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Abstract: Fiber Reinforced Polymer (FRP) reinforcement bars have been increasingly utilized in
reinforced concrete structures over the last two decades, substituting conventional steel reinforcement,
particularly in places facing challenging environmental circumstances. A literature review is presented in
this article, with the primary focus being on the bond performance of FRP bars to concrete. The purpose
of this study is to cover all of the useful contributions that have been made on the bond performance in
earlier research. This work is based on results from the collection of experimental data from a total of
1784 pullout tests in the existing literature. The bonding performance of FRP bars with concrete
represents an extremely essential characteristic for assembling the FRP bars into corrosion-free reinforced
concrete structures. FRP materials, contrary to steel reinforcements, possess non-homogeneous,
anisotropic, and elastically linear features, thus resulting in a distinct force transfer mechanism between
concrete and reinforcement. The most significant parameters influencing the bonding of FRP bars to
concrete were outlined in this paper. The information gathered through the investigation indicated that
FRP bars behave effectively as reinforcement components in reinforced concrete structures.
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1. Introduction

When steel reinforcing bars in reinforced concrete (RC) structures are exposed to a harsh environment,
corrosion within these bars poses an important challenge [1]. The action of corrosion and its byproducts
weakens the bond between steel bars and concrete, shortening the service life of reinforced concrete
structures. This might end up being an extensive expense associated with ongoing repairs, maintenance,
and improvements [2]. The need for substitute materials has increased [3]. These may involve metal-free
reinforcements (such as aramid, glass, and carbon fiber-reinforced polymers). FRP reinforcing bars have
gained a lot of interest because of their remarkable resistance to corrosion, extremely high strength-to-
weight ratio, high cost-effectiveness, and robust resistance to chemicals [4]. The key factor to consider
when utilizing FRP bars to reinforce concrete structures is their bond performance. The non-homogeneous,
anisotropic, linear elastic characteristics of FRP reinforcement, which differ from the behavior of steel
reinforcement, lead to a distinct force transfer mechanism between the reinforcement and the concrete.
Concrete cover, concrete compressive strength, FRP bar properties, structural characteristics of the member,
and the effect of using self-consolidating concrete (SCC) are among the main factors impacting bond
behavior of FRP bars [5] that have been evaluated with either the direct pullout test [6]. More than 1784
pullout-test specimen results were gathered from the literature, and data-based parametric research was
conducted. Identifying the significant factors that influence the bonding behavior of FRP bars to concrete
and the associated modes of failure and bond strength was made easier with the assistance of this database.
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The review showed that pullout failure, splitting failure, and rebar fracture are common bond failure modes
for FRP bars in concrete. These bond failures are primarily related to the main factors mentioned previously
that impact bond behavior. These factors are described in more detail in this review article.

The failure mechanisms between FRP bars and concrete, as identified in studies on bond behavior,
include the following: (i) pullout, (ii) concrete splitting, and (iii) rupture. The first two mechanisms are the
most frequently observed, although they also occur in pullout tests involving steel reinforcement bars.
Several analyses of failure modes have been conducted in the literature [6, 7, 8]. The researchers
differentiate between the failure modes of steel and FRP reinforcement bars through visual observation.
On the boundary in which the steel bar together with concrete come into an impact, deformed steel bars
begin to fail. Because of cracks in the concrete that have developed along the bar as a consequence of the
raised tension, the failure occurs when the concrete crushes across the ribs within the steel bar. In this
manner, broken bonds and failure in concrete are interconnected, and it appears that bond strength can be
controlled by the mechanical properties of concrete. However, for FRP rebar, due to the separation of the
outer coating layer of the FRP bar, it may fail on the outer coating surface on which the FRP bar epoxy
matrix and the surrounding concrete interact or in locations where the bar interior fibers and bar
coating matrix interface. In the second scenario (matrix-fiber interface), the shear stresses among the bar
interior fibers and the bar coating matrix seem to govern the bond strength. This points to the fact that the
bond strength may be more reliant on the characteristics of the FRP bars compared to the compressive
strength of the concrete, particularly for moderate to high compressive strength concrete. The durability
and acceptability of using FRP bars to serve as reinforcing materials are determined by the bond between
the bar and the concrete that surrounds it. The tension forces in the FRP reinforcement bars balance out the
compression forces in the concrete in reinforced concrete members, and the development of these tension
forces is dependent upon how effectively the reinforcement-concrete bond mechanism is in the tension
region. The bond mechanisms of fiber-reinforced polymer (FRP) bars in concrete have similarities to those
of steel bars. These mechanisms include shear interlock, surface friction, and mutual adhesion. However,
in comparison to steel bars, FRP bars have entirely different mechanical characteristics, as shown in
FIGURE 1 [9]. As a result, the flexural behavior of FRP reinforced concrete members cannot be evaluated
based on the flexural behavior of reinforced concrete members with steel reinforcement. The current study
provides a very thorough review with regard to the previous investigations on the main factors influencing
the bonding behavior of FRP bars in concrete that have been done in the literature. The collected test data
includes 1784 pull out test specimens collected from various studies. Pullout and splitting failures, that
account for about 88 percent of the specimens, are recognized in the studies as the primary failure
mechanisms. Furthermore, the data that was gathered contains a number of parameters that impact the
bonding ability of the FRP rebars with the surrounding concrete, such as the specimens' structural features,
parameters related to the FRP rebars' characteristics, and parameters associated with the concrete's
characteristics. All of these parameters are discussed in detail in Section 4.

