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ARTICLE INFO ABSTRACT
Keywords: This study analyzes the precious data from the literature on bond strength between concrete and
Pullout test CFRP bars associated with the pullout test. In this regard, an overview of the pullout test and bond

Bond stress-slip

Bond strength prediction
Bond behavior

CFRP bars

stress-slip model, along with a systematic analysis of characteristic bond strength behavior, were
reviewed extensively. Over 273 specimens of CFRP bar involved in pullout tests were mined from
the experimental works reported by preceding researchers worldwide. Significant findings
revealed that the pullout test is a widely used method for determining the bond strength of
embedded CFRP bars in concrete. The concrete compressive strength, bar diameter, modulus of
elasticity, embedment length and surface treatment all have a major impact on bond perfor-
mance. Moreover, the development of an analytical model for bond stress-slip is paramount to
present the interaction behavior as well as to perform numerical analysis. In addition, bond
strength predictions by international guidelines are conservative. However, the bond strength
calculated by ACI 440.1R-15 has proven to be more practical across all the statistical measures. In
line with this review, recommended research areas are also successfully discussed and proposed
for further investigation.

1. Introduction

The corrosion of steel bars is indeed a main cause of deterioration in reinforced concrete (RC) structures. This issue has been
frequently recorded for those structures located in the coastal area [1,2]. During the corrosion stage, the reaction between iron (Fe) and
its surrounding environment produces corrosion products consisting of various oxides [3-6]. These processes subsequently damage the
interface and degrade the bond strength between concrete and steel bars. The preceding reports had stated that bond strength may
degrade more than 50% of its original strength when the corrosion level reaches about 6% [7,8]. Consequently, this could cause cracks,
delamination and finally spalling of the concrete slab as depicted in Fig. 1 [8]. This corroded reinforcement ultimately affects structural
integrity and hence, shorten the lifespan of RC structures [4,9-11]. However, the employment of fiber-reinforced polymer (FRP) in RC
structures has become highly imperative [12-21]. For instance, carbon fiber reinforced polymer (CFRP) is a composite material that
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includes carbon fibers enmeshed in a resin matrix to dynamically increase a polymer model’s stiffness and strength [22]. Specifically,
CFRP bars are up to 8 times more resistant than traditional steel reinforcement bar when used to reinforce the RC structures [12].
Henceforward, the utilization of CFRP bars, “as a type of FRP materials” as structural reinforcement has attracted great interest in
developing such smart and sustainable RC structures for the past two decades [23-25].

It has been proven that CFRP bars have superior material characteristics for both physical and mechanical properties. CFRP bars
relatively have a small diameter (e.g.: in the range of 8-14 mm), exceptional tensile strength (e.g.: up to maximum strength of
3690 MPa), lower elastic modulus than steel bars (e.g.: in the range of 100-180 GPa), noncorrosive and nonmagnetic materials [12,23,
26-30]. In addition, CFRP bars have superior resistance against chemical solutions including saline, acid and alkaline as compared to
the other types of fiber [15,31-36]. Moreover, in contrast to steel, CFRP bars behave as anisotropic composite materials,
non-homogeneous and linear elastic properties [17,23]. These inherent properties of CFRP bars would significantly affect the bond
performances with concrete.

Until now, reliable bond strength test data have been required for the characterization of the wide range of CFRP bars offered by the
global industries. Significant variance in material properties of CFRP bar may also contribute to the knowledge gaps. Recent research
has indicated that the pullout test has been widely adapted method for determining the bond strength of embedded CFRP bars in
concrete [37-40]. Thus, an overview of the pullout test including specimen preparations and experimental procedures, should deliver
a better understanding and clearer pictures to the structural engineers on how this test had been conducted.

In relation to that, the bond stress-slip curve was developed from pullout test. The said curve is paramount to present the interaction
behavior between CFRP bar and concrete. It is noteworthy that current bond stress-slip models were derived and developed under
certain assumptions and considerations. The revolution in the bond stress-slip models have revealed such an improvement in per-
forming numerical analysis and predicting maximum bond strength [41]. A comprehensive review on the available bond stress-slip
models are studied and evaluated, exhibit their potential application in the real practice [42,43].

Furthermore, an overview on the current design codes have found that some predictions on bond strength are calculated without
considering the factors like embedment length, bar surface treatment, fiber type and transverse reinforcement. For instance, bond
strength equations proposed by ACI 440.1R-15 [23] and CSA S806-12 [44] predict the bond strength with the absentee factor of
transverse reinforcement. Thus, it is indeed necessary to evaluate the bond strength prediction for embedded CFRP bars in concrete.

In RC structures, bond characteristics for embedded CFRP bars in concrete are fundamental aspect of composite action [45,46].
Narrowing down to the beam applications, the bond between CFRP bars and concrete is vital in transmitting stresses [27,39,45,47,48].
Also, adequate bond strength may increase the beam stiffness prior to achieve its ultimate moment capacity and subsequently reduce
the cracks width and deflections [17,32,49,50]. Having these significant effects, identifying the factors affecting the bond strength of
embedded CFRP bars in concrete is paramount [17]. Numerous researchers had concluded that the major factors affecting the bond
strength between concrete and CFRP bars can be summarized into three headings [48,51-55]. There are: (i) properties of CFRP bars;
(ii) arrangement and configuration of CFRP bars; and, (iii) properties of concrete [26,27,29,32,36,56,57]. The specific factors under
these three headings are summarized in Fig. 2. For the sake of clarity, parametric studies on bond characteristics are then conducted
throughout this review to investigate the relationships between all those factors.

With the persistence of analyzing the most precious data from the literatures, this paper aims to deliver a comprehensive review on
the important aspects of bond dependent-factors for embedded CFRP bars in concrete. In accordance with the study’s aim, this paper
also discusses about the related issues regarding the experimental works and bond strength prediction. Hence, the structure of this
paper is as follows. A brief summary on the pullout test in terms of specimen preparations and experimental procedures are presented
in Section 2. Section 3 discusses on the existing of four bond stress-slip models for embedded concrete with CFRP bars. Both of their
merits and drawbacks in predicting bond behavior are effectively compared. Furthermore, Section 4 revises on the bond strength
predictions by international design provisions. Also, comparisons between the predicted and experimental bond strength are covered
and well discussed in this section. Parametric investigation is covered in Section 5 on the key factors affecting the characteristic bond
behavior between CFRP bar and concrete. Failure mode, bond strength and corresponding slip are analysed throughout the statistical
analysis based on the experimental database. Towards the end of this paper, Section 6 discusses about the recommended research areas
that can be considered for future studies. Conclusion are finally drawn in Section 7.
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Fig. 1. Corrosion of steel reinforcement at soffit slab causing concrete deterioration (modified from [8]).
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Fig. 2. Parameters affecting bond strength on CFRP bar embedded in concrete [26,27,29,32,36,56,57].
2. Pullout test

ACI 440.3R-12 [58], CSA S806-12 [44] and BS EN 10080:2005 [59] highlight in details on the pullout test to ascertain the bond
strength between concrete and CFRP bars. Nevertheless, other methods include beam-end test, simple beam test, hinged beam-end test,
splice test and cantilever beam test are recognized as alternative methods to determine the bond strength. However, pullout test has
been widely adapted method used to assess the bond strength of embedded CFRP bars in concrete [37-39,60]. For this reason, pullout
tests have offered an economical, simplicity and ease of application in performing the test [39,60]. Apart from that, pullout test allows
for slip measurement at the unloaded end [48]. Also, limited number of investigations had been conducted on the alternative methods
and therefore, experimental database is inadequate for the comparison purposes. Fig. 3 and Fig. 4 show the configuration of con-
ventional and modified pullout test set up in the laboratory, respectively.

