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a b s t r a c t

Glass fiber-reinforced polymer (GFRP) reinforcements are taken as an alternative solution for the dete-
rioration of civil infrastructures. GFRP bars have received increasing attention due to low cost compared
to carbon fiber-reinforced polymer (CFRP) bars. Bond characteristic of GFRP bars in concrete is the most
critical parameter for implementation of the material to the corrosion-free concrete structures. Unlike
steel reinforcement, GFRP materials behave anisotropic, non-homogeneous and linear elastic properties,
which may result in different force transfer mechanism between reinforcement and concrete. With the
purpose of covering the most valuable contributions regarding bond mechanism in the past work, a
comprehensive review focusing on the failure mode and bond strength is carried out in this paper. A
database consisted of 682 pullout-test specimens was created to observe the factors affecting bond
behavior. Basic relationship between bond strength/slip and factors was analyzed accordingly. In addi-
tion, the development of bond degradation under environmental conditions, such as freezing-thawing
cycling, wet-dry cycling, alkaline solutions and high temperature was presented thereafter. These
environmental influences need to be further investigated.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Corrosion of steel reinforcing bars in reinforced concrete (RC)
structures is a serious problem when they are in exposure to
various environments [1]. In particular, sodium chloride and cal-
cium chloride based deicers, traditionally used in cold regions for
snow and ice removal operations, primarily respond for the initi-
ation of steel corrosion. Corrosion process and its products damage
the interface between steel bar and concrete, thus degrade bond
strength, and ultimately shorten the service life of the concrete
structures. This arises up to substantial economic burden during
periodic maintenance, repairs and rehabilitations in the United
States, Canada and European countries [2e4]. There has been an
increasing demand for alternate materials and techniques for
reinforcement in RC structures [5e7]. These include coating tech-
niques (fusion bonded epoxy and galvanized coatings) on steel or
non-metallic reinforcements (carbon fiber-reinforced polymer,
glass fiber-reinforced polymer and aramid fiber-reinforced poly-
mer). Among them GFRP reinforcing bar has received increasing
: þ1 701 231 6185.
attention due to its high chemical resistance, high strength-weight
ratio, and high cost efficiency, as well as its superior corrosion
resistance [8].

Bond characteristics of GFRP bars in concrete are the most
critical parameter for implementation of the material to the con-
crete structures. Unlike steel reinforcement, GFRP materials behave
anisotropic, non-homogeneous and linear elastic properties, which
results in different force transfer mechanism between reinforce-
ment and concrete. Primary factors affecting bond behavior [9e12],
such as concrete strength, concrete cover, and concrete confine-
ment provided by transverse reinforcement, have been investi-
gated based on either beam test or direct pullout test [13e18].
Correspondingly, design codes for FRP reinforcement in the U.S.,
Canada and Japan have stipulated guidelines associated with bond
mechanism in terms of both embedment length and bond strength
[1,19e21].

Although much research has showed that different factors
respond for the different bond performance of GFRP bars in con-
crete and accordingly yield the different bond strength, current
design codes cannot accurately account for the bond strength with
respect to transverse reinforcement. For example, the empirical
bond strength equations used in ACI 440.1R-06 (2012) is defined
based on Wambeke and Shield [22] database, of which very few of
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Fig. 1. BPE model for steel bar.
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the beam test specimens encompassed transverse reinforcement.
On the other hand, several models have been developed to
construct the bond stress-slip relations [23e25] and each of them
may be derived under certain assumptions. So far, no unifiedmodel
is available that can be applied to general bond behavior of GFRP
bar. Thus it is necessary to review the existing bond models and
their applicability, for assisting engineers to select desirable
models.