2. Bond mechanism

In structural members, the high bond strength between the reinforcement bars and concrete is necessary
for their strength and stability. A force transmission system called the bond mechanism, forms between the
FRP reinforcement bar and the concrete must be present; otherwise, the FRP reinforcing may exhibit
outward movement or slide off the surrounding concrete, resulting in early tensile failure [10, 11]. The
reinforced concrete structure relies strongly on an adequate bond mechanism between reinforcement and
concrete to function as designed [12]. The strength of the bond is believed to vary with respect to the
structural components of the FRP bar, the properties of the material that surrounds the bar, and the
geometry of FRP reinforcement bar [9]. Fig. 1 demonstrates the bond mechanism utilizing three steps for
distributing the stresses from concrete through reinforcements, or vice versa as following:
1. Chemical bonding between the concrete and the reinforcement bar is the first step of the bonding
mechanism.
2. The second step after the chemical bonding is broken, involves friction within the two materials occurs
as a consequence of interconnection roughness, transverse force applied to the bar's outer surface, and
the corresponding slide of the bar with the neighboring concrete.
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3. The final step involves mechanical anchoring, which depends on the geometry or structure of the
reinforcing bar surface [12- 15].
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Fig. 1. Bond transfer mechanism (ACI 408R, 2003) [1].

Additionally, ACI 408R-03 [4] also divides the elements that form the bonding mechanism into three
categories which lie under the structural, bar, and concrete properties. Furthermore, concrete coating, bar
spacing, and transversal reinforcement are the structural qualities. Moreover, the bar properties include
geometry, size, material, and surface texture. Lastly, the properties of concrete include compressive and
tensile strength and mix characteristics (aggregates, slump, and workability) [4]. The bond mechanisms
start with the mechanical interlocking between the FRP bar exterior surface and the surrounding concrete
then the friction takes place, and finally the ribs' motions against the concrete induce shear resistance,
which ends in concrete strut failure [7]. Furthermore, the force distribution in the case of cast-in-place FRP
bars is significantly straightforward, the tie forces in the reinforcement bar are balanced by the micro-struts
generated in the surrounding concrete as shown in Fig. 2 [16]. Moreover, Looi 2020 illustrates how the
bond mechanism works when the FRP bars are post-installed into concrete by adhesives, Fig. 2 shows how
mechanical interlocking of the adhesive to the concrete and reinforcing bar bonding to the adhesive
material when an external tension force is applied the strut forces are assembled in case of the FRP bar is
post installed. Concrete micro struts form subsequently to act over the hardened adhesives [16].
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Fig. 2 Mechanism of bond transfer (ACI 408R, 2003) [1].

~~ Micro-strut

In order to maintain equilibrium, the bar forces are balanced by the growing compressive and shear
stresses on the contact surface of the concrete [9].