2.1. Specimen preparations

CFRP bars should be cut into 1200 mm long section [23]. Nevertheless, in some particular cases, the length of CFRP bars was cut in
between 600 mm and 850 mm, so that it can be properly fitted into the testing machine [63-67]. An anchor should be installed at one
end of CFRP bar [58]. The anchor should be capable to transmit the loads until failure either by bond failure or concrete splitting [44].
Moreover, the anchor should protect CFRP bars from any damage during the test. Anchorage assembling technique should be in
accordance with ASTM D7205/D7205M [68].

The concrete should be designed as a standard mix [44,58]. The concrete cube size may be taken as 200 mm [58] or 150 mm [44]
as depicted in Fig. 5. The CFRP bars were vertically embedded with an anchorage length set to be five times of nominal bar diameter
[44,58]. The rest of the bar’s section should be protected with PVC pipe or any other suitable material to avoid direct contact with the
concrete and hence, to prevent bonding. The concrete cube then should be properly compacted by using 16 mm diameter tamping rod
[44,58] or vibrating table. The specimens should be properly cured in a curing chamber at 19 °C to 21 °C with relative humidity about
95% until the test day, or a minimum age of 28 days, right after completing the casting works for at least 20 h [44,58]. The curing
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Fig. 3. Configuration of conventional pullout test [61]: (a) Real test set up; (b) Schematic view.
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Fig. 4. Configuration of direct tension (modified) pullout test [62]: (a) Real test set up; (b) Schematic representation (all dimensions are in mm).
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Fig. 5. Specimen preparations for pullout test: (a) 200 mm of concrete cube [58]; (b) 150 mm of concrete cube [44].

process should be in accordance with ASTM C192/C192M [69] or ASTM C511 [70]. One set of pullout test should be represented by
five specimens. If any specimen slips at the anchorage section or splits at the concrete cover, an additional test should be executed. The
supplemental specimen should come from the same batch as the failed specimen [44,58].

2.2. Experimental procedures

The pullout force should be applied gradually until the bond failure occurs. The test was performed on a universal testing machine
(UTM) having maximum capability of 1500 kN. The load rate was not greater than 20 kN/min [58] or 22 kN/min [44] whilst,
1.3 mm/min [58] or 1.27 mm/min [44] for displacement-rate control. Corresponding bar slips were measured using four linear
variable differential transformers (LVDTs). Three LVDTs were attached to the loaded end plus another one to the bar’s unloaded end
[58]. To capture the data transmitted by LVDTs, an automatic data acquisition system was engaged. Throughout the test, the maximum
pullout load was set to determine the specimen failure. Also, maximum bond stress and slip values that corresponded to specimen
failure were recorded. The test will be ended when the load descents to about 85% of the maximum pullout load or when the slip at
loaded end exceeds 8 mm [39]. The pull-out tests should have adhered to ACI 440.3R-12 [58] or CSA S806-12 [44]. Fig. 6 depicts the

graphic details of the pullout test setup.
In general, bond strength values are defined as maximum average stress, where maximum pullout load is divided by contact surface
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Fig. 6. Graphic details of the pullout test setup [58].

between the concrete and CFRP bar [71]. Hence, bond strength can be calculated by using Eq. (1):

F
__F 1
' Tl W

In which, 7 represents the bond stress (MPa); F is the pullout load (N); d, is the CFRP bar’s diameter (mm); and [, is the CFRP bar’s
bonded length (mm).

In pullout test, the corresponding slips recorded at loaded end not only represent the bar slip, but also the bar elongation. Therefore,
in order to plot bond stress against slip relationship, the actual bar slip must be determined. Hence, the slip at loaded end (Sig) can be
computed by the following equation [72]:

Sie = [(SLELVDT*l + SLELVD’I"Z + SLELVUT*3)/3] =S (2)

where, Sig Lvpr-1, SLE LvpT-2 and Sig Lypr-3 are the corresponding slips at loaded end (mm) recorded from LVDT 1, 2 and 3's; and, Sc is
the bar’s elastic elongation starting from the point where measuring device is installed to the bar’s anchorage zone in the concrete. S¢
can be determined by using Eq. 2a:

_ FL
‘T EA

(2a)

where, L. is the length starting from the point where measuring device is installed to the bar’s anchorage zone in the concrete (mm); Ef
is the bar’s elastic modulus (MPa); and A is the area of the bar cross-section (mm?).

3. Bond stress-slip constitutive model

Mechanisms for transferring the bond stress of embedded concrete with CFRP bars are governed by three significant components: a)
mechanical interactions due to irregularity of the CFRP bar surface (deformed bar); b) chemical adhesion between concrete and CFRP
bar; and, c) frictional resistance at the interface [48,57,64,71,73,74]. According to the report by Solyom & Baldzs [62] and Baena et al.
[75], the contribution of these three components may varies subject to the surface condition of CFRP bars. For instance, mechanical
interactions are limited only to deformed CFRP bar and primarily responsible in the ascending stage prior to the bond failure. On the
other hand, chemical adhesion and frictional resistance play their major roles for non-deformed CFRP bar [76]. Hence, the devel-
opment of an analytical bond stress-slip model is paramount to present the concrete and CFRP bar’s interaction behavior. Moreover,
bond stress-slip constitutive law is required to conduct numerical analysis and predict maximum bond strength. The developed bond
stress-slip models are briefly revised in the following section.
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3.1. Malvar model

Malvar [42] had conducted an extensive investigations on four different surface textures of glass FRP (GFRP) bars. Malvar [42] has
proposed a polynomial function to calculate the bond strength. This function is relying on the two curve fitting parameters of F and G.
The following equation illustrates this model.

F(x)-6-n(z) 3)

2
1+(F—2)§+G($>

T=1,

where, 7, andspare the maximum bond stress (MPa) with its slip (mm), respectively; s is the corresponding slip (mm) with respect to
the bond stress; and, F and G are the curve fitting parameters for different types of bar. In addition, to estimate 7,, and s,, with
determined value of confinement pressure, o,, Malvar [42] has proposed other two relationships as follows:

I A B(1— e Clh) (3a)

t
sm = D+ Eo, (3b)

where, o, is confining axisymmetric radial pressure (MPa); f; is the tensile strength for concrete (MPa); and, A, B, C, D, E are the curve
fitting parameters determined for different types of bar. It can be observed from this model that a significant number of empirical
constants, such as A, B, C, D, E, F, and G are required to be ascertained first. Hence, bond stress-slip behavior cannot be accurately
predicted from the equations unless an extensive investigations have been done for the various type of FRP bars [47].

