates
and level of roughness. A proportion of 30–40% of the exposed surface aggregates has
been found to have the best result [122]. Roughness of a surface is mostly classified in
a qualitative manner rather than quantitatively and falls into three major categories, i.e.,
very smooth, smooth and rough, according to Eurocode 2 [123]. Different surface profiles
of several roughening techniques are shown in Figure 2 according to the International
Concrete Repair Institute (ICRI) [124]. An equation has also been developed for calculating
the design shear resistance in the interface:

νRdi = c fctd + µσn + ρ fyd(µsinα + cosα) (3)

In the equation above, c and µ depend on the surface roughness, fctd is the design
tensile strength of the weakest layer, σn stands for tension caused by the minimum force
across the interface that can act with shear at the same time, ρ is the ratio of the rein-
forcement crossing the interface area and the whole joint area, and α is the angle between
reinforcement crossing interface and the interface itself [123].

Various devices and methods are commonly deployed for the preparation of the sub-
strate surface, in which the superficial concrete layer is removed and any dust or debris
will be eliminated from the surface, including shotblasting, scarifying, sandblasting, grind-
ing, bush-hammering, brushing, chipping, water-jetting, hydro-demolition and in-form
retarders, each associated with benefits and drawbacks regarding their cost, time consump-
tion, provided level of roughness and challenges [3,9,125,126]. Some of the approaches
have already been proven to promote damage in the substrate, like hammering and needle-
gun [126]. The following sections describe the approaches in detail, whose suitability is
reported to some extent, including their benefits and the implementation problems that
they might cause.
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2.4.1. In-Form Retarders

Retarders, as their name implies, are chemical admixtures which can be added to
concrete as a percentage of cement mass in order to retard cement hydration and thus
concrete setting time. They are helpful in overcoming different challenges, such as casting
concrete in hot weather, continuous concrete placement (such as that of mass concrete), and
low workability [127]. Retarders are of many types:

• Lignosulfonates, which are ligno-sulfonic aid salts;
• Carboxylic acid salts;
• Some kinds of inorganic salts;
• Some sugar derivatives [128].

ASTM C494 classifies retarders into three groups, B, D and G: true retarding admix-
tures, water-reducing agents via the retarding of cement hydration, and dispersants, like
superplasticizers, respectively [129]. It has been found that class B retarders can be applied



Infrastructures 2024, 9, 171 13 of 37

on the inner surface of formwork before pouring concrete or can be sprayed on its surface
to retard its setting time and hardening. Then, water jets are utilized so as to pressure-wash
the surface because of its lower strength and to expose its aggregates, which is a similar
strategy to that for producing exposed aggregate concrete (EAC) [11,130]. This method
has gained a lot of popularity because of being easily implemented and not causing any
microcracks in the hardened concrete [11,131,132]. The proportion of retarder concentration
must be selected carefully based on rate of cement setting and desirable level of aggregate
exposure [11,133].

De La Varga et al. (2018) investigated three aggregate exposure levels (shown in
Figure 3) by different retarder concentrations as an approach to enhance bonding between
both concrete-cementitious grout and ultra-high performance concrete (UHPC) and it was
found that a higher aggregate exposure leads to a better bond strength, especially in the case
of using grouts; however, UHPC connections are not considerably dependent on surface
roughening [11]. SEM (scanning electron microscopy) images have also illustrated that
two types of interfaces will be formed in the case of aggregate exposure: (1) grout-aggregate
(G-A) and (2) grout-paste (G-P) (depicted in Figure 4). The latter has been shown to be more
porous than the former and thus creates a weaker bond. Consequently, roughening the
surface through aggregate exposure results in a better and more durable connection [112].
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2.4.2. Sandblasting

One of the abrasive techniques that can be utilized to increase surface roughness and
result in aggregate exposure is sandblasting, which has been in practice and proven to be
effective for many years [134–136]. This method is favorable because of its adaptability to
construction demands, such as attaining different roughness degrees and configurations,
depending on the pressure applied on the surface and the time of operation [137]. The
common materials used in this method are sand, slag, metallic sand and silica sand [138].



Infrastructures 2024, 9, 171 14 of 37

Both wet and dry sand can be used with the same approach and their only difference is
that much less dust is produced using wet sand, but in both cases a considerable amount of
sand is left behind [139]. Tests have shown that the height of peak-to-valley of irregularities
in the roughened concrete is no more than 1 mm [117]. Julio et al. (2004) employed
different techniques for investigating their impact on the bond strength of two concrete
layers and it was demonstrated that the highest values in both shear and tension were
witnessed in the case of sandblasting application because, compared to other methods, it
could not only roughen the whole surface, but also make the aggregates exposed [125].
Tayeh et al. (2013) conducted mechanical tests on the bond adhesion of concrete and UHPC
and demonstrated that the maximum adhesion is observed when sandblasting is selected
instead of wire-brushing, which could only improve bond strength by 40% [120].

2.4.3. Shotblasting or Bead Blasting

Shotblasting is another abrasive measure in which a metal blast wheel, like a steel
shot, is applied onto the substrate surface with high velocity to apply centrifugal force and
blast off any irregularities from concrete. The finite amount of concrete removed is then
vacuumed in the container of the shotblasting machine to be discarded later [8]. Treatment
time plays a major role in the degree of roughness using this method. For example, the
height of peak-to-valley irregularities for 20 s of treatment is 2 mm, while it will increase
significantly up to 7 mm when the time doubles. Formation of cracks is very common in
shotblasting and it can even remove the aggregates from the concrete surface, making it
the most aggressive method compared to sandblasting, waterblasting and milling [117].
Santos et al. (2011) executed shotblasting, wire-brushing and sandblasting on substrates
before adding a new concrete layer and evidenced that shotblasting led to the highest level
of roughness and hence the highest bonding shear resistance [55].

2.4.4. Hydro-Demolition

Hydro-demolition, which was first established in Europe, is the practice of employing
ultra-high-pressure water jets for removing of any undesirable material from the surface of
concrete or disintegrating cement paste without fracturing aggregates and, since it does
not cause any vibration, its influence on the intactness of substrate concrete is little, making
it a non-aggressive technique for surface preparation. It can also remove concrete around
reinforcement without having any destructive impact on it. The degree of demolishing
is controllable in this method by changing the water stream pressure and can vary from
surface scarification to deep penetration [140]. However, some of its disadvantages include
generating a lot of noise, high cost and requiring a considerable amount of clean water [139].