3. Failure modes of bond

The research on bond behavior also made an effort to define the various failure modes that could occur
between FRP bars and concrete. These failure modes included (i) pullout, (ii) splitting concrete, and (iii)
rebar fracture. The first two of these are the ones that are noticed the most frequently, and they are also
shown in pullout tests that are performed with steel bars.

3.1 Splitting failure
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The transverse splitting cracks in concrete adjacent to reinforcement might cause mode of failure as
shown in Fig. 3(a), Splitting failure results in cracks in planes parallel and perpendicular toward the
reinforcement. Loading the reinforcement bars causes a radial stress in the neighborhood concrete[7]. If
the applied stresses rise above the tensile strength of the concrete or the transverse reinforcement, the
concrete-rebar contact gradually begins cracking, and cracks extend to the concrete outermost layer [10].

3.2 Pullout failure

Failure to pull out occurs when the cover of concrete, the space between bars, or transverse
reinforcement prevents splitting from occurring. When the radial forces are lower than the resistance of the
surrounding concrete and the transverse reinforcement, but the tangential forces are higher than the
resistance of the concrete, this mode of failure occurs [10]. Shearing occurs at the top of the bar's ribs in a
direction that is parallel to the bar when pullout failure occurs [18] as shown in Fig. 3(b).

The crushed concrete was observed as a result of both pullout and splitting failure, especially on the
bearing areas of the deformations. It should also be recognized that each type of failure mode occurs as a
consequence of reinforcement bars sliding within concrete [18]. As a result of the concrete confinement,
pullout failure has a stronger bond strength compared to splitting failure, and hence radial splitting cracks
require more energy to reach the concrete outer surface [7]. The pie chart shown in as shown in Fig. 4
describes the percentage of each failure mode with respect to the total failures. It is clear that pullout is
overwhelmingly dominant, accounting for over 60% of all the failure modes, splitting 24%, and rebar
fracture 12%. GFRP reinforcement bars have an entirely different bond characteristic than steel
reinforcement bars. The variation is mostly due to differences in material characteristics and surface
roughness across reinforcement bar types, which affect the method of transferring force between the
reinforcement bar and the concrete [17]. Okelo and Yuan identified additional factors that influence the
bond behavior of GFRP reinforcement bars, such as bar diameter, embedment length, spacing between bars,
and the compressive strength of concrete [18]. ACI 440.1R-15 [1] declares that the connection of the FRP
reinforcement bars with the surrounding concrete forms in a way that's comparable to steel reinforcement
bars, yet parameters that include type of fibers used in the FRP rebar (e.g., CFRP, AFRP, GFRP), modulus
of elasticity, texture of the bar, and bar geometry affect this interaction.

Mo

Fig. 3 Bond cracking: (a) splitting cracks between bars and concrete cover, and
(b) Shear cracks and regional crushing from pullout (ACI 408R 2003) [9].
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Fig. 4 Failure Modes Proportions [17].

Authors used visual assessments to distinguish FRP and steel bar failure mechanisms [6, 19-21].
Deformed steel bars fail at the concrete-steel interface. Cracks occur around the steel bar, and as tension
grows, the concrete crushes along the bar's ribs, failing. Thus, bond failure is linked to concrete failure,
and bond strength appears to depend on concrete mechanical properties. However, peeling of the bar's
surface layer can cause FRP bar failure on the concrete-FRP bar interface or the FRP bar fiber-FRP bar
interface. In the other scenario (the interface of matrix fibers), shear stresses between the bar matrix and
the bar fibers seem to affect bond strength, showing that FRP bar characteristics are more important than
compressive strength, especially for concretes with medium or high compressive strength.

4. Parameters affecting FRP-concrete bar bonding

A number of elements affect the bond that exists between FRP bar and concrete. This portion covers
three significant factors: structural features, bar characteristics, and the properties of concrete. The
structural features are mostly connected to concrete covering, bar cast location, embedment length, and
transverse reinforcement. The bar's characteristics include its size, fiber material, and the state of its surface.
The properties of concrete that impact the bond in FRP include compressive strength as well as fiber
reinforcement [10].

4.1 Structural features

The bonding behavior of fiber-reinforced plastic (FRP) reinforcing bars has been shown to be controlled
by a variety of structural parameters, including concrete cover, bar casting position, transverse
reinforcement, and embedment depth.