3.2. BPE and modified BPE model

The well-known BPE (Bertero, Popov and Eligehausen) model was suggested by Eligehausen et al. [41] for deformed steel bar as
depicted in Fig. 7a. This analytical model later on was slightly modified by Cosenza et al. [71] as shown in Fig. 7b. The comparison
between of these two models, Cosenza et al. [71] had considered the absentee of plateau as steel bar, in FRP bond behavior. The
modified BPE model was principally separated into three stages. The first stage represents the ascending pattern of bond behavior,
which corresponds to the mechanical interlock and chemical adhesion. In stage 2, FRP bar begins to slip after the bond stress has
attained its maximum capacity. The bond strength in stage 1 starts to diminish and resulting rapid increase in slip. Cracks at the
interface (or even concrete crushing) might be developed as well in this softening stage. Finally, significant failure appears including
bar pullout or concrete cracks in stage 3. The FRP bar continues to slide and the horizontal branch indicates the friction component
between FRP bar and concrete [71]. These 3 stages can be expressed by analytical law in the equations below:

a
- (i) for0 <s <s,, (4a)
T S
I 1 7p<i>forsm <s<s (4b)
m Sm
T =r.fors>s, (4¢)

where, a and p are the curve fitting parameters from experimental results. It is noteworthy that this model takes the impact of
surface condition on bond behavior into account. However, neither the type of fibre used nor the bar’s diameter were investigated by
this model.
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Fig. 7. Bond stress-slip model: (a) BPE model [41]; and, (b) Modified BPE model [71].
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3.3. CMR model

The CMR (Cosenza, Manfredi and Realfonzo) model [77] refine the bond stress-slip curve by considering only the ascending stage
(i.e. pre-peak bond behavior). This consideration was taken due to the circumstances where most structural design issues are resolved
at the serviceability limit state. The ascending function is defined by the following expression:

AN
r_ (1—e< -”)) ®)
Tﬂl

where, s, and f are the curve fitting parameters from experimental results. It can be noticed that the initial slope provide by CMR model
is equal to infinity. This indicate that the effect of chemical adhesion are taking into account at the initial stage [71].

3.4. Tighiouart et al. Model

Another model was developed by Tighiouart et al. [78] as replacement curve for the ascending stage. They had calibrated the
parameters of s, and f in the CMR model. The function of ascending stage is expressed by the equation below.

Lo (1—e®)™ ®)
Tm

It can be evaluated the proposed model is dependent on the peak bond stress, as shown by Eq. 6. Nevertheless, Tighiouart et al. [78]
had manifested that several factors may affect this peak bond stress. Those factors include bar surface profile, bar diameter and
embedment length. Hence, to incorporate this function into the numerical analysis, the peak bond stress data based on the various
cases must be documented. Also, it is noteworthy that Tighiouart et al. model [78] only consider the ascending stage where it is
suitable for the analysis at serviceability state level, same observation on the CMR model [71].

3.5. Comparison of bond stress-slip constitutive model

Table 1 summarized on these four bond stress-slip model for their merits and drawbacks in predicting the bond behavior. It should
be noted that certain assumptions and factors were taken into consideration when developing and deriving the existing bond stress-slip
models. It is clear that surface treatment and GFRP bars were the common variables considered in their investigations. As compared to
the others, Malvar model was less reliable and less accurate [45,79]. One of the reasons is that Malvar model requires seven empirical
constants, which must be determined by curve fitting from experimental studies. The values for these constants are listed in Table 2.
Moreover, the value for o; is difficult to be calculated for the structures that are subject to bending loads [79]. The ignorance on the
impacts of bar diameter and fiber type could contribute the drawback factors for this model.

Differently, modified BPE and CMR models requires only two curve fitting parameters need to be determined. On the hand,
Tighiouart et al. model requires no empirical constant in their proposed ascending function. By comparing these three models,
Modified BPE model offers an entire bond stress-slip curve which include pre and post-peak bond behavior for CFRP bars. Meanwhile,
CMR and Tighiouart et al. models consider only the ascending stage as it is suitable for the analysis at serviceability state level. Based
on Masmoudi’s work [80], Modified BPE model over-estimates the ascending stage as compared to the experimental values but was

Table 1
Comparison of bond stress-slip models.

Evaluation aspect

Malvar model[42]

Modified BPE model[71]

CMR model[77]

Tighiouart et al. Model[78]

Parameters investigated

Type of fiber considered

Bond stress-slip curve
equation

Curve fitting value from
experimental works
(refer toTable 2)

Reliability

a) Confinement; and,

b) Surface treatment (indention
depth).

E-glass

Polynomial function

Seven parameters (e.g.: A, B, C, D,
E, F and G)

a) Less reliable in the ascending
stage;

b) Value for o, is difficult to be
calculated for structures that are
subject to bending loads; and,

c) Impacts of bar diameter and
fiber type were not considered.

Surface treatment

a) Carbon;
b) Glass; and,
¢) Aramid

Three piecewise equations (for
three-stages)
Two parameters (e.g.: @ and p)

a) Present an entire bond
stress-slip curve (pre and post-
peak bond behavior); and,

b) Ascending stage over-
estimate the experimental
values.

a) Fiber types
b) Surface treatment

a) Carbon;

b) E-glass

¢) Glass; and,

d) Aramid

One piecewise equation
(for ascending stage)
Two parameters (e.g.: s,
and f)

a) Presents only the
ascending curve (pre-peak
bond behavior);

b) Inadequate for a
complete analysis of
structures till failure; and,
¢) Good performance with
experimental results.

a) Surface treatment
b) Diameter

c) Embedment length
Glass

One piecewise equation (for
ascending stage)
None

a) Presents only the
ascending curve (pre-peak
bond behavior);

b) Insufficient for a
comprehensive structural
analysis until failure.
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Table 2
Parameters for defining bond stress-slip models.
Surface treatment Malvar model[42]
A B C D E F G
Indented (Type A) 1.00 0.94 0.05 0.0202 5.87E-6 11.0 1.2
Indented (Type D) 0.266 5.63 0.15 0.0475 5.23E-5 13.0 0.5
Surface treatment Modified BPE model|71]
a p Sm Tm 7
Smooth 0.145 1.87 0.26 mm 1.19 MPa 0.99 MPa
Grain covered 0.067 3.11 0.13 mm 12.05 MPa 3.17 MPa
Sandblasted 0.251 2.63 1.08 mm 2.74 MPa 1.38 MPa
Twisted 0.175 4.15 0.45 mm 4.15 MPa 3.68 MPa
Ribbed 0.283 14.88 1.23 mm 11.61 MPa 7.79 Mpa
Indented & braided 0.177 12.80 2.14 mm 10.20 MPa 6.26 MPa
Braided & sanded 0.069 0.95 0.15 mm 17.78 MPa 7.13 MPa
Surface treatment CMR model|[77]
Sr p Tm
Smooth 0.11 mm 0.314 1.19 MPa
Grain covered 0.07 mm 0.138 12.05 MPa
Sandblasted 0.41 mm 0.559 2.74 MPa
Twisted 0.12 mm 0.593 4.15 MPa
Ribbed 0.45 mm 0.575 11.61 MPa
Indented & braided 0.78 mm 0.473 10.20 MPa
Braided & sanded 0.08 mm 0.025 17.78 MPa
Spirally wounded 3.33 mm 0.260 13.14 MPa

assessed as being more precise than Malvar Model. They have also manifested that CMR model had shown an excellent results with
experimental findings and most suitable in modelling the ascending stage [80,81]. However, the absentee of post-peak behavior in
CMR and Tighiouart et al. models make it less intention to be used in numerical analysis. Moreover, the ascending function proposed
by Tighiouart et al. [78] was claimed to have an error due to the value of corresponding slip, s that mathematically determined to be a
negative value [79].

Based on the comparisons made above, it appears the modified BPE model is the most proper and practical model as it offers a
complete bond stress-slip curve for embedded CFRP bars in concrete. Nevertheless, with the ascending stage of CMR model is capable
to present the most precise pre-peak bond stress-slip behavior, it has attracted great interest of using CMR model as a replacement for
the ascending stage of modified BPE model to assess the entire bond stress-slip performance for CFRP bars [79].