Sakota et al. (2005) indicated that a 5 mm thickness or higher is necessary for the
removed concrete by hydro-demolition so as to ensure a sufficiently strong bond between
the layers [141]. Habel et al. (2007) studied the effectiveness of hydro-demolition on
bond behavior of a composite RC–UHPC specimen and concluded that shear loads could
transfer between the layers because of surface roughness [142]. Bond adhesion between
concrete slabs and UHPC was studied by Haber et al. (2018) while considering scarification
and hydro-demolition as the roughening approaches. Microstructural analysis of the
specimens revealed that hydro-demolition outperformed scarification due not only to
fewer microcracks, but also to more macrotexture roughness [15].

2.4.5. Waterblasting

Generally, there are two types of waterblasting: without abrasive and with it. In the
first, only water with a pressure of 35–105 MPa is sprayed on concrete and the procedure is
very similar to hydro-demolition but with much lower water pressure, while in the second,
abrasive materials, such as garnet or aluminum oxide, are also added to the water stream
in order to expose the fine aggregates of concrete by removing concrete laitance [8]. A
comparison between the effectiveness of waterblasting and sandblasting proved that they
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led to a similar degree of bond strength, while sandblasting caused a higher amount of
roughness on the surface [143].

2.4.6. Chipping

Chipping is a method in which the deteriorated surface of the substrate is removed
to make it ready for bonding with an overlay or a repairing material. Breaker chisels and
pneumatic breakers are used in this regard and they tend to weigh between 10 kg and
30 kg [144]. Austin et al. (1995) found that the bond strength of concrete can be adversely
affected by the microcracks formed in the subsurface region of hardened concrete [145].
Tanikura et al. (2017) used X-rays to scan the concrete specimens treated by chipping
for the sake of evaluating induced cracks, their width and the porosity of the substrate
surface. They also took 3D images to make a comparison between the damage degree
of specimens treated with chipping and hydro-demolition and the results confirmed that
chipping inflicted much more damage in the concrete [146]. The same result was obtained
by many other studies [73,76]; it was also found that it is not suitable for automatic processes
in construction [147]; nevertheless, the cheap cost and portability of its machines have
led to their popularity compared to other techniques, such as water-jets. This led Sono
et al. (2020) to implement a modified chipping pattern, which could control the severity of
the damage while improving bond strength. They carried out numerical simulations and
illustrated that, when the speed of chisel impact with concrete is higher and sharper, rather
than being rounded, fewer cracks are formed. while the angle of impact had a negligible
effect on crack propagation [144].

2.4.7. Grinding

In this process, a stone wheel or diamond disc is applied to the concrete surface to
remove the cement paste on top of the aggregates to the extent that they become exposed
and visible. The ultimate roughness and thus the bond strength can vary depending on the
type of wheel and powder applied to it [116]. The fine dust produced by this technique is
able to fill the surface pores of the concrete and exacerbate bonding capacity; therefore, the
surface has to be cleaned carefully afterwards [139].

Garbacz et al. (2005) used grinding for a uniformly rough surface with no sharp edges
or valleys. SEM observations revealed that narrow cracks rarely appeared in the substrate
using this method, and this is why grinding was classified as a non-aggressive surface
preparation technique compared to sandblasting and shotblasting [117].

2.4.8. Milling or Scarification

Milling is a completely dry operation of removing the top surface of concrete, which
can be done either manually or mechanically using machines with diamond-tipped blades.
High degrees of irregularities on concrete surface, wide and deep cracks and loose or com-
pletely removed aggregates will be witnessed after using this roughening technique [117].
This method is not applicable in the presence of reinforcements near the surface due to the
possibility of hitting them, but it is quick and, in the case of being equipped with vacuums,
only a slight amount of dust is produced [139].

Overall, Table 1 summarizes the risk of microcracking and substrate damage in the
aforementioned surface preparation methods, plus their range of penetration depth. The
risk has been classified into three levels, high, moderate and low, and it can differ over a
range for some methods based on different parameters, such as applied pressure.

While all of the parameters above play a contributory role in bond strength, their
impacts are not equally important. Huang et al. (2019) claimed that surface roughness,
compressive strength of overlay concrete and presence of fibers in the overlay are incredibly
influential, in order of significance [16]. However, this is not enough and a much more
comprehensive study has to be performed to contemplate all of the above mentioned factors
as variables and evaluate their degree of effectiveness.
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Table 1. Different surface preparation methods and their cracking risk [117,139,148].

Surface Preparation
Method

Risk of Microcrack Formation Average Cutting Depth
(µm)Low Moderate High

Sandblasting × 200
Shotblasting × 1000–2500 (based on time)

Hydro-demolition × N/A
Waterblasting × N/A

Chipping × N/A
Grinding × 200

Milling × × 250–800 (based on hand
or machine)

2.5. The Impact of Bonding Agents on Bond Behavior

Bonding agents are adhesive substances that can be utilized for connecting two or
more similar or dissimilar materials to each other while contributing to the structural
integrity and load bearing [149]. They can be applied onto the clean and normally dry
surface of concrete for bonding both fresh and hardened concrete to the substrate layer [3].
While there are a large variety of bonding agents in the market, such as acrylic resins,
polyurethanes and epoxy resins, epoxy resins and cement-based slurries are the most
prevalent, employed to rehabilitate old structures and connect prefabricated concrete
elements. Desirable properties of epoxy as the most popular organic bonding agent,
such as low shrinkage, low residual stress and high pull-off strength, makes it an ideal
and frequently used option among other resins [150]. Diab et al. (2017) compared three
types of bonding agents, namely epoxy, cement mortar and latex paint, and the results
of slant shear tests revealed that epoxy could ameliorate shear strength more than other
bonding agents [100]. Various studies have shown that adhesion of epoxy to concrete
forms a microstructure, which offers numerous positive aspects, such as high modulus
of elasticity and mechanical strength, decent thermal stability, low creep, and resistance
against chemical erosion [151,152]. Their major drawbacks, however, include being brittle,
relatively expensive and having high water absorption. The condition of substrate surface,
such as irregularities [125], chemical composition of bonding agent, its application method
and environmental variables, like humidity, can highly affect the effectiveness of bonding
agent, epoxies in particular [153].