Moreover, since concrete has a high alkaline with a pH value
ranging from 12.7 to 13.6 [26,27], several previous studies
demonstrated that GFRP bars embedded in concrete have reduction
in both tensile and bond strengths [28e32]. Laboratory based tests
also revealed that elevated temperature can further accelerate their
strength degradation process [33]. Degradation modeling and
prediction (e.g., Arrhenius concept) of tensile strength retention
has been proposed and been successfully validated [26,32]. Bond
degradation of GFRP bars in concrete, however, in particular under
harsh environments, such as extremely thermal cycling, alkaline
solutions and other chemical attacks, is more complex, while
accordingly existing studies and methods on mechanism and pre-
diction are different and even in contrary opinions in the available
literature [34e36]. Thus, it is important to better understand their
bond behavior andmechanism formorewidespread applications of
GFRP bars in concrete structures.

To maximize the knowledge and experience gained in existing
studies and practices in the literature, this study is undertaken to
summarize the key issues primarily on bondmechanism in terms of
failure modes and bond strength. Both bond stress vs. slip models
and primary factors affecting bond behavior are investigated
through statistical analysis based on a database created. Mean-
while, comparisons between different design standards regarding
bond strength prediction are presented and discussed in this study.
Furthermore, bond degradations under environmental conditions,
such as freezing-thawing cycling, wet-dry cycling, alkaline solu-
tions and high temperature are presented and analyzed respec-
tively. Future work for both theoretical bond degradation and
laboratory test would be performed based on the contribution
covered in this study.

2. Bond behavior and modeling of GFRP bars to concrete

2.1. Bond stress-slip behavior and its modeling

Generally, bond of reinforcing bar to concrete includes: a)
Adhesion resistance of the interface, defined as chemical bond; b)
Frictional resistance of the interface against slip; and c) Mechanical
interlock due to irregularity of the interface [37]. GFRP bar has a
different bond behavior compared to steel bar, which is mainly
attributed to difference in material property and surface texture
that lead to different surface toughness and the force transfer
mechanism between reinforcement and concrete [13,38,39]. GFRP
reinforcement behaves linearly elastic till failure, whereas con-
ventional steel reinforcement exhibits an obvious plastic stage with
large deformation after yielding. GFRP bar usually has different
surface texture and treatments, such as ribbed, sand coated and
helically wrapped, and thus its bearing force due to mechanical
interlock is commonly smaller than that of steel ribbed bar. It is
believed that such mechanical interlock of surface texture and
surface treatments to concrete matrix accounts for the majority of
bond strength of GFRP bar over chemical adhesion or friction [11].
However, another contrary opinion holds that chemical adhesion is
the primary bond during pullout process, while mechanical inter-
lock and friction are only the secondary contribution [40].

Currently, several analytical models of bond stress vs. slip re-
lations have been developed using the explicit mathematical
formula to describe bond behavior of FRP bar to concrete, as
addressed in the following sections.
2.1.1. BPE and modified BPE models
The BPE model was originally developed to describe bond

behavior of steel bar to concrete [41], as shown in Fig. 1. Consider
that the FRP bond has no apparent plateau as steel bar, the model
was then modified as Fig. 2 for FRP material [39]. In this model, the
bond-slip curve of the FRP bar in concrete, illustrated in Fig. 2, is
mainly simplified into three stages. In stage I, an ascending function
in bond stress corresponds to the chemical adhesion between the
bar and concrete, as well as the bearing force. Cracks develop at
later this stage. After the bond force increases to a certain value, the
bar starts to slide along the lug area. Concrete cracks (or even
crushing) occur and the bearing force due to mechanical inter-
locking against the concrete diminishes, resulting in a rapid
decrease of the bond stress accompanying with an apparent slip as
shown in stage II. In stage III, significant cracks formed in the
concrete and the bar continues to slide while remaining a certain
bond force mainly due to friction.