4.1.1 Concrete cover

Improving the confining pressure by expanding the concrete cover led to the bond strength significantly
enhances [22]. Moreover, the confinement is improved as concrete cover increases because the failure
mode mechanism is shifted from concrete splitting mode to pull-out (bar debonding) mode [7]. Previous
studies have shown that when the cover of concrete is equal to the diameter of the bar, the final mode of
failure is mostly concrete splitting [23]. Depending on the embedment length, the failure mode might shift
into bar rupture or even bar debonding once the cover of concrete reaches 2d [8]. The influence associated
with bottom concrete cover upon FRP bar-concrete bond strength remains insignificant throughout values
exceeding 2.5 db. As a result, bottom covers with a depth greater than 2.5 db had a negligible effect on the
failure mechanism as well as on values of bond strength [24]. However, to avoid the splitting failure
completely, another study requires clear cover equal to 3d [25]. According to ACI 440 1R-15 [1], as long
as the embedment length exceeds 19 db and the concrete cover is over 3.5 db the mode of failure is typically
pullout. It is extremely difficult to draw accurate deductions on the requirement of concrete cover without
entirely avoiding splitting the concrete. The reason is that earlier researches employed a wide range of FRP
mechanical characteristics and surface textures. In addition, there was a substantial difference in concrete
strength and embedment length. Consequently, splitting of concrete will probably occur with a limited
amount of embedment length and concrete cover values; moreover, when the embedment length and
concrete cover exceed their respective limits, the reinforcement bar is predicted to fail by tensile rupture
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or debonding [26]. That is why crucial values for concrete cover and embedment length must be indicated
in order to identify rupture or debonding failures, and these crucial values must be ascertained by
supplementary experimental investigations.

The number of investigations on the impact of bar spacing regarding the FRP concrete bond is quite
limited; however, these investigations have found that expanding the space between bars may improve the
bond strength by up to 50% [24]. If the distance reaches 7d, increasing the space between bars has no effect
on the bond strength [24].

4.1.2 Bar casting position

In order to take into account the casting position of the GFRP reinforcing bar in concrete, it is necessary
to have a top bar modification factor. It is possible to select a value of 1.0 for this factor. According to the
American Concrete Institute's 440.1R-15 [1], a top bar is defined as a bar that has more than twelve inches
of concrete below it. If this is the case, then we can consider it to be equivalent to 1.5. The reason for this
is that water, air, and minute particles are able to escape to the upper region of the concrete section, which
might therefore result in a reduction in the strength of the bond [1]. For steel reinforcing bars, the American
Concrete Institute (ACI) 318-19 [27] suggests a top bar modification factor that is equivalent to 1.3. When
compared to steel reinforcing bars, GFRP reinforcing bars have a different surface roughness and a lower
bond strength, which results in a larger factor value from the combination of these two characteristics.
Researchers Rossetti et al. [28], Cosenza et al. [29], and Yan et al. [17] looked into the impact that casting
position has on the bonding strength of general-purpose reinforced plastic (GFRP) reinforcing bars. For
the purpose of determining the bonding ability of FRP reinforcing bars in concrete, Cosenza et al. [29]
gathered data from a number of different investigations. After doing an analysis of the data provided by
Ehsani et al. [30], Chaallal and Benmokrane [31], and Benmokrane and Masmoudi [32], the authors came
to the conclusion that the permitted bonding stress for the top bars was roughly 66% of the value for the
bottom bars. Similarly, Yan et al. [17] collected data concerning the bonding strength of GFRP reinforcing
bars with concrete. They reported that the permissible bond stresses for top bars were 66% of those for
bottom bars. This was seen in a manner that was comparable to the previous example.