Performance of epoxy in concrete joints in moist and other environmental conditions
has been evaluated using different tests and under various loads of shear, tension and
their mixture in many studies [85,154–157]. As an instance, entrance of water into resin
composition can lead to plasticization, cracks and hydrolyzation, all of which are harmful
for the bond due to the decrease in modulus and strength [158]. One of the other substantial
environmental conditions that affects bonding agents is curing temperature. It was shown
that a temperature rise from 5 ◦C to 50 ◦C decreases the bond strength by a significant
value of 65% due to an even faster setting of epoxy compared to fresh concrete at elevated
temperatures, which leads to a poor bond at the interface [159]. Furthermore, provided
that the compressive strength of the concrete layers is high enough (more than 60 MPa),
adhesive failure will occur in the system rather than rupture in the concrete layers, and the
presence of the bonding agent will play a key role in bond performance [160].

The thickness of the applied bonding agent layer has to be neither too low, nor too high,
because it can lower the bond strength. The bonding agent must be capable of penetrating
the surface pores of both layers, not only to lead to a smooth surface, but also to form a
stronger connection. When its thickness is low, irregularities in the surface of the substrate
will not be filled with bonding agent and pores can act as places where stress concentration
occurs and resultant cracks appear. Xiong et al. (2006) used different concentrations of
silane coupling agent (SCA) and evidenced that a concentration value of between 0.5% and
1% leads to the best performance [161]. In other research, Newlands et al. (2018) reported
a considerable improvement in bond strength with a 2 mm increase in the thickness of
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bonding agent [162]. However, an optimum value for thickness has not been found yet as
it depends on numerous parameters, like loading, substrate and overlay properties, and
type of bonding agent [29,158,163].

2.6. Curing Conditions

Curing temperature significantly influences overlay characteristics, such as shrinkage,
creep and strength [23]. The two major curing temperatures are normal and high, and the
latter has proven to illustrate much more desirable results, such as gaining higher strength
and most of its shrinkage in a span of 4–5 days after being cast [55,125]. Delatte et al. (2000)
considered three constant ambient temperatures of 4, 21 and 38 ◦C for high early-strength
concrete overlays. They also prepared some specimens to be exposed to sun and others
in shade while being cured with plastic and wet cloth to investigate the impact of curing
temperature and condition on bond strength development. It was found that both tension
and shear strength of concrete are highly dependent on curing conditions, fluctuation of
temperature and especially moisture loss, since the specimens in shade illustrated a much
higher strength compared to those in sun [164].

Zhang et al. (2020) employed three curing techniques for a UHPC overlay, namely
normal curing, steam curing with the temperature of 60 ◦C and steam curing at 90 ◦C.
It was determined that, although the compressive strength of UHPC rose considerably
with high-temperature curing, the increase in the bond shear was negligible in the case of
60 ◦C and there was a reduction of 13% in the shear capacity of the bond with a curing
temperature of 90 ◦C compared to normal curing. It was concluded that the reason behind
such an observation was associated with the high differential shrinkage between overlay
and substrate at young ages, which leads to the development of tensile cracking because of
being confined by the NC substrate [23].

Nevertheless, curing condition has illustrated a trivial influence on bond behavior
compared to other parameters, such as surface roughness. For example, the bond strength
between NC–UHPC was tested by Al-Madani et al. (2022) in two curing conditions, water
and heat. In water curing, specimens were kept in a water tank for 28 days right after being
demolded while, in the heat curing, they were kept at 60 ◦C for the same period of time.
Four different tests were conducted to assess the bond strength, namely bi-surface shear,
slant shear, splitting tensile test and three-point flexural test. The obtained results of all
tests showed the negligible effect of curing methods on bond strength, except for the case
of bi-surface shear, in which the strength of specimens cured by water was 20% higher than
that of those cured by heat [165].

Table 2 summarizes the some of the key parameters mentioned and the papers which
have evaluated them in certain experimental studies, along with the most commonly
highlighted results obtained.

Table 2. Overview of parameters influencing bond strength between concrete layers.

Group Studied Parameter Type of Bond Test Major Conclusions Reference

Concrete layer
Compressive

strength

Direct shear test Higher shear capacity in the bond in case
of using UHPC as overlay, [23,166,167]

Slant shear test

Stronger connection between concrete
layers due to substrate with higher

compressive strength, more significant
effect of substrate strength than overlay

on bond performance

[14,55,77,80,100,
168–170]

Pull-off test
Insignificant effect of substrate
compressive strength in case of

roughening surface
[70,171–173]
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Table 2. Cont.

Group Studied Parameter Type of Bond Test Major Conclusions Reference

Concrete layer

Shrinkage and
cracking

Three-point bending
test, slant shear test,

pull-off test

Higher bond durability because of reducing
shrinkage, reduction of bond strength by

decreasing early-age shrinkage, less significant
effect of lower shrinkage on bond rather than

overlay thickness

[11,20,26,28,30,31,
42,55,61,63,173–175]

Binder Slant shear, pullout and
pull-off test

Beneficial impact of geopolymer on bond
strength, sensitivity of bond strength of fly ash
geopolymer to curing condition, higher bond
strength with greater amount of silica fume

[36,40,41,176–178]

Aggregates Pull-off test, slant shear
test

Effectiveness of aggregate size on efficiency of
surface preparation, increase in bond strength

by stiffer aggregates

[17,43,45–
47,52,179,180]

Age
Direct shear test, slant

shear test, splitting
tensile test

Significant increase in shear strength of bond
by growth of concrete age, increase in bond

strength with a higher differential age
[23,54,55,58,121,164]

Density Slant shear test, splitting
tensile test

Lower bond strength with reduction of
concrete density [16,17,58,91,95,107]

Thickness Pull-off test Improvement of bond performance as a result
of a thicker substrate [26,52,61–63,181]

Workability Slant shear test, splitting
tensile test

Better influence of using superplasticizers on
bond strength for increasing workability

compared to water content
[64,65,176,182]

Bond state

Moisture content Slant shear test, pull-off
test

Higher bond strength with SSD condition of
substrate, negative impact of a wet substrate on

bond performance in some cases

[29,63,64,85,108–
110,112,114,155,158,

183–186]

Roughness

Pull-off test

Negative impact of scarification and
hammering on bond, monotonic behavior of

specimens with sand-blasted substrate surface,
necessity of cleaning surface before adding new

layer of concrete

[10,15,36,52,120,125,
131,132,172,187–

190]