4. Bond strength predictions by international design provisions
4.1. ACI committee 440 (ACI 440.1R-15)

According to ACI 440.1R-15 [23], the normalized bond strength (%) is linearly regressed against the normalized concrete cover

c

(d—Cb) and normalized splice length (‘lj—:). The expression in Eq. 7 used to determine the bond strength:

c .4
o —40+03> 41005 @

0.083v/f. dy le

where, f; is concrete compressive strength (MPa) at 28-days; and, C is the distance either the cover to the center of the bar or one-half of
the center-to-center spacing of the bars that being developed (mm), whichever is lesser. Eq. 7 was developed with regard to the
extensive study by Wambeke and Shield [82] throughout their database on 269 beams bond strength test. The database compre-
hensively covered GFRP bars that were being tested in beam-end tests, notch-beam tests and splice tests. Sand coated (SC), spiral wrap
and helical lug, with and without confining reinforcements were among the different variables in surface condition. The bar had
diameter in the range of 13-29 mm embedded in 28-45 MPa of concrete strength. From a total of 240 GFRP samples, the experimental
results had manifested that 75, 94 and 71 specimens had failed due to concrete splitting, pullout failure as well as bar tensile fracture,
respectively. They also observed that bar surface treatment did not seem to give an impact on the test results.

4.2. Canadian standards association (CSA S806-12)

According to the CSA S806-12 [44], Eq. 8 is proposed to estimate the average bond strength for concrete embedded with CFRP
bars:

. Vf.

= 115(K1 K2K3K4K5 )ﬂ'db

(8)
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where, the value for d is the shortest distance between the center of developing bar to the nearest concrete surface or two-thirds of the
center-to-center spacing between developing bars (mm); K; is defined as a factor for bar location (1.3 for horizontal reinforcement
placed so that more than 300 mm of concrete thickness is cast below the bar; 1.0 in all other situations); K> is defined as a factor for
concrete density (1.3 for structural low-density concrete; 1.2 for structural semi-low-density concrete; 1.0 for normal density con-
crete); K3 is defined as a factor for bar size (0.8 for Ay < 300 mm? equivalent to bar diameter < 9.78 mm; 1.0 for A > 300 mm?
equivalent to bar diameter > 9.77 mm); K4 is defined as a factor for types of fiber (1.0 for CFRP bar); K is defined as a factor for bar
surface condition (1.0 for surface-roughened or SC or braided surfaces; 1.05 for spiral pattern or ribbed surfaces; 1.8 for indented
surfaces;). If the bar surface condition factor has been demonstrated through tests, the K5 factor may be taken as less than 1.0 but not
less than 0.5. Also, bond test should be conducted to determine the Ks factor for additional type of surface condition or combinations of
surface profiles. Hence, it can be noted that Eq. 8 is not considering the functions of embedment length and transverse reinforcement to
calculate the bond strength.

4.3. Canadian highway bridge design code (CSA S6-06) and ISIS Canada

Alternative international design guidelines are CSA S6-06 [83] and ISIS Canada [24] have specified that the bond strength for
concrete embedded with CFRP bars can be determined by the following equation:

_ Ser(des + KywErprp /Ey)

9
0.457[de| K4 ( )

where, £, is the value for concrete cracking strength (MPa); K, is the transverse bars index and can be defined in Eq. 9a; Epgp is elastic
modulus for CFRP bar (MPa); E; is elastic modulus for steel bar (MPa); K; is defined as a factor for bar location; K4 is defined as a factor
for bar surface condition (not greater than 1.0 to represent the bond strength ratio for CFRP to steel bar having the same diameter or
0.8 for the absence of product data).

k. _ Ak

" 10.5sn (9a)

where, A is transverse bars area perpendicular to the split plane through the bars (mm?); fy denotes the transverse bars yield strength
(MPa); s is the transverse bars center-to-center spacing (mm); n is the number of bars along the split plane. Therefore, it can be
evaluated from Eq. 9 that only the embedment length factor is not considered by CSA S6-06 [83] and ISIS Canada-2007 [24] in
predicting the bond strength.

4.4. Japanese design code (JSCE)
JSCE [84] proposes a relationship in calculating the bond strength as specified in Eq. 10:
T = fooa/ 1 (10)

where, fy,4 denotes as designed concrete’s bond strength (MPa) and can be defined by Eq. 10a; a; stand as confinement modification
factor and can be calculated with Eq. 10b as follows.

2
28af.
Frod = % < 3.2N/mm2 (10a)

a; = 1.0fork. < 1.0;

a; = 0.9forl.0 < k. < 1.5;

a; = 0.8forl.5 < k. <2.0; (10b)
a; = 0.7for2.0 < k. < 2.5;

a; = 0.6fork, > 2.5;

a, denotes the bond strength modification factor (value of 1.0 should be applied if the bond strength is equal or greater than
deformed steel bars or else, value shall be adjusted pertaining to experimental data); and, k. can be determined from Eq. (10c) below.

C 15A, E,
+ —

©=4, " sd, E

(10c)

where C is the shortest distance between the bottom reinforcement concrete cover or half of the distance between developed rein-
forcement (mm); A, is the area for transverse bars (mmz); s is the spacing for transverse bars (mm); E; is the elastic modulus for
transverse bars (MPa); and, E; is the elastic modulus for steel bar (MPa). It can be noticed from Eq. 10 that JSCE [84] has neglected the
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factors like embedment length, bar surface condition fiber type in calculating the bond strength.

4.5. Comparison of predicted bond strength on CFRP bars

Table 3 provides the main factors that influence the bond strength prediction as proposed by international design guidelines. Apart
from that, comparative study between the predicted values for bond strength by international design guidelines against the experi-
mental results of bond strength is shown in Fig. 8. Additionally, selected statistical measures include the performance factor (PF),
coefficient of variation (COV), the average absolute error (AAE) and root mean squared error (RMSE) were conducted to evaluate the
performance of these international guidelines in predicting bond strength [57,85,86]. The results on statistical measure are sum-
marized in Table 4. It is evident that ACI 440.1R-15 [23] and JSCE [84] underestimate the bond strength. As opposed to that, CSA
S806-12 [44] and CSA S6-06 [83] & ISIS Canada [24] overestimate the bond strength by 20% and 24%, respectively. This can be
explained by the numerous factors considered by CSA S806-12 [44] and CSA S6-06 [83] & ISIS Canada [24] in predicting the bond
strength by referring to the Table 3.

It is interesting to note from Fig. 8 that there have no relationship at all between the predicted bond strength by international design
guidelines against the experimental results. Nonetheless, statistical measures have indicated that all international design guidelines are
having COV in the range of 46.20% and 62.44%. This percentage shows that high dispersion between predicting the bond strength and
experimental ones. Furthermore, the international design guidelines have also recorded high percentage in AAE between 80.09% and
175.09%. In addition to that, ACI 440.1R-15 [23] has the lowest RMSE value of 7.95 whilst, JSCE [84] are the highest with RMSE value
of 12.13. These AAE and RMSE values indicate the amount of error and accuracy in predicting the bond strength. These observations
are in line with the reports from the existing literatures that predicting values of bond strength by international guidelines are con-
servative [45,57,72,87]. The variations of parameters considered as listed in Table 3 have contribute to these observations, giving good
fits in some cases and large differences in others. Nevertheless, throughout the statistical measures, bond strength prediction by ACI
440.1R-15 [23] is discovered to be more realistic as compared to the experimental results.