4.1.3 Transverse reinforcement

As per the American Concrete Institute's 408R-03 [9], transverse reinforcement is used to restrict the
expansion of splitting fractures, hence increasing the bond stress that is necessary for failure to occur.
Wambeke and Shield [33] discovered that the degree of confinement supplied by transverse reinforcement
has little impact on the bonding strength of GFRP reinforcing bars when compared with steel reinforcing
bars. The authors related this issue to the small rib area of GFRP reinforcing bars in contrast to steel
reinforcing bars. Despite the fact that transverse reinforcement increases the amount of force required to
cause bond failure, the bonding strength of GFRP reinforcing bars is not significantly affected by
insufficient confinement. Through their research, Harajli and Abouniaj [34] discovered that the bonding
strength of GFRP bars [35] is improved by the addition of transverse reinforcement. Furthermore, it was
found that reducing the distance between each of the shear stirrups resulted in an increase of up to 31% in
the bond efficiency of the GFRP bars. On the other hand, Wambeke and Shield's [33] research showed that
the bonding strength between FRP bars and concrete was not significantly affected by the presence of
transverse reinforcing reinforcement.

4.1.4 Embedment depth

Several researchers, including Larralde et al. (1993) [36], Shield et al. (1997) [37], Cosenza et al. (1997)
[29], Tighiouart et al. (1998) [38], Achilides and Pilakoutas (2004) [20], Okelo and Yuan (2005) [18], Aly
et al. (2006) [39], and Yan et al. (2016) [17], investigated the impact that the embedment depth within
concrete had on the bonding behavior of GFRP reinforcing bars. There were pullout test studies conducted
by Larralde et al. (1993) [36] that utilized both fiber-reinforced plastic (FRP) and steel reinforcing bars
within concrete. They came to the conclusion that an increase in the embedment depth between three and
six inches led to an increase in the pullout force that was required for the two different types of reinforcing
bar structures. On the other hand, the authors demonstrated that the bond stress reduced as the embedment
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depth grew. They attributed this to the nonlinear distribution of the bond stress across the whole length of
the bar that was embedded, as seen visually in Figure 15. The findings of many investigations utilizing
FRP reinforcing bars were reviewed by Cosenza et al. (1997) [29], who came to the conclusion that
embedment depths covering the rang from 5 db to 10 db, where db is the diameter of the bar, demonstrated
more robust bond strength in comparison to deeper embedment depths. Through the use of direct pullout
analysis, Achillides and Pilakoutas (2004) [20] discovered that a decrease in the strength of the bond is
associated with an increase in embedment depth. The maximum bond stress decreases as one raises the
embedment depth, according to the findings of Yan et al. (2016) [17], who gathered information regarding
the bond strength.

4.2 Bar properties:
4.2.1 Bar diameter

Over the course of the past twenty years, the researchers have conducted studies to determine the effect
that the diameter of the bar has on the bond strength of FRP bars. Some of the studies that have been
conducted include Larralde and Silva-Rodriguez (1993), Benmokrane et al. (1996), Cosenza et al. (1997)
[29], Tighiourat et al. (1998) [38], Achilides and Pilakoutas (2004) [20], Okelo and Yuan (2005) [18], Aly
et al. (2006) [39], Okelo (2007) [40], Baena et al. (2009) [19], Hao et al. (2009) [41], Alves et al. (2011)
[42], and Yan et al. (2016) [17]. It was demonstrated that decreasing the diameter of the bar led to an
increase in the binding strength. There is a rise in the quantity of water from bleed retained beneath the bar,
which causes bigger amounts of voids for larger bars than those with smaller diameters [38]. This is one
reason for the difference in bond strength that occurs with larger bar diameters. A decrease in bond strength
occurs as a consequence of the presence of voids, which lower the area of contact that exists between the
surface of the bar and the concrete that is adjacent to it. It was discovered by Achilides and Pilakoutas
(2004) [20] that the decrease in bonding strength for larger bars is associated with the production of poorer
adhesion along with the concrete that surrounds it. This is in contrast to the lower bonding strength that is
observed for smaller bars. According to Baena et al. (2009) [19], Poisson's ratio additionally has the
potential to alter the bond characteristics of FRP bars due to the reductions in diameter that are caused by
tension.