Slant shear test

Interfacial failure of specimens with smooth
substrate, effectiveness of wire brushing in

increasing bond strength, better applicability of
using in-form retarders compared to

mechanical surface roughening methods

[25,79,84,100,118,
120,125,147,168,169,

190–192]

Bonding agent
Slant shear test,

bi-surface shear test,
flexural test

Good adhesion of epoxy to concrete surface
and improvement inthe bond, low early-age

shear strength of bond because of using epoxy
as bonding agent, reduction of cohesion

between ultra-high-performance and normal
concrete because of bonding agent

[21,100,150,160,163,
170,190,192–199]

Reinforcement and
fibers

Direct shear test,
splitting tensile test,
bi-surface shear test,

single-shear test,
push-out test

No brittle failure by adding reinforcement
crossing the interface, increase in bond strength
with higher volume of fiber usage, effectiveness

of type of fiber on bond

[21,22,61,83,199–
201]

Curing conditions Curing method Slant shear test, splitting
tensile test, flexural test

Beneficial impact of heat and water curing on
bond strength, zero strength of bond at curing

temperatures of higher than 400 degrees
Celsius, higher shear resistance of bond with a

longer curing time

[23,68,84,159,178,
179,194,202–205]

3. Durability of Concrete-to-Concrete Bond in Extreme Conditions

While concrete-jacketing can solve the problems faced by deteriorated concrete, further
damage can jeopardize the potential service life of a retrofitted structure [205]. These
damages, which can occur because of different external environmental conditions, such
as chemical attack, weathering and passage of time, have to be investigated to ensure a
sufficiently durable concrete overlay.
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3.1. Freeze–Thaw Cycles

Freeze–thaw (F–T) cycles have proven to incur uneven cracking in concrete whose
intensity depends on w/c ratio, additives, aggregates and cooling rate of the environ-
ment [205,206]. This damage happens in three stages: firstly, the initial cracks, which
already exist in concrete, absorb water from the surroundings and the internal pores of
the concrete are filled with water; secondly, the water freezes due to cold temperature and
its volume increases by 9%, causing a tensile force in the walls of concrete pores; thirdly,
the applied pressure due to water expansion induces cracking and concrete spalling might
also occur [207–209]. Therefore, it is essential not only to investigate bond durability in
cold conditions where F–T cycles are in progress constantly, but also make a wise selection
regarding the overlay concrete properties.

There is a wide consensus over the detrimental impact of F–T on bond strength [210–213].
Tian et al. (2019) found that the shear strength of the bond between NC and engineered
cementitious composites (ECC) decreased substantially after being exposed to 300 cycles
of freeze and thaw, but this reduction was much lower in the case of a higher strength in
ECC [214]. Fan et al. (2021) subjected samples consisting of old and new concrete layers
with compressive strength of 30 MPa and 35 MPa, respectively, to 60 consecutive F–T cycles.
The splitting tensile test results revealed a sudden drop in bond strength at early stages of
the cycles, but this reduction became slow at later stages. The relative modulus of elasticity
of specimens also decreased by 40% after experiencing freeze and thaw [215].

However, it was observed that addition of between 5 and 15% silica fume to concrete
mix design can improve its durability when being subjected to F–T conditions [216].

3.2. Chemical Attack

Carbon and sulphate attack are amongst the most hazardous aggressive conditions
that can compromise the service life of concrete structures and therefore bonded com-
posites [217]. Since the properties of concrete substrate and overlay have proven to be
highly effective on the overall bond behavior, utilization of cements, which are suitable
for sulphate resistance, can be beneficial [211,218]. Sulphate erosion, which is common
among on-shore structures, normally occurs at the same time as dry–wet cycles; hence, Gao
et al. (2019) exposed composites of NC–NC and strain-hardening cementitious composites
(SHCC)–NC to 120 cycles of sulphate attack and several conclusions were drawn: firstly,
selection of SHCC as the overlay had a better performance in terms of bond strength
degradation compared to normal concrete; secondly, there was a consistent reduction in
the values of bond strength with the increase in the number of cycles, but this reduction
was slower in the case of SHCC rather than NC [219].

Unfortunately, the number of studies on the effect of chemical attack on the durability
of concrete-to-concrete interface is extremely limited and more experimental research has
to be conducted in this regard to provide a deeper understanding of this subject.

3.3. Fire and High Temperatures

Strength softening is one of the impacts of exposure to high temperatures which
decreases the load-bearing capacity of concrete to the extent that it fails at temperatures
between 550 and 600 ◦C [220]. This phenomenon occurs as the result of several procedures:
evaporation of both capillary and chemically-attached water, initiation of cracking, instabil-
ity of aggregates and decomposition of cement hydration products [221,222]. Furthermore,
different layers of concrete can illustrate different behavior in terms of thermal expansion
coefficient, which leads to creep and cracking [223]; hence, elevated temperatures have the
potential to endanger bond integrity and lead to the collapse of the entire system.

Abu Sabah et al. (2019) fabricated composites of normal concrete and Green Universiti
Sains Malaysia Reinforced Concrete (GUSMRC), which was a newly developed concrete
with high mechanical strength, and exposed them to temperatures of 100, 200, 300, 400
and 500 ◦C for two hours. Concrete spalling at temperatures higher than 400 ◦C was
observed in all specimens; moreover, while the bond strength nosedived substantially
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by being kept in a furnace, most of the specimens failed at the substrate rather than the
interface during pull-off and shear tests, which proves the suitable bond between overlay
and NC [224]. In another study, the bond behavior between ECC and a concrete layer with
compressive strength of 38 MPa was investigated in high temperatures of up to 800 ◦C.
Two types of tests were carried out for this purpose: firstly, exposing substrate to very
hot temperatures and then casting ECC; and secondly, exposing the composite specimens
to elevated temperatures. In the first test, a sharp increase was witnessed in the slant
shear test results up to a temperature of 200 ◦C, but bond strength started to decrease in
temperatures higher than that. An almost similar result was also obtained in the second
testing procedure, which proves that ECC is a suitable candidate for both repairing concrete
damaged by fire and prevention of destruction and better bonding in case of being exposed
to a fire [225].