Thus, the modified BPE (mBPE) bond stress-slip model in Fig. 2
can be piecewisely expressed as these three stages in Eqns.
(1a)e(1c).

t

tb
¼

�
s
sb

�a

for 0 � s � sb; (1a)

t

tb
¼ 1� p

�
s
sb

�
for sb � s � s3; (1b)

t ¼ t3 for s � s3; (1c)

where t and s are defined as the bond stress and the slip, while tb
and sb are the maximum bond stress (bond strength) and its cor-
responding slip; a and p are parameters that can be determined
from curve fitting of experimental results. The effect of surface
treatment on bond strength is considered in this model [36]. The
ascending branch of BPE/mBPE was observed to have larger bond
stress than the experimental results in Masmoudi's work. It is
worth noting that both fiber type and bar diameter are not taken
into account in this model.
2.1.2. Malvar's model
Rather than use of three piecewise equations in themBPEmodel

[36], this model uses a polynomial function [42] to predict the bond
stress-slip behavior, as shown below in Eqn. (2a):
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Fig. 2. Modified BPE model for FRP bar.
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where,

tb
ft

¼ Aþ B
�
1� e�Csr=ft

�
and sb ¼ Dþ Esr; (2b)

in which constants A, B, C, D, E, F and G are parameters to be
determined from experimental results; sr is confining axisym-
metric radial pressure while ft is concrete tensile strength.

In Malvar's study [39], GFRP bar with four different surface
textures were investigated. Note that Malvar's model did not pre-
dict the first ascending stage as accurately as the mBPE model [39].
Moreover, it is assessed to be less reliable compared to BPE, mBPE
and CMR models [43]. Additionally, impacts of bar diameter on the
bond strength were ignored in this model.
2.1.3. CMR model
To overcome the drawback of the Malvar's model, the CMR

model proposed by Cosenza et al. [44] was used to better represent
ascending function at the first stage of bond stress-slip curve for
FRP bar to concrete in form of.

t

tb
¼

�
1� exp

�
� s
sr

��b

; (3)

where sr and b are parameters that are derived from curve fitting of
experimental data. Since the initial slope in the CMR model is
infinite, it may account for impacts of chemical adhesion at the
initial stage. It shows a good agreement with experimental results
than the BPE model in Masmoudi's study.
2.1.4. Parameters determined for the existing bond-slip models
As compared to the mBPE model and the CMR model, Malvar's

model requires more parameters to be determined and has been
reported to be less comprehensive and lower reliable [43]. Differ-
ently, the mBPE model and CMR model are more concise and
convenient for implementation and thus these two models will be
mainly discussed herein. Basically, a in the mBPE model in Eqn.
(1a), and sr and b in the CMRmodel in Eqn. (3) are determined using
the data-driven curve fitting.

The data reported in Refs. [24,25,45e47] were used to demon-
strate the distribution state of the fitting parameters. Those test
contained the parameters including the bar size, surface treatment,
concrete compressive strength, kinds of fibers, kinds of test, oper-
ating temperature. Data from literature in terms of the bar size and
surface treatment are plotted in Fig. 3, inwhich parameters a, sr and
b are displayed by squares, circles and triangles, respectively. High
variation in Fig. 3 revealed that values of these parameters in the
mBPE and CMR models are highly affected by different rebar con-
ditions, such as rebar diameter and surface treatment [25,45e47],
and other environmental factors, such as varying operating tem-
perature [24]. For GFRP rebars with a diameter of 12.7mm andwith
a surface of helically wrapped and sand coated, a ¼ 0.18 was sug-
gested for mBPE model, and sr ¼ 0.0668, and b ¼ 0.3691 for CMR
model [47]. Yoo et al. (2015) calibrated parameters in the existing
models for GFRP rebar with different diameters. Specifically, for
diameter of 12.7 mm, the coefficients of mBPE model has a ¼ 0.18;
while sr ¼ 0.16, and b¼ 0.50 for CMRmodel. In addition, Masmoudi
et al. (2011) investigated the impacts of elevated temperature on
the selection of parameters. Their tests for GFRP rebars with a 16-
mm diameter after 4 months thermal exposure showed that the
parameter a is likely a constant, with 0.085 at 20 �C, 0.089 at 40 �C,
0.087 at 60 �C and 0.084 at 80 �C.