5. Characteristic bond behavior between CFRP bar and concrete
5.1. Variation in concrete compressive strength

5.1.1. Failure mode

Fig. 9 shows the relationship between types of failure mode associated with concrete compressive strength. The experimental data
had shown that bar pullout failure were dominant for all categorized of concrete compressive strength, accounted about 73% from all
specimens. Specifically, concrete splitting failure and bar rupture were only observed in the compressive strength range of 20-60 MPa.
Besides, peeling off resin was observed from 20 MPa and above. Also, in terms of compressive strength as the variables, preceding
researchers by Achillides & Pilakoutas [39] had manifested that concrete shear strength was controlling the failure mode particularly
for low compressive strength around 15 MPa. They had discovered that the concrete crushed between the bar deformations. However,
for higher concrete strength about 30 MPa, the bond failure appeared to be dominated by the interlaminar shear strength of CFRP bar
rather than just concrete strength. They had discovered the failure may have occurred partially on the bar surface or concrete crushed
[39]. Nonetheless, for concrete strength even higher than 50 MPa, Baena et al. [75] and Solyom & Balazs [62] had demonstrated the
surface damage to CFRP bar during bond failure. They had found that the ratio of delaminated surfaces in CFRP bars with SC layer is
greater, as shown in Fig. 10. In addition to that, Fig. 11 shows the bar’s pullout failure for deformed bars with damages and deeper
scratches, as well as in particular cases, had partial shearing off the lug or rib deformation. Therefore, the integrity for deformed bars
with damages and deeper scratches seems to be controlled by critical interface shear strength between resin and the fibers itself. As a
result, it is evident that the increment of compressive strength will consequence in more damage to the CFRP surface during the bond
failure.

5.1.2. Bond strength

As verified by preceding researchers, a strong correlation had been reported between bond strength and the square root of
compressive strength [39,66,95]. Thus, Fig. 12 is plotted to observe the relationship between of these two components. It can be clearly
observed that heavy data for pull-out test were tested at the range of 25 MPa and 70 MPa. General observation can be made from the
graph that increasing the concrete compressive strength resulting in increment of bond strength, same as reported in the existing

Table 3

Factors considered to calculate bond strength according to international guidelines.
Design guidelines Concrete Bar Concrete Bar Embedded Bar Transverse Fiber

strength diameter cover location length surface confinement type
ACI 440.1R-15[23] v 4 v v v X X X
CSA S806-12[44] v v v v X v X v
CSA S6-06(83] & ISIS v v v v X v v v
Canada[24]

JSCE[84] v 4 v v X X v X

10
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Fig. 8. Comparison on the prediction values for bond strength by international design guidelines against the experimental results of bond strength
[29,38,39,48,61,63-66,72,75,76,88-94].

Table 4

Statistical measures on bond strength by international guidelines.
Design guidelines Avg. PF COV (%) AAE (%) RMSE
ACI 440.1R-15[23] 1.30 62.44 86.90 7.95
CSA S806-12(44] 0.80 56.50 170.46 11.62
CSA S6-06[83] & ISIS Canada[24] 0.76 55.09 175.09 12.01
JSCE[84] 3.30 46.20 80.09 12.13

= Bar pull-out

8019 ® Concrete crack/splitting
= Bar rupture
60 1 Peeling off resin
40 A
20 A
1 i l_‘l

[0,20] [20,40] [40,60] > 60 Mpa

No. of specimen

Concrete compressive strength (MPa)

Fig. 9. Relationship between types of failure mode associated with concrete compressive strength [29,38,39,48,61,63-66,72,75,76,88-94].

(a) (b)

Fig. 10. Bond failure surface of CFRP bar with SC: (a) peel off of the whole SC layer [75]; (b) peel off the part of SC layer [72].
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Fig. 11. Ribbed CFRP bar pull-out failure with shearing off the rib [72].
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Fig. 12. Implication of concrete compressive strength to the bond strength of CFRP bar [29,38,39,48,61,63-66,72,75,76,88-94].

literatures [40,62,75,96,97]. The perfect combination between high strength concrete with CFRP bar resulted a significant increment
of radial stress surrounding the CFRP bar. Moreover, improving of material characteristics and surface treatment on CFRP bars might
as well contribute to this result. As reported by Caro et al. [63], by increasing the compressive strength from 26 MPa to 46 MPa,
average bond strength were increased by 33%. Another investigations by Zhao et al. [94] and Achillides & Pilakoutas [39] have
observed the same pattern with the increment of bond strength for 63% and 124% by increasing the compressive strength from 36 MPa
to 60 MPa and 15-46 MPa, respectively.

In terms of bond strength predictions, Pour et al. [57] had summarized the important effect of concrete compressive strength. They
had highlighted that ACI 440.1R-15 [23] and CSA S806-12 [44] codes were capable to estimate the bond strength that only related to
the concrete with normal strength. However, for high strength concrete which is greater than 50 MPa, bond strength predictions by
ACI 440.1R-15 [23] and CSA S806-12 [44] were more conservative.
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Fig. 13. Impact of compressive strength on the normalized slip [29,38,39,48,61,63-66,72,75,76,88-94].
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5.1.3. Corresponding slip

Data from the literatures have been analyzed to observe the corresponding slip against concrete strength. Fig. 13 illustrates the
scattered data on the impact of being increased on concrete compressive strength to the normalized slip. The y-axis in Fig. 13 rep-
resents the normalized slip, §/13 where, it is a ratio of the corresponding slip, § to the embedded length of CFRP bars in concrete, I;.
Experimental data have pointed out that slip at the loaded end were higher than that at the free end. Also, it can be noticed from the
graph that the overall normalized slip is decreasing with the increment in compressive strength. In a study by Caro et al. [63], they
have also recorded about 40% decreased for normalized slip at loaded end with the increment in compressive strength, the same
agreement was reported by existing literatures [48,72,76]. In line with this statement, Fig. 13 has shown that the overall statistical
measure indicates the normalized slip is descending (for both loaded and unloaded end) particularly for the concrete compressive
strength over than 40 MPa. This results demonstrate that the relative bond stress moves progressively from the loaded end to the free
end with lower slippage at relative high strength concrete [45]. As the pullout load increased towards its peak bond strength, it can be
suggested that bond had failed by sudden, unexpected and brittle failure caused by the confinement effect of high strength concrete
[48].

5.2. Effect of different embedment length

5.2.1. Failure mode

Embedment length, I is an another imperative factor dominating the bond strength of embedded concrete with CFRP bars. Fig. 14
is plotted to compare the experimental data on types of failure mode associated with the ratio of embedment length to bar diameter, I3/
dp. It can be stated that pullout failure governs the failure modes as it was designed for. Additionally, the mean value of a normal
distribution between 5 and 10 of l;/d, is produced by the column chart. This embedment length (5-10 times of bar diameter) rep-
resents for over-all of 115 samples had been failed by pulling out. It can be suggested that embedment length between 5 and 10 times of
bar diameter can provide the desired bond pullout failure. According to the preceding investigation on the increment of embedment
length, multiple of ribs delaminated from the bar’s core had been discovered on ribbed CFRP bars throughout the pullout failure [37,
38,88,94], as depicted earlier in Fig. 11. Same observation was recorded on CFRP bar with SC, presented in Fig. 10 [37,88]. The
experimental results have indicated that bond performance of CFRP bars could be influenced by the interlaminar shear strength.
Moreover, sufficient embedment length may have resulted in bar tensile failure particularly when l3/dp, exceeding 15. Fig. 15 exhibits
the example of bar tensile failure in pullout test. On the other hand, another type of bond failure is concrete split as shown in Fig. 16.
Concrete split occurs by sudden and brittle failure due to the concrete that had failed in tensile. This kind of failure mode induced by a
crack that propagate to the central hole and the concrete cube was split into two fragments.