4.2.2 Bar type

While CSA S806-12 [45] considers the impact of fiber variation on bond strength and defines an
alternation factor that applies to each type of fiber used to determine bond strength, CSA S6-06 [43], JSCE
[44], and ACI 440.1R-06 [1] did not take this into account. For CFRP and GFRP bars, this factor has a
value of one; for AFRP bars, the value is 1.25 for determining development length. This suggests that
compared to CFRP and GFRP bars, AFRP produces a weaker connection. The binding strength of glass
and carbon fibers was discovered to be the same by Achillides et al. [20] in their discovery that both GFRP
and CFRP were able to attain 72% of the bonding strength of steel bars. When GFRP and steel bars were
compared, Tigiouart et al. [38] found that the steel bars had a stronger bond than the GFRP bars. They
determined that the difference in surface form deformation within different kinds of bars was the cause of
the outcome. The bonding strength of GFRP bars ranged from 60 to 90% of steel bars, according to
Benmokrane et al. [32]. This is in line with the findings of Tigiourat et al. [38]. Using specimens from
beam testing, Okelo [40] conducted more research on CFRP bars and found that their bonding strength was
roughly 85% that of steel bars [10].

4.2.3 Surface texture

FRP reinforcement bars come in a range of surface textures, including as ribs, sand coating, and helical
wrapping. It has been discovered that the roughness of the FRP reinforcement bars' surface affects how
well they adhere to concrete. Pullout testing was done on FRP bars by Okelo et al. [18]. They observed that
surface imperfections (like those of steel reinforcement bars) or any type of surface texture other than
perfectly smooth, like the sand-coated surface texture mentioned earlier, enhanced bond strength and
affected the mechanism of failure of FRP bars in a tensioned state. Similar methods were employed by
Achillides et al. [20] to examine how surface deformations affect bonding behavior with FRP bars. Initially,
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those authors found that compared to smooth FRP bars, deformed FRP bars had a bonding stress that was
almost 70% higher. Additionally, they pointed out that mechanical interlock between the concrete and the
FRP bar surface has a significant impact on the bonding strength of FRP bars. They also assessed GFRP
bars that were ribbed and had varying rib heights. The findings of these studies showed that in order to
produce an acceptable bond in concrete, a minimum rib height of roughly 5.4% of the bar diameter must
be reached. Similarly, Hao et al. [41] used ribbed GFRP reinforcement in concrete to carry out (90) pullout
tests. The authors came to the conclusion that, in order for ribbed GFRP bars to create a suitable bond, the
ideal rib height should be equal to 6% of the bar's diameter, and the ideal rib spacing should be equal to
the diameter of the bar. Similar to this, three different types of GFRP bars with various surface textures
were examined by Ruiz Emparanza et al. [46]: ribbed, external cross fibers, and helical wrapping with sand
coating. The researchers found that ribbed GFRP bars had an exceptional bond strength. Sand-coated bars
with helical wraps and reinforcing bars with external cross fibers came next. Additionally, there was a
discussion focused on studies by Wambeke et al. [47], Mosley et al. [48], and Baena et al. [19]. After
conducting (269) tests on concrete beams, Wambeke et al. [47] found that the bonding strength was
unaffected by the surface texture of GFRP bars. Beam splice tests were used by Mosley et al. [48] to
validate the same results. However, Baena et al. [ 19] found that bar surface features had a significant impact
on the bonding strength after conducting (88) pullout tests on FRP bars.

4.2.4 Modulus of elasticity

An average steel reinforcing bar under tension has a modulus of elasticity of (200000 MPa), whereas a
typical green fiberglass reinforced plastic (GFRP) reinforcing bar encounters a modulus of elasticity of
(43000 MPa) (ACI Committee 440) [1]. The modulus of elasticity of common steel reinforcing bars is
different from the one found in FRP reinforcing bars. Okelo et al. [18] conducted pullout studies upon
GFRP reinforcing bars and concluded that the modulus of elasticity of these bars seems to possess a specific
impact regarding the bonding strength that joins the bars with the concrete. In their study, Larralde and
colleagues [36] demonstrated the bond-slip behavior exhibited by FRP reinforcing bars on the counter was
increased to the same degree as that of steel reinforcing bars. This was due to the lower modulus of the
FRP reinforcing element. After conducting beam testing, Aly et al. [39] determined that the bonding
strength between concrete and FRP reinforcing bars is proportional to the square root of the bars' modulus
[12]. This was discovered through the evaluation of the bonding strength between the two materials.