The box plots for these three parameters with regard to specific
rebar diameter and surface treatment are displayed in Figs. 4
through 6. The lower and upper limits in these plots can provide
a preference of parameters to a certain extent if when experiments
are not available. For example, a is supposed to be the median that
can be derived from the left boxplot of Fig. 4, when diameter is
equal to 12.7 mm, a is found to be 0.2715, and similarity to b and sr.
With the obtained parameters for either the mBPE or CMR, the
bond-slip model of GFRP rebar to concrete will be available.
2.2. Bond strength specified in existing design provisions

2.2.1. ACI 440.1R-06
Bond strength of FRP bar to concrete is specified in ACI 440.1R-

06 [1], a linear regression of normalized average bond stress

ðtb=
ffiffiffiffiffi
f 0c

q
Þ is described by the normalized concrete cover (c/db) and

embedment length (ld/db):

tb

0:083
ffiffiffiffiffi
f 0c

q ¼ 4:0þ 0:3
C
db

þ 100
db
ld

; (4)

where tb is the bond strength (MPa); f 0c is the concrete compressive
strength (MPa) at 28-day age; c is the lesser of the cover to the
center of the bar or one-half of the center-on-center spacing of the
bars being developed; db is bar diameter; ld is embedded length in
concrete. This equationwas developed from a comprehensive study
by Wambeke and Shield [22] through the 269 bond tests. The tests
built up a valuable database, widely covering beam-end tests,
notch-beam tests, and splice tests, while GFRP bars were used as
the major reinforcement (by 240 out of total number of 269). Bar
surfaces included sand coated, spiral wrap and helical lug,
including with and without confining reinforcements. The diam-
eter of the bar ranged from 13 to 29 mm. The concrete compressive
strength ranged from 28 to 45 MPa. Out of 240 GFRP specimens, 75
failed by concrete splitting, 94 by pullout failure and 71 by bar
tensile fracture failure. In the Wambeke and Shield database, the
bar surface did not appear to influence the test results. Meanwhile,
no explicit expression was presented to the transverse reinforce-
ment, however it was claimed that the confinement influence
needs to be further investigated.
2.2.2. Canadian Standards Association
Canadian Standards Association (CSA S806-02) [20] specifies the

following equation for the average bond strength of FRP bars to
concrete:



Fig. 3. Dispersion conditions of fitting parameters b and sr.

Fig. 4. Discrete conditions of fitting parameter a.

Fig. 5. Discrete conditions of fitting parameter b.
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tb ¼
dcs f 0c

; (5)
ffiffiffiffiffiq
1:15ðK1K2K3K4K5Þpdb

where dcs is the smallest of the distance from the closest concrete
surface to the center of the bar being developed or two-thirds the
center-on-center spacing of the bars being developed (mm); K1 is
bar location factor (1.3 for horizontal reinforcement placed more
than 300 mm of fresh concrete is cast below the bar, 1.0 for all
other cases); K2 is concrete density factor (1.3 for structural low-
density concrete, 1.2 for structural semi-low-density concrete, 1.0
for normal-density concrete); K3 is bar size factor (0.8 for
Ab � 300 mm2, 1.0 for Ab> 300 mm2); K4 is bar fiber factor (1.0 for
CFRP and GFRP, 1.25 for AFRP); K5 is bar surface profile factor (1.0
for surface roughened or sand coated or braided surfaces, 1.05 for
spiral pattern surfaces or ribbed surfaces, 1.8 for indented sur-
faces). Thus, it can be observed that the proposed bond strength in
Eqn. (5) corresponds to concrete cover, concrete strength, concrete
density, bar diameter, bar surface conditions, bar location, and fi-
ber type.