5.2.2. Bond strength

Data mined form literatures were also analysed on the influence of embedment length against bond strength. The relationship
related to the normalized bond strength and l3/dp ratio for CFRP bars is presented in Fig. 17. The graph demonstrates a general pattern
in which the normalized bond strength decreases as l3/d ratio increases. Other researchers who conducted their own investigations
observed the same behavior [39,47,57,63,64]. For instance, Achillides et al. [39] concluded in their investigation that a decrease in
FRP bar’s maximum bond stress is caused by the increment of embedment length. This phenomenon can be interpreted by the
nonlinear bond stress distribution at the interface between concrete and CFRP bar [39,98]. Moreover, previous study had manifested
that nominal bond strength increases promptly at the interface of shorter embedment length than the longer ones [39,47,65,71]. It can
be also noticed that higher pullout load required along with the increment of embedment length. In addition, the initial bond stiffness
of CFRP bar is significantly affected by embedment length [39]. The ACI 440.1R-15 [23] in Section 4.1 also supports this conclusion.

5.2.3. Corresponding slip

The database was further studied for valuable information on the normalized slip against lz/d} ratio as depicted in Fig. 18.
Parametric study demonstrates the ascending pattern for corresponding slip as the embedment length increased, same observation has
been discovered in the literatures [48,65,76]. This increasing pattern is related to the nonlinear bond stress distribution throughout the

® Bar pull-out

120 1
100 4 Concrete crack/splitting
30 - Bar rupture
60 - Peeling off resin
40 1
N -l l-"|. AL
| E— .

0
[0,5] [5,10] [10,15] [>15]
Embedment length to bar diameter ratio, //d,

No. of specimen

Fig. 14. Comparison on types of failure mode with respect to lg/dp ratio [29,38,39,48,61,63-66,72,75,76,88-94].
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Fig. 15. CFRP bar rupture failure in pullout test [64,93].
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Fig. 16. Concrete splitting failure in pullout test [63,93].

contact area between concrete and CFRP bars [47,48]. In addition to that, the longer embedment length requires higher pullout force
upon bond failure. And, the greater embedment length affords an extensive strain length to enhance bar’s deformation while being
pulled out with higher force. Hence, FRP bars were frequently having bond failure with larger slip.

5.3. Variation in bar diameter

5.3.1. Failure mode

The types of failure mode in relation to bar diameter is presented in Fig. 19. Again, pullout failure overwhelms the failure modes
[38,39,48,65,72,75,88,94]. The column chart generally displays the mean value of a normal distribution between 10 and 12 mm
diameters, represents for over-all of 79 samples had been failed by pulling out. It indicates that the CFRP bar with 10-12 mm diameter
can provide the desired bond pullout failure. It also seems that the highest splitting failures, bar rupture and peeling off resin were

14
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Fig. 19. Type of failure modes distribution against bar diameter [29,38,39,48,61,63-66,72,75,76,88-94].
observed at 10-12 mm diameters with 21 specimens, 11 specimens and 11 specimens, respectively. As far as author concerns, there is
limited information on the specific influence on bar diameter to the type of failure modes. Nonetheless, Lee et al. [65] had found that

larger bar diameter yields a brittle nature in bond failure due its greater amount of elastic energy. Other than that, bar diameter
relatively has more significant impact on bond strength as well as its corresponding slip. A good number of research studies had
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suggested several factors that may be considered which include surface contact area, Poisson effect, and shear lag phenomenon [39,48,
65,75].

5.3.2. Bond strength

Fig. 20 presents the scattered data related to bond strength and CFRP bar diameter. The plotted graph indicates that bond strength
decreases as the bar diameter increases, agreed with the conclusions reach by the literatures [39,47,48,57,66,71,99]. Also, the in-
ternational design provisions as discussed in Section 4 lead to the same identical conclusion. Hence, such observation can be accounted
by the significant magnitude of elastic energy reserved in greater bar diameters [75], contact area between bar and concrete [48,99],
Poisson ratio effect and shear lag phenomenon [24,39,48,100]. In terms of contact area, as the bar diameter increased, it is naturally
trap the void underneath the bar caused by the water bleeding in concrete [48]. Consequently, increase the possibility to limits the
contact surface between the bars with concrete and, eventually lead to a lower bond strength. In addition to that, according to some
authors [39,65], nonlinear stress distribution could clarify the bond strength dependency on bar diameter. Moreover, Poisson ratio
effect could have explained the bar diameter’s impact on bond strength where CFRP bar experiences in diameter reduction when it
pulled under tension [39,48,65]. Loss in frictional resistance and mechanical interaction may result from the diameter reduction.
Besides, by comparing to smaller diameter, greater bar diameter requires extended embedment length to generate the same magnitude
of bond strength and developed lower adhesion with the surrounding concrete [39].

5.3.3. Corresponding slip

An interaction between bar diameter and its corresponding slip is plotted and presented in Fig. 21. Data from literatures have
specified that greater bar diameter results in less slip. The main reason is being caused by the significant magnitude of elastic energy
reserved in greater bar diameters [75], greater contact area of the bar with surrounding concrete [99] and shear lag phenomenon [24,
39,48,100]. Fig. 22 illustrates shear lag phenomenon where stress on the fibers at the bar’s outer surface is greater than on the fibers at
the center. In a situation where CFRP bar is being pulled in tension, the surface and core fibers move (slip) in different rates. This is
resulting the non-uniform distribution of stress throughout the bar cross-section and hence, affecting its corresponding slip.

5.4. Variation in modulus of elasticity

5.4.1. Failure mode

In the literature, restricted amount of researches has been performed with focusing on the impact of elastic modulus to bond failure
mode. Nonetheless, Fig. 23 is plotted to describe the relationship between failure mode and modulus of elasticity by evaluating the
indirect data available in the literatures [29,38,39,48,61,63-66,72,75,76,88-94]. It can be clearly noticed from the column chart that
bar pullout failure are dominant for all categorized of elastic modulus, accounted about 76% from all specimens. The chart also shows
that the experimental data are contributed from CFRP bars having elastic modulus between 100 GPa and 180 GPa. Such modulus of
elasticity within the range of 140-160 GPa represents for overall of 78 samples had been failed by pulling out. It implies that CFRP bars
with 140-160 GPa modulus of elasticity can provide the desired bond pullout failure.