Clearly, more research has to be done on microstructural alterations at the interface
during a fire and the quick cooling process following it due to firefighting measures. Table 3
summarizes some of the studies that have been conducted on the effect of different harsh
environmental conditions and some other variables on the performance of bond between
different types of substrate and overlay concrete.

Table 3. Summary of several studies on durability of bond in different environmental conditions.

Environmental
Condition Test Method Material of

Substrate
Material of

Overlay Investigated Parameters Reference

Freeze-thaw
cycles

Splitting tensile
and slant shear test NC Cementitious

grout

Interfacial shear strength, slant shear
angle, number of freeze–thaw cycles,

substrate compressive strength
[213]

Splitting tensile
test NC NC Surface roughness, substrate age,

number of freeze–thaw cycles [216]

Pull-off test NC
Polymer
modified
concrete

Number of freeze–thaw cycles,
amount of added silica fume, type of

modifier polymer,
[211]

Splitting tensile,
slant shear test and

pull-off test
NC UHPC

Surface roughness degree, concrete
age, number of freeze–thaw cycles,

moisture content
[10]

Chemical
attack

Splitting tensile
and slant shear test NC

Strain-hardening
cementitious

composite, RC

Number of sulphate wet–dry cycles,
type of overlay [219]

Fire and high
temperature

Splitting tensile
and slant shear test NC

Engineered
cementitious

composite, NC

Ambient temperature, type of overlay,
sequence of heating specimens

(before and after jacketing)
[225]

Splitting tensile,
slant shear test,

pull-off test,
NC

Green Universiti
Sains Malaysia

Reinforced
Concrete

Temperature, surface roughening
method, moisture content [224]

4. Types of Tests Carried out on Concrete Bond
4.1. Surface Roughness Tests

There are different approaches that can be employed for determining the surface
roughness in a quantitative or qualitative manner. These methods can contribute to ob-
taining a more detailed correlation between surface roughness and bond strength at the
interface in order to assess the efficiency of surface preparation techniques and make a
comprehensive comparison among them. Furthermore, a standardized roughness defini-
tion can be established to be applied in real construction projects and emulative concrete
connections. For this purpose, different roughness parameters have been developed over
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the years to provide a quantitative description of roughness and the most prevalent and
simplest one is Ra that denotes average roughness, which is the deviation of surface profile
from the optimized mean plane, and is expressed by

Ra =

n
∑

i=1
|yi|

n
(4)

where:
yi is the value of peaks and valleys from the optimized plane obtained from MATLAB

or other software in millimeters or inches according to the unit system, and n is the number
of discrete points measured [21,137,226].

Some of the best methods for surface roughness characterization that can provide a
quantitative measurement and have already been validated in the previous articles, besides
their benefits and drawbacks, will be discussed in the following section.

4.1.1. Sand Patch Method

In this test, which is one of the simplest, a specific amount of calibrated sand is spread
over the surface of substrate in the form of a circle and the area which is covered by it
(diameter of circular region) is measured in order to determine the mean texture depth
(MTD), which represents the level of surface roughness:

MTD =
4V

πD2 (5)

where V stands for the volume of spread sand (mm3) and D is the diameter of the circular
region covered by sand (mm) [227].

The biggest drawback of this approach is its limitation in being employed in horizontal
and top surfaces only. It is worth mentioning that macro-texture is the only parameter that
can be investigated using sand patch test, and not micro-texture [137].

4.1.2. Circular Texture Meter (CT Meter)

This method can be utilized to calculate the mean profile depth (MPD) of the surface
using a laser displacement sensor attached to a computer and a moving arm, which does
not have any contact with the specimen and therefore is categorized as a non-destructive
method [226,228]. Human error and data scatter are much rarer in this method com-
pared to sand patch, and it is also quick and can be conducted even when there is light
deficiency; however, it is considered an expensive technique with a high cost of mainte-
nance [137,229,230].

4.1.3. 2D and 3D Laser Roughness Analyzer (LRA) Method

This method uses a laser scanner in order to prepare a 3D or 2D image that is taken
from the surface of the specimen’s substrate (Figure 5). The image is then imported to
MATLAB by selected points to obtain a 2D or 3D representation of the peaks and valleys
of the surface plus an optimized plane along the surface length, which crosses peaks
and valleys and, finally, Ra is calculated. This method is ideal because of being in situ,
completely non-destructive and relatively fast compared to Processing of Digital Images
(PDA), which extracts small samples from concrete elements and hence destroys them
partially [131,137].
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4.2. Characterization Methods for Assessing Bond Properties

There are various tests which can be carried out to investigate the characteristics of concrete-
to-concrete interface and measure the bond strength, which fall into two major categories:

(1) Microstructural analysis.
(2) Tension, shear and shear and compression-based tests for measuring shear resis-

tance of bond [36].
Each of the tests reveal a particular aspect of bond performance and have their own

pros and cons, which will be discussed in the following section.

4.2.1. Microstructural Analysis (MSA)

The connection area of concrete elements can be characterized using expensive, yet
precise, microscopy. In this approach, an electron (electron microscopy) or light beam
(optical microscopy) is utilized to scan a concrete body at a scale of nanometers. The most
common methods in this case are SEM and TEM (Transmission Electron Microscopy), in
which external and internal morphology of a specimen are assessed, respectively. While
both methods apply electron beams to the surface, the former measures the number of
electrons that scatter back, therefore giving information about the surface, and the latter
measures the changes in electrons that scatter in the body in order to investigate the internal
microstructure. SEM is a suitable method for analyzing surface roughness, while TEM is
an appropriate technique for analyzing microcracking effects at the interface [137,231,232].
Image magnification can range from 100× to 500× for general interpretation of interface
and quantifying it in a detailed way, respectively. After taking images, quantitative image
analysis is carried out so as to collect backscatter electron (BSE) mapping and interpret the
data based on gray levels [108,112,233,234].

De La Varga et al. (2018) used SEM analysis for investigation of the fracture surfaces of
grout–concrete composites, which had experienced bond failure by being subjected to pull-
off tests. SEM images could give them a better understanding of surface porosity and how
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bond performance can be improved [112]. Haber et al. (2018) conducted MSA using SEM
on the bond between UHPC overlays and concrete bridge decks to obtain more information
about UHPC consolidation and the surface condition of the concrete substrate. They found
out that air voids and debris were the major reasons behind non-contact areas between
overlay and substrate and this is caused by low consolidation. Moreover, more microcracks
were observed in the specimens whose surfaces were roughened using scarification rather
than those by hydro-demolition [15].