4.2.5 FRP Compressive strength

The compression strength associated with GFRP bars ranged between 300 and 600 Mpa. Furthermore,
there is ambiguity about the performance of FRP bars at compression, also ACI440.1R-15 [1] design code
ignored their role in compression. Despite this, subsequent studies have concentrated on the FRP bars
behavior in reinforced concrete columns as the main longitudinal reinforcement. EIMessalami et al. [49]
conducted a comprehensive assessment of concrete columns reinforced with FRP bars and concluded that
FRP bars compressive strength ranged from 10% to 86% of its tensile strength. Different factors attribute
to this large variation including the material and size of the fibers, specimens’ structure, how it was prepared
and test patterns. It implies that to assess the compressive characteristic of FRP bars more research should
be conducted. Concrete cylinders reinforced with GFRP bars and subjected to axial compressive loads was
tested by Fillmore et al. [50]. Ultimately, the compressive strength for the GFRP bars was measured to
equal 67% of its tensile strength, while their modulus of elasticity under compression appeared quite higher
than its value under tension [50].

Sadeghian et al. [51] suggested an alternative approach to evaluate the compressive strength of GFRP
bars. They intended to develop a standard test which kept the bars that were tested from buckling while yet
providing the results appropriately. Their findings indicated the fact that GFRP bar elastic modulus in both
compression and tension were nearly equal. Moreover, the ratio of compressive to tensile strength ratios
were between 55% to 99% indicating that GFRP bars' compression role is not neglect able [52].

4.3 Concrete properties

4.3.1 Concrete compressive strength
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Square root compressive strength and FRP bond strength in concrete are strongly correlated, according to
regression studies (Ehsani et al., 1996 [53]; Okelo and Yuan, 2005 [18], and Okelo, 2007 [40]). As to ACI
408.03, this relationship applies to steel bars installed in normal concrete strength under (55 MPa) [9].
Ehsani et al. [54] and Doost et al. [55] found that increasing concrete compressive strength slightly
increased FRP bar bond strength. Tighiourat et al. [38] examined concrete strength and bonding. This study
found that bond strength increased with concrete's square root compressive strength. Figure 5 shows stress
development for standard and high-strength concrete under different loading stages. Under certain loads,
the nearest rib to the load becomes active. More ribs engage as the load increases. Normal strength concrete
smashes along the rib edges at high weights, distributing load along the bar, but high strength concrete only
affects the first few ribs since it does not crush [56]. The pullout failure of FRP bars with concrete
compressive strength of less than (30 MPa) was caused by surrounding concrete cracking, according to
Cosenza et al. [57]. The bar itself was undamaged. The bar's outer surface and surrounding concrete eroded
at 30 < f'c < 55 MPa, whereas bond strength improved [10, 17]. In the same study, concrete with a
compressive strength between 55 and 60 MPa was found to have damage in the FRP bar ribs, causing
failure, even when the nearby concrete was overlooked [57-59]. Achillides et al. [20] conducted over (125)
direct pullout experiments on FRP reinforcement bars (GFRP, CFRP, AFRP, and hybrids) to prevent
splitting failures and specify all mechanisms of failure as pullout. Due to FRP bar resin ripping, concrete
compressive forces beyond (30 MPa) did not affect bond strength. Cracking occurred in concrete at
compressive strengths below (15 MPa), however bond performance was strongly affected by concrete
strength.
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FIGURE 5. Behavior of steel reinforcing bars under tension in concrete
(a) Minimal axial load; (b) developing load; and (c) high load [52].