5.4.2. Bond strength

Further data mined from literatures present the impact of elastic modulus on bond strength as depicted in Fig. 24. The plotted graph
have indicated that there is a trend for higher bond strength with increasing modulus of elasticity [47,87,96]. The prime facts is that
CFRP bar with higher elastic modulus having more resistant to deform within its elastic range by absorbing more energy [36].
Therefore, higher elastic modulus resulting less slip and subsequently less damage at the CFRP bar’s surface [87]. This can result in
higher average bond strength as modulus of elasticity increased, as observed in Fig. 24. Moreover, higher in modulus of elasticity may
increases the bond stiffness particularly at the ascending function in bond stress-slip model [87]. Nevertheless, limited numbers of
investigation have been found to unfold the influence of this parameter on bond performance [47,87].
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Fig. 20. Relationship between bond strength and bar diameter of CFRP bar [29,38,39,48,61,63-66,72,75,76,88-94].
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Fig. 23. Relationship between failure mode and modulus of elasticity [29,38,39,48,61,63-66,72,75,76,88-94].
5.5. Effects of surface treatment

5.5.1. Failure mode

The bond strength of concrete embedded with CFRP bars is significantly influenced by bar surface condition. In general, surface
treatment can be divided into two categories, namely deformed and non-deformed CFRP bars. The implication of bar surface condition
on different failure modes is depicted in Fig. 24. Once again, bar pullout failure were dominant for all type of failure modes followed by
concrete split. In bar pullout failure, it is noteworthy that damages on the CFRP bars were either at the bar’s interface with concrete or
by internal de-bonding of the bar itself. On the other hand, for peeling off resin, non-deformed bars had failed by double the numbers of
deformed bar that had been recorded. It can be concluded that peeling off resin were dominant for non-deformed bars with brittle
failure at its maximum bond strength and had low residual bond stress [48,62,71,75]. In addition, concrete splitting failure and bar
rupture for deformed bars were recorded higher ratio against non-deformed bars.
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Fig. 24. Effects of modulus of elasticity on bond strength [29,38,39,48,61,63-66,72,75,76,88-94].

5.5.2. Bond strength

In pullout tests, variety of bar surface conditions, including ribbed, helically wrapped, SC, textured and smooth were frequently
used as variables. Generally, experimental results on smooth CFRP bar were typically used as a benchmark to observe the impact of
having difference surface conditions on bond performance. Fig. 25 provides the valuable information about the implication of dif-
ference bar surface conditions on normalized bond strength. There is no doubt that deformed bars which represent by ribbed and spiral
wound surface condition had recorded the highest normalized bond strength. They were about 3.0 and 2.6 times higher than
normalized bond strength recorded for smooth bars. On the other hand, grooves and textured surface condition were performing better
than helically wrapped bars. The mechanisms in transferring the bond stress between concrete and CFRP bars are the main reason for
excellent bond performance on deformed bars. Fig. 26 provides an illustration about the mechanisms in transferring the bond stress as
unfolded by Pour et al. [57] and Zhang et al. [64]. The mechanisms involved in transferring the bond stress for deformed bar are
specifically depend on the geometrical ratios of surface conditions [56,101]. As mentioned by Baena et al. [75], Okelo & Yuan [66] and
Hao et al. [101], there are three geometrical ratios considered to evaluate the surface conditions on deformed bar: (i) area to space
ratio (as); (ii) the relative rib area (R,); and, (iii) concrete lug ratio (CLR). Fig. 27 depicts all those three geometrical ratios, which can be
calculated by performing the Eqs. (11a) to (11c).

a :& (11a)
rS
A
= 11b
Pr, ( )
CLR = L (11¢)
W, + W;

where, A, is the projected rib area (mmz); rs denotes as rib spacing (mm); P represents the nominal bar perimeter (mm); w. and wy are
the concrete lug width (mm) and CFRP bar lug width (mm), respectively. The variation in bar surface deformation plays a significant
role on bond behavior [39,102]. Based on the investigations revealed by Hao et al. [101] and Malvar et al. [102], the optimum surface

100 1 u Deformed bar
80 A # Non-deformed bar
:
3 60 A
P
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S
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crack/splitting resin
Type of bar

Fig. 25. Effects of surface treatment on the types of failure mode [29,38,39,48,61,63-66,72,75,76,88-94].
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Fig. 26. Impact on bond strength with differences bar surface treatment [29,38,39,48,61,63-66,72,75,76,88-94].
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Fig. 27. Mechanisms in transferring the bond stress for embedded concrete with deformed CFRP bars [64].

geometries for deformed FRP bar have been proposed for design references. They have come to the conclusion that the excellent bond
strength can be achieved with the rib height is 6% of bar diameter meanwhile, rib spacing is equal to the bar diameter. The R, value on
the other hand, recommended to be 0.06 [101,102].

As for non-deformed bars, CFRP with SC surface exhibit a comparable bond performance against deformed bars with 1.78 of
normalized bond strength. This result is 1.9 times higher than normalized bond strength recorded for smooth bars. The only mech-
anisms in transferring the bond stress for non-deformed bars are chemical adhesion and frictional resistance. Due to the absentee of
geometrical ratios, bond strength is also depending on the transverse stress from concrete to enhance the chemical adhesion and
frictional resistance [75]. Moreover, considering with no geometrical ratio on smooth CFRP bars, they are not endorsed to be utilized
as flexural reinforcement particularly in RC beams unless there are adequate anchoring systems are designed to enhance the bond
strength [62,71].

Henceforth, distinct surface condition involves different bond performance of CFRP bars. Yet, surface treatment of CFRP bars is the
variable that is not standardized due to its complexity and diversity in its characteristics [62,75]. Throughout the extensive in-
vestigations, current researchers had reported that bar’s surface treatment contributes an enormous impact on bond strength
particularly in the circumstances where the damages had occurred on the bar’s surface. For example, Baena et al. [75] had manifested
the significant impact of surface treatment on FRP bar’s bond strength throughout their 88 direct pullout tests. Also, Esfandeh et al.
[37] had concluded with the same agreement that any type of bar’s surface treatment resulted in a higher force to pull-out from
concrete. Moreover, Solyom & Balazs [62] had studied the effects of 13 different types of bar surface condition on bond strength. They
had determined that the bond strength may vary considerably subject to the types of surface treatment but, the bond had significantly
improved than steel bars.

The ACI 440.1R-15 [23] have pointed out their concern on bar surface treatment in sustaining the bond strength of embedded
concrete with FRP bars. However, ACI 440.1R-15 [23] has not consider any specific variable related to their proposed equation in
estimating the bond strength. The other international guidelines as such CSA S806-12 [44], CSA S6-06 [83] and ISIS Canada [24] have
proposed a coefficient factor pertaining to the different type of surface conditions in calculating the bond strength, as discussed in
Section 4.
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5.6. Effect of confinement pressure

Confinement pressure from concrete is another critical parameter that enable CFRP bar to reach its maximum bond strength [23,38,
39]. Transverse reinforcement may provide adequate confinement to concrete. In fact, with the presence of sufficient confinement
pressure, it is able to defer or avoid the concrete splitting failure and even increase the bond strength. In addition to that, CFRP bar is
expected to fail by pulling out. According to investigation by Zhou et al. [103], they had discovered that as confinement effect
increased, the bond strength had increased as well. Moreover, Islam et al. [95] recommend that concrete cover with 2.5d}, thickness is
satisfactory enough to provide the adequate confinement pressure without failure in concrete cover. (Fig. 28).

Apart from that, preceding researcher like Firas et al. [48] have manifested the impacts of confinement pressure on bond strength
for embedded CFRP bars in ultra-high performance fiber-reinforced concrete. However, they have concluded that the bond strength
would not necessarily increases along with the increment of confinement pressure (measured by ages of concrete). Also, the experi-
mental results had indicated the maximum bond strength for specimens tested at 3 days and 90 days did not differ significant (by only
less than 10% only).

5.7. Effect of bar casting position

This review study further unfolds the implication of bar casting position focusing on two typical cases, namely horizontal and
vertical position. The implication of bar casting position on bond strength had been studied by Alunno Rossetti et al. [43], Hossain &
Lachemi [104] and Park et al. [105]. All of the authors had carried out a good number of pullout tests on the samples where the bar was
set into those two cases. The experimental results indicated a significant impact of bar positioning on bond strength where the bar in
horizontal position systematically revealed about 40-91% lower bond strength as compared to vertical position [105]. This phe-
nomenon was reflected by the bleeding and segregation during casting works. They had concluded that during the concreting works,
air bubbles and water move upward and being snared beneath the horizontal bar. This, consequently have a detrimental implication on
bond strength due to decrease of contact surface between concrete and bars.