4.2.2. Measuring Bond Resistance

There are various and sundry tests available to measure the bond strength and its
failure mechanism. Figure 6 summarizes some of these tests in terms of their specimen
shape and loading. They differ from each other based on their set-up, specimen configu-
ration, applied load and so forth. That being said, they are categorized into three major
groups: tension, shear and mixed tests. It is also worth mentioning that normally, the
shear strength of the bond is governed by surface roughness while the tensile strength
of the bond is affected by hydration products at the interface [112]. The suitable test has
to be selected based on the types of stresses that are induced in the bond between layers
in the structure in the field and during its service life [36,121]. Zanotti and Randl (2019)
discussed that determining the bond strength merely based on conducting one type of
test ushers in misleading results and various test set-ups have to be combined to achieve
reliable findings [70].
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Figure 6. Specimen and loading configuration of different bond strength tests [6].

Tension Tests

The tension tests for investigation of bond strength comprise of pull-off, direct and
indirect-tension tests in which the propagation of tensile stress in the interface plane causes
failure in the specimen [36]. The most common ones are discussed in the following:
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(a) Pull-off test (POT)
The difficulty in performing a precise direct tension test, Figure 6b, due to high chances

of eccentricity and hence challenges in interpretation of the results led to introduction of
pull-off test which can be conducted both on-site [235,236] and in the laboratory more
easily. Testing set-up which is illustrated in Figure 6a shows loading protocol and specimen
geometry. The specimens are derived by drilling a cylindrical core with the diameter of
75 mm and the height of 15 mm below the interface in substrate layer in concrete samples
and a steel disc is glued to their upper surface in order to apply tensile force [237], however,
similar problem of a large scatter in the results obtained due to misalignment and geometry
of interface exists in this case as well [24] plus some other challenges such as the risk of
damage by drilling and inappropriate attachment of disks to concrete surface [6]. The
results in this test are not affected by friction or any force other than tension and that is
why they are very conservative and the obtained bond strength using this method is far
less than other techniques such as shear tests [36]. Lastly, the frequent mode of failure
witnessed in this test is substrate fracture which makes the results unreliable because it is
not the real interface strength [70].

Delatte et al. (2000) modified pull-off test by placing a bolt into concrete overlay before
being cast so that the steel discs for carrying out the test would be attached to the bolt
rather than being glued to concrete directly. This approach has multiple benefits such as
being more rapid and ensuring failure at the interface instead of steel cap debonding [164].
Valipour and Khayat (2020) also proposed a modified version of pull-off test for overcoming
the same challenges. Before casting the overlay, a PVC tube with the same size of specimens
that have to be cored was inserted to eradicate the need of coring and the consequent
damage. Also, the direct contact area between the concrete layers is reduced using a
metal washer to ensure that the stress concentration is subjected to the interface and not
elsewhere [238].

Rith et al. (2016) used pull-off tests for determining the factors that might cause a poor
connection or debonding between old and new concrete in bridges and a total number of
166 tests were carried out, illustrating a strength of between 0.2 and 2.95 MPa [172].

(b) Splitting tensile tests (SST)
The splitting test was first introduced by Akazawa (1943) [239] and modified and

developed later by Carneiro et al. (1953) [240]. This test set-up can be conducted on
specimens with both cylindrical (Figure 6c) and cubic, or prism, shapes (Figure 6d) while a
compressive force is applied to their side [241]. The compression load forms biaxial stresses
in the specimen where the lateral ones are tensile and the vertical ones are compressive [242].
A factor of 0.738 and 0.96 for compressive and splitting tensile strength, respectively, are
suggested to convert cubic specimens’ results to cylindrical ones [243]. This test has
been standardized by ASTM C496 and does not have the same issues as the pull-off
test [36]. However, the results obtained by this method have a higher value and seem to be
overestimated to some extent [70]. The contributory factors to bond strength measured by
this method are the compressive and tensile strength of substrate and overlay, but surface
preparation methods do not influence the results significantly [243].

Momayez et al. (2004) selected cubical splitting tensile test in order to measure the
bond strength between concrete layers and the validity of this test method was proven due
to the consistency of the obtained results [36,48]. Nonetheless, Santos et al. (2011) adopted
the cubic splitting test for assessing the bond strength of RC members in tension. No clear
relation was found between the bond strength and the change in surface roughness and
concrete layer age and that is why the splitting test was assumed to be inconclusive and
unsuitable [55]. Zanotti et al. (2019) compared the results of cylindrical splitting tensile
test, push-out, pull-off and slant shear tests with each other for different kinds of concrete
layers for normal, high-strength and fiber reinforced concrete. It was concluded that the
bond strength derived from shear and tensile tests cannot be easily compared with each
other because of being differently affected by interfacial parameters; however, the results
achieved from splitting tensile test can be utilized for comparing other test setups. They
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also came up with constants, i.e., the cohesion-tensile bond ratio, based on different concrete
strengths, which takes the splitting tensile test results as reference and makes a comparison
between them and the shear test results [70].

Shear Tests

The shear tests that can be conducted to measure bond strength include bi-surface
shear, torsion-shear, L-shaped, direct shear and push-off tests [167,244]. Stress concentration
in the interface edge in these tests makes them unfavorable to some [245], yet two of the
most common examples are discussed below.

(a) Bi-surface shear test
The bi-surface shear test, as illustrated in Figure 6e, uses cubic specimens, which will

come under pressure using three steel plates that are placed on the top and bottom surface
of the concrete, forming two shear planes, one in the interface and the other in the substrate.
Standard 153 mm cubic specimens according to ASTM C39 [246] can be prepared for this
purpose, while a layer of new concrete with different thicknesses (normally a third of the
volume) is added to them [21].

This test is advantageous in several aspects: firstly, since the loads applied are only
those of compression, the omnipresent universal testing machine (UTM) can be utilized
and there will be no need for fabrication of a new apparatus. Secondly, bending tensions
will not be formed due to symmetrical loading, and shear resistance of the bond can be
measured independently; lastly, as for the standard-size cubic specimens, the already
existing molds are good enough for making specimens [3]. However, moisture content
and surface preparation play a major role in the results obtained by this method [108]. A
finite element analysis was carried out to prove the suitability of the bi-surface shear test,
in which how normal and shear stresses were distributed along the interface of concrete
layers with different stiffnesses was evaluated. It was shown that the differential stiffness
of concrete has almost no impact on the shear stress and this is a desirable feature because
the growth of differential stiffness leads to stress concentration in the interface zone and
can change the failure mode, so insensitivity of the bi-surface shear test to the concrete
mixture makes it an appropriate tool for assessing bond strength [3].