4.3.2 Self-consolidating concrete (SCC)

Steel bars possess superior adhesion as compared to FRP bars when used with normal or self-compacting
concrete, as evidenced by the stronger bond strength, linear behavior of bond at the initial stage of the
loading process and steel bars have a significantly higher modulus of elasticity than FRP bars [58]. The
average bonding strength related to steel and FRP bars using SCC is 12.83% and 10.98% more than that
using normal concrete, respectively. This occurred due to the significantly higher filling ability of SCC
over NC [61]. One feasible explanation for SCC's greater bonding strengths is due to the fact that the
concrete surrounding the reinforcement bars appears more homogeneous, allowing it to completely
surround the FRP reinforcing bars [62]. The average bonding strength associated with the FRP
reinforcement experienced 73% that of the steel reinforcement [63]. There were a few studies conducted
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on bond strength in SCC, yet they did not always obtain comparable results. Nearly all of the literature
indicates that SCC bond stress goes above that of NC [64] even though the results are slightly varied. As
stated by Gibbs et al.[65] the variations regarding each of these categories of concrete were approximately
4 %, according to Wang et al. [66] the variations were close to 9%, whereas for Sonebi et al. [67] were 16-
40%, for Zhu et al. [68] were 10-40%, and for Collepardi et al. [69] were in the range of 70 %. In certain
scenarios, the results have been quite comparable [70], [71]. On the other hand, authors indicate that NC
behave better and may attain a 15% stronger final bond strength [72-75]. Furthermore, the bond stress
variations observed between SCC and NC dropped as the embedment length increased subsequently
disappearing when the embedment length to bar diameter ratio around 37.5 [62]. Regardless of these
differences, scholars normally accept that SCC performs with higher degrees of stiffness [66, 72]. The FRP
bars exhibited a weaker degree of bonding than steel bars in SCC samples. However, SCC samples had a
greater bonding strength and stiffness compared to those of NC. Bond behavior in GFRP reinforced
specimens appeared more ductile in contrast to specimens reinforced using steel bars [76,77].

5. Conclusion

This article has reviewed a total of 1784 pullout test specimens, which were subsequently utilized to
conduct parametric study. According to the review, frequent bond failure types for FRP bars to concrete
include pullout failure, splitting failure, and rebar fracture. The main conclusions of this paper are as
follows:

All the data revealed that pullout failure mode dominated all other failure modes.
These bond failures, as well as bond strength, are mainly influenced by the structural features, bar
characteristics, and the properties of concrete.

e There are linear relationships between bond strength and three important factors: concrete cover,
bar casting position, and transverse reinforcement. However, the bonding strength and embedment
length parameter have a nonlinear relationship.

o The confinement of concrete cover to FRP rebars significantly affects FRP bars' bond behavior and
failure mechanism. Even though there is minimal improvement in bond strength over 2.5 db,
increasing the concrete cover enhances bond strength. Furthermore, concrete splitting is the
mechanism of failure when the concrete cover is the same diameter as the bar. Increasing the
concrete cover to a value more than the bar diameter reduces the concrete splitting. To avoid
concrete splitting completely a confinement equal to three times the bar diameter is often advised
since this alters the failure mode to pull out or FRP rupture, which is managed by the embedding
length.

o The Larger diameter of FRP bar possess small contact region, weaker adhesion to concrete, and
vital effect of FRP poisson’s ratio are the reasons that lead to the lower bond strength than that of
the FRP with smaller bar diameter.

e Steel bars have higher bond strength than FRP bars. In addition, AFRP creates a lesser bond
strength than CFRP and GFRP bars.

e Most of the research state that deformed FRP bars with any sort of deformations possess better
bond strength than smooth ones. However, two studies clarify that the surface texture of GFRP
bars had no impact on the bonding strength.

e FRP bar elastic modulus in compression and tension has a quite remarkable value even if it is less
than its value in tension. Moreover, the ratio of compressive to tensile strength ratios were between
(55% to 99%) indicating that FRP bars' compression role is not neglect able.

e Concrete compressive strength plays a vital role in bond behavior of FRP reinforced concrete,
increasing the compressive strength lead to a slight enhancement in bond strength. However,
normal strength concrete crushes along the edges of the ribs, leading to distribution of load along
the bar, while high strength concrete only influences the first few ribs mainly because concrete is
unlikely to crush.
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e The bond strength of FRP bars when implemented in SCC is generally considered higher than that
used with NC. Furthermore, SCC reinforced with FRP bars performs with higher degrees of
stiffness.

o The compressive strength of concrete is considered as the most important parameter affecting the
bond strength between the FRP bar and the concrete. As it directly affects the mechanism of stress
transmission and the compressive strength of the concrete controls the failure mode. To obtain the
optimal design, it is necessary to balance the strength of the concrete with the other parameters.

e Although the acquired data is extremely valuable in understanding the bonding behavior of bars
and concrete, there are some limitations. These include the fact that the gathered data pertains only
to bars that were cast in concrete, and the bars that use the post-installation technique were not
considered. Future studies taking into account the bond performance of post-installed FRP bars
into existing concrete may fill this gap.
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