5.8. Effect of top-bottom bar

This review study continued to clarifies the effect of top-bottom bar particularly related to the bar arrangement in RC beam.
Hossain & Lachemi [104] and Park et al. [105] had conducted the pullout tests with regard to the top and bottom FRP bars positioning
as the main variable. By comparing the test results for top and bottom bars, it had shown top bars exhibited lower bond strength where
about only 45% to that of bottom bars [105]. This was also mainly due to bleeding and segregation effects during casting works.
However, these effects were only validated with the application of normal concrete where it was laid in multiple layers and extensive
mechanical vibration had been applied for the purpose of compactions. In the application of self-compacting concrete [104], the
impact on bleeding and segregation effects were observed to be less significant on the top and bottom bar. Therefore, the different of
bond strength due to top-bottom bar factor were reduced significantly. Henceforth, CSA S806-12 [44], CSA S6-06 [83] and ISIS
Canada [24] recommend to use two different values for bar location (K1) either 1.3 or 1.0 as a modification factor. This is briefly
discussed in Section 4.

6. Recommended research areas for future studies
Having performing this critical review, new significant variation of CFRP bars are being developed every year, improving its
material characteristics. Hence, numerous hotspot research areas were identified for further considerations and to be shortlisted as

research topics in future studies.

a) Bond strength of CFRP bar with additional anchorage system embedded in concrete:

4, Rib spacing

a/a/a

S
/ ,L/L*ﬁl/ a -
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We
Fig. 28. Definition of geometrical ratios on the deformed CFRP bar [75].
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- In the past 20 years, CFRP bars have attracted overwhelming attention for researchers to conduct investigations with the objective
to enhance the bond strength and its performances in concrete. The frequent variables involved in the research consist of change the
inherent properties of CFRP bar. These include bar diameter, modulus of elasticity and surface configurations [29,38,39,48,61,
63-66,72,75,76,88-94].

- However, in the last 5 years, with the current technology, CFRP bars literally attract more attention for researchers to investigate
the possibility to develop and increase the bond strength for CFRP bars with additional anchorage or hooked-end [61,64,93,106].

- Additional research is necessary to fully understand regarding the respond and bond performance of new available CFRP bar with
additional anchorage system embedded in concrete. The improvement in bond performance would validate the CFRP bar with
additional anchorage to be applied on RC and pre-stressed structures as well [107].

a) Arrangement and configuration CFRP bar with additional anchorage system:

- The development of new additional anchorage system or hooked-end [61,64,93,106] on CFRP bar would change their existing
well-known behavior in concrete particularly on the bar arrangement and configuration. These include concrete cover, bar spacing,
development length and modification factor for bar positioning in the member (top-bottom bar). For the sake of clarification,
further investigations are required to observe their responds with respect to these variables.

o

a) Behavior of CFRP bar with additional anchorage in different types of concrete:

1. Fibers in concrete: Presence of fibers in concrete may improve the mechanical properties particularly in tensile strength due to the
bridging effects [108-111]. Other than that, the impacts of fibers addition in concrete are able to prevent the wider crack widths as
well as provide additional confinement pressure to CFRP bar. The types of fiber added in concrete include steel, PVA, aramid,
polypropylene and glass fiber.

2. Geopolymer concrete: The bond performance of embedded CFRP bars in geopolymer concrete recently has only been the subject for
few studies. High performance and sustainable structures might be the outcomes by combination of these two materials. For
example, the applications of CFRP bar as flexural reinforcement in RC beam has great potential, according to investigation by
Ahmed et al. [112]. However, they observed that the CFRP bars had failed by de-bonding failure from the concrete beam due to
insufficient bonding. Hence, it is crucial to conduct investigations on bond behavior of CFRP bar embedded in geopolymer
concrete.

7. Conclusions

Fiber-reinforced polymer (FRP) bars are being acknowledged as an alternate remedy for civil infrastructure degradation. One of
these FRP is CFRP bars that have gained popularity because to their excellent corrosion resistance, cost-effectiveness, design flexibility,
and low maintenance requirements. The bond properties of embedded CFRP bar in concrete seems to be the most important aspect for
the material’s use to corrosion-free concrete structures. CFRP materials, unlike metallic reinforcements have exceptional tensile
strength, linear elastic characteristics, anisotropic, noncorrosive and nonmagnetic materials which might consequence in a distinct
force transmission mechanism between concrete and reinforcement bar. This research conducts a complete evaluation concentrating
on the bond strength to cover the remarkable contributions related to bond performance in previous studies. Following a thorough
review of the literatures, numerous conclusions regarding the bond performance of embedded CFRP bars in concrete can be suc-
cessfully drawn:

1. Pullout test has been extensively adapted method in determining the bond strength of embedded CFRP bars in concrete. It offers an
economical, usability and practicality in evaluating the bond strength behavior.

2. The BPE modified model, CMR model and Tighiouart et al. model have relatively proposed the simple form of bond stress-slip
model with reliable results. However, CMR model and Tighiouart et al. model only consider the ascending curve where it is
suitable for the analysis at serviceability state level. The modified BPE model has been identified to be the most appropriate and
practical model. Nevertheless, it has attracted great interest of using CMR model as a replacement for the ascending stage to assess
the complete bond stress-slip behavior.

3. Bond strength prediction analysis have found that ACI 440.1R-15 and JSCE underestimate the bond strength. Whilst, CSA S806-12
and CSA S6-06 & ISIS Canada overestimate the bond strength by 20% and 24%, respectively. In general, predicting values of bond
strength by international guidelines are conservative. This can be attributed to the number of factors considered in those equations.

4. Throughout the statistical measures, bond strength prediction by ACI 440.1R-15 is discovered to be more realistic as compared to
the experimental results.

5. Over 273 specimens of CFRP bar involved in pullout tests were extracted from the experimental works in literatures. They were
analyzed systematically and presented in an extensive review concentrating on the major factors affecting the bond strength. Those
major factors were recognized and quantitatively analyzed to fully comprehend their responds in concrete. Precisely, the factors
like inherent properties of CFRP bar (include diameter, elastic modulus and surface condition), inherent concrete properties
(include compressive strength) as well as bar arrangement and configuration (include embedment length, bar casting position and
top-bottom bar) literally affect the CFRP bond behavior and performance.
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6. In addition to that, the compressive strength, bar diameter and elastic modulus are the three major factors that have linear re-
lationships with the bond strength. Nonetheless, the bond strength was identified to have a nonlinear relationship against the
embedment length.

7. Hotspot research areas were also identified for further considerations in future studies. They were including the possibility to
develop and increase the bond strength for CFRP bars with additional anchorage, the new arrangement and configuration of CFRP
bar with additional anchorage system and the characteristics behavior of CFRP bar with additional anchorage in different types of
concrete. The discoveries of these new parameters will enhance the excitement in employing the CFRP bars as structural rein-
forcement in RC structures.

In brief, the main findings of this review will help the scientists, structural engineers and practitioners in understanding the
important aspects of bond dependent-factors for embedded CFRP bars in concrete. The employment of CFRP bars as structural
reinforcement for RC structures is a step towards establishing such smart and flexible construction schemes.
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