Lee et al. (2016) who used this test setup in order to investigate the effect of casting
delay on bond behavior, concluded that there was a roughly 10% difference in the values
of bonding shear in the specimens that failed at the interface and the ones which failed
elsewhere [247]. Al-Rubaye et al. (2020) found that the bond strength obtained by the slant
shear test is 2–3 times higher than that of the bi-surface shear test [248].

(b) Push-out test
The push-out test, also known as push-through cube, uses symmetrical specimens

as depicted in Figure 6g that have two interfaces and are subjected to symmetrical load-
ing, which causes pure shear in the interface without any bending moments or stress
concentration at specific points [249]. The two major failure modes that are possible in
this test are interface failure due to shear or tear, and failure of one of the substrate layers
because of compression. One of the benefits of this test is that no mechanical connector
will be needed to transfer compressive load to the specimen [195]. Having two interfacial
planes rather than just one is referred to as one of the disadvantages of this test because
of being contradictory to most site conditions, in which the overlay is cast on one layer of
concrete [24]. The attained results are typically low in comparison with the slant-shear test
because of lack of any compression, and therefore frictional/interlocking mechanisms, at
the interface [70].

Wang et al. (2017) investigated the shear bond strength between NC and ultra-high
toughness cementitious composite (UHTCC) using push-out tests and concluded that the
major parameters affecting the results are surface preparation, concrete strength and type
of bonding agent [249].
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Shear and Compression Tests

(a) Slant shear test
The slant shear test is the most common type of experimental test in which shear

and compression are combined and the configuration of samples is either a square prism,
which is halved into two identical parts at a 30 degree angle, or a cylinder composed of
two concretes, which bond diagonally at a 60 degree angle and is subjected to compressive
(Figure 6j) or in some cases tensile (Figure 6i) loads [100]. Two principle stresses are formed
in the interface as a result of loading: one of which is parallel (shear) and the other is
perpendicular (compression) to the bond, and they are shown in Equations (6) and (7),
respectively [36].

τn =
P

2A
sin2α (6)

σn =
P
A
(sin α)2 (7)

where:
P is the compression load, α is the interface angle from vertical axis and A is the

cross-sectional area to which the loading is applied.
It has been reported that this test is sensitive to surface roughness [126,192,250,251].

The results of bond strength using four different kinds of surface preparation methods
by slant shear and pull-off tests are demonstrated in Figure 7. The 150% increase in bond
strength in shear and compression by application of a suitable surface roughness technique
proves the sensitivity of the slant shear test to substrate surface conditions [192]. One of the
other factors governing the failure mode of the specimens tested is the angle of interface
plane from a vertical direction. Zambas (1992) found that this angle has to be smaller than
40◦ to result in failure at the interface because otherwise concrete crushing will occur in the
weaker concrete and the bond strength cannot be measured accurately [252], and this is
why 60◦ from the horizontal line has been specified by ASTM C882/C882M-20 [253]. The
compressive load applied in slant shear increases the friction between concrete surfaces
and illustrates a higher strength in the bond, which might not necessarily replicate the real
performance of a concrete bond under pure shear [21].
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Julio et al. (2004) determined a variation coefficient for the bond strength results
obtained from slant shear and pull-off tests as a tool for comparison and concluded that an
increase in the bond strength results in a drop in the value of variation coefficient, but no
relation could be found between these two variables in the case of pull-off tests [125]. Hu
et al. (2019) decided to experimentally evaluate the performance of concrete bond under
dynamic slant shear, rather than the static one which had been previously studied. The split
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Hopkinson pressure bar (SHPB) was chosen in order to apply different dynamic loading
protocols to the 95 cylindrical specimens made and the interface roughness was improved
using rectangular grooves on the old concrete. They selected two different interface angles
of 60 and 50◦ and, due to the fact that the probability of being subjected to dynamic loads
for structures is low at early ages and normally occurs during the service life, 60 and
120 days were selected as the interface ages of the specimens. They found that interface
failure was more likely with the slant angle of 60◦ regardless of loading rate. They also
concluded that, when the strain rates which correspond to loading rates increase, bond
strength also rises significantly [254].

5. Summary and Conclusions

While there are many methods for retrofitting of concrete structures, such as sealing
cracks, water proofing or structural strengthening, adding a fresh layer of concrete to
the already existing ones, also known as concrete jacketing, is very common. Moreover,
non-continuous casting in large projects with high concrete volume is another case in which
a bond will form between concrete layers. Hence, integrity and durability of this bond is
essential for the sake of having a desirable concrete-to-concrete connection and ensuring
structural safety. A large number of factors can influence the bond quality, which have to
be thoroughly investigated. These factors, however, can become confusing and challenging
to be taken into consideration simultaneously. Hence, this paper provides a full review of
the literature concerning different concrete properties that can impact bond characteristics,
available tests conducted for measuring bond strength between concrete layers and the
surface preparation methods utilized for improving the bond. The following part chronicles
the main findings mentioned in this paper:

1. There are three different failure mechanisms that can take place in a concrete-to-
concrete connection, i.e., adhesive, cohesive and mixed, among which the cohesive is
preferable since it allows the full usage of structural capacity, and making a suitable
bond between concrete layers can effectively prevent the adhesive failure which
occurs in the bond.

2. Bond strength is highly influenced by the properties of both concrete layers, such as
their compressive strength, age, level of shrinkage, thickness and types of aggregates.
The curing conditions of concrete substrate and overlay, such as temperature and
moisture, also impact the bond performance to a great extent.

3. Bonding between concrete layers in construction techniques where two layers of
concrete are cast at different times, such as the prefabrication of structural elements
and connecting them by grouting the void between them by fresh concrete, can be
improved to ensure that a brittle bond failure does not jeopardize the entire structure
safety and service life.

4. While surface preparation techniques, which comprise cleaning, roughening and
deteriorated concrete removal, are used to enhance bond shear resistance, bond
agents can be applied on the surface to make an even stronger connection between
concrete layers.

5. Various tests encompassing microstructural and mechanical types are available to
measure the bond strength, including microscopy, push-off, push-out, bi-shear, slant
shear tests and so forth, with different setups and specimen configurations. An
appropriate one must be selected by considering the concrete element properties, such
as direction, loading, support conditions and bonding complexity. Nevertheless, it
is recommended to specify an average bond strength by using multiple test types to
obtain more precise and representative results.

6. Recommendations for Future Studies

Taking all of the research that has been conducted so far and collected in this review
into account, the following part proposes future research prospects both for improving and
evaluating the bond performance between old and new concrete layers:
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1. Evaluation of performance changes in different bond configurations, such as more
than two layers of concrete, and anchored by various mechanical connectors.

2. Developing a mechanical apparatus for examining the bond strength under the com-
bined effect of tension, torsion and shear or compression, torsion and shear.

3. A comprehensive comparison between the effect of different kinds of bond agents
and the criteria for selecting the most suitable one according to the case study.

4. The effect of overlay thickness by measuring the bond strength for various thicknesses
on both rough and smooth substrates and different bond strength tests.

5. Long-term performance of concrete-to-concrete bond during the service life of the structure.
6. Bond performance under cyclic loads
7. Bond strength between concrete and non-shrink grouts that are common in accelerated

bridge technology (ABC) and other prefabrication practices
8. Developing a numerical model by machine learning based on existing literature and

new experimental results to predict bond shear strength based on features of substrate
and overlay, such as roughness, relative humidity, strength, etc.
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133. Dąbrowski, M.; Glinicki, M.A.; Gibas, K.; Antolik, A.; Dziedzic, K. Influence of Surface Retarders on Texture Profile and Durability
of Upper Layer of Exposed Aggregate Concrete Pavement. 2019. Available online: https://docs.lib.purdue.edu/icdcs/2018/pse/
16/ (accessed on 25 January 2024).

134. Darter, M.I.; Barenberg, E.J. Bonded Concrete Overlays: Construction and Performance; US Army Engineer Waterways Experiment
Station, Geotechnical Laboratory: Vicksburg, MI, USA, 1980.

135. Schroeder, C.J.; Britson, R.A.; Bergren, J.V. Bonded, Thin-Lift, Non-Reinforced Portland Cement Concrete Resurfacing. 1977.
Available online: https://trid.trb.org/View/483744 (accessed on 27 December 2023).

136. Felt, E.J. Resurfacing and patching concrete pavements with bonded concrete. In Proceedings of the Highway Research Board
Proceedings, Washington, DC, USA, 17–20 January 1956.

137. Santos, P.M.D.; Júlio, E.N.B.S. A state-of-the-art review on roughness quantification methods for concrete surfaces. Constr. Build.
Mater. 2013, 38, 912–923. [CrossRef]

138. ElKhatib, L.W.; Elkordi, A.; Khatib, J. Methods and Surface Materials Repair for Concrete Structures—A Review. BAU J. Sci.
Technol. 2023, 4, 7. [CrossRef]

139. Bissonnette, B.; Courard, L.; Garbacz, A. Concrete Surface Engineering, 1st ed.; CRC Press: Boca Raton, FL, USA, 2016.
140. Hydrodemolition, A.O. Use of Hydrodemolition. To Remove Deteriorated Concrete from Bridge Decks. Transp. Res. Rec. 1490, 83.

Available online: https://onlinepubs.trb.org/Onlinepubs/trr/1995/1490/1490-011.pdf (accessed on 2 February 2024).
141. Sakota, K. Bond Characteristics of Construction Joint of the Concrete Treated Surface by Water Jet Method. J. Jet Flow Eng. 2005,

22, 16–20.
142. Habel, K.; Denarié, E.; Brühwiler, E. Experimental Investigation of Composite Ultra-High-Performance Fiber-Reinforced Concrete

and Conventional Concrete Members. ACI Struct. J. 2007, 104, 93–101. [CrossRef]
143. Silfwerbrand, J.; Paulsson, J. Better bonding of bridge deck overlays. Concr. Int. 1998, 20, 56–61.
144. Sono, T.; Tanikura, I.; Sainoki, A.; Schwartzkopff, A.K.; Obara, Y. Optimization of chipping parameters to mitigate the damage in

a concrete substrate using a discontinuum modelling approach. Constr. Build. Mater. 2020, 258, 119658. [CrossRef]
145. Austin, S.; Robins, P.; Pan, Y. Tensile bond testing of concrete repairs. Mater. Struct. 1995, 28, 249–259. [CrossRef]
146. Tanikura, I.; Shintani, R.; Sainoki, A.; Watanabe, S.; Obara, Y. Quantitative comparison of chipping- and hydrodemolition-induced

microscopic damage evolution in concrete substrates. Constr. Build. Mater. 2018, 164, 193–205. [CrossRef]
147. Son, J.-S.; Song, C.; Chin, W.-J.; Kim, Y.-J.; Lee, J.-Y. Experimental Evaluation of Bond Strength between Setting Retarder Added

Concrete and Normal Concrete. Adv. Civ. Eng. 2023, 2023, 1597449. [CrossRef]
148. Bissonnette, B.; Courard, L.; Fowler, D.W.; Granju, J.-L. Bonded Cement-Based Material Overlays for the Repair, the Lining or the

Strengthening of Slabs or Pavements: State-of-the-Art Report of the RILEM Technical Committee 193-RLS; Springer Science & Business
Media: Berlin/Heidelberg, Germany, 2011.

149. Kumar, P.; Patnaik, A.; Chaudhary, S. A review on application of structural adhesives in concrete and steel–concrete composite
and factors influencing the performance of composite connections. Int. J. Adhes. Adhes. 2017, 77, 1–14. [CrossRef]

150. Al-Zu’bi, M.; Fan, M.; Anguilano, L. Advances in bonding agents for retrofitting concrete structures with fibre reinforced polymer
materials: A review. Constr. Build. Mater. 2022, 330, 127115. [CrossRef]

151. Johnsen, B.B.; Kinloch, A.J.; Mohammed, R.D.; Taylor, A.C.; Sprenger, S. Toughening mechanisms of nanoparticle-modified epoxy
polymers. Polymer 2007, 48, 530–541. [CrossRef]
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