2.2.3. Canadian Highway Bridge Design Code
Canadian Highway Bridge Design Code (CSA S6-06) [21] rec-

ommends the bond strength of FRP bars to concrete in the
following:



Fig. 6. Discrete conditions of fitting parameter sr.
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tb ¼ fcrðdcs þ KtrEFRP=EsÞ
0:45pdbk1k4

; (6)

where fcr is the cracking strength of concrete (MPa); Ktr is trans-
verse reinforcement index (mm) which is defined as Atr fy

10:5sn, where
Atr is the area of transverse reinforcement normal to the plane of
splitting through the bars (mm2), fy is the yield strength of trans-
verse reinforcement (MPa), s is the distance of center to center
spacing of the transverse reinforcement (mm), n is the number of
bars being developed along the plane of splitting; EFRP is the
modulus of elasticity of FRP bar (MPa); Es is the modulus of elas-
ticity of steel (MPa); k1 is the bar location factor; k4 is the bar sur-
face profile factor. Thus, CSA S6-06 describes the bond strength as
the function of concrete cover, concrete strength, concrete
confinement provided by transverse reinforcement, bar diameter
and bar surface conditions.
2.2.4. Japanese design code
The Japanese Design Code (JSCE) [19] derives the bond strength

of FRP bars to concrete, mainly from the modification of the
expression for steel bars, which is limited to splitting failure as
given by Eqn. (4) in ACI 440.1R-06:

tb ¼ fbod=a1; (7a)

where a1 is a confinement modification factor defined in the
following:

a1 ¼ 1:0 for kc � 1:0;
a1 ¼ 0:9 for 1:0< kc � 1:5;
a1 ¼ 0:8 for 1:5< kc � 2:0;
a1 ¼ 0:7 for 2:0< kc � 2:5;
a1 ¼ 0:6 for kc >2:5:

(7b)

kc ¼ c
db

þ 15At

sdb

Et
Es

; (7c)

fbod ¼ 0:28a2f
02=3
c

1:3
� 3:2 N=mm2; (7d)

where c is the smaller of the bottom clear cover of the main rein-
forcement or half of the clear space between reinforcement being
developed; At is the area of transverse reinforcement; s is the
spacing of transverse reinforcement; Et is the modulus of elasticity
for the transverse reinforcement; Es is the modulus of elasticity for
the steel. fbod is the designed bond strength of concrete; a2 is the
modification factor for bond strength (1.0 where bond strength is
equal to or greater than that of deformed steel bars; otherwise
value shall be reduced according to test results). It is clear that the
bond strength of FRP bars defined in Japanese design code is a
function of the concrete strength, the concrete cover, the concrete
confinement provided by transverse reinforcement and the bar
location.

2.2.5. Comparisons of national and international design
specifications

National and international design specifications associated with
the bond strength of GFRP bars to concrete have been discussed
through Section 2.2. A comparison among these codes is summa-
rized and listed in Table 1 to better understand the standardized
language in bond strength, the factors that affect bond strength
considered in the design standards, and their applicability.

It is clear that key factors such as, concrete strength, bar diam-
eter, concrete cover and bar location are taken into account for all
these standards. Embedment length is considered only in ACI
440.1R-06 standard for bond strength calculation. It is worth noting
that the bar surface profile (spiral wrapped vs. helical lugged) did
not appear to influence the bond strength, and it is necessary to be
further investigated. Differently, more additional information for
determination of bond strength, including fiber type used in rein-
forcement, and confinement provided by transverse reinforcement,
is used in the Canadian or Japanese Codes, which is ignored in ACI
440.1R-06.

Further valuable information of these design codes, ACI 440.1R-
06, CSA S806-02, CSA S6-06 and JSCE, for bond strength prediction
was reported by Ametrano [48], where the beam test was used. He
documented his investigation on the bond strength of GFRP bars
with two different bar sizes with diameters db ¼ 15.9 and 19.1 mm,
and to four different concrete mixes, labeled as HP-S10, RYE, Duct1
and Duct2, with compression strength of 71.2, 115 (~130MPa), 147.8
and 174.5 MPa, respectively. As clearly illustrated in Fig. 7a and b,
bond strengths obtained from the tests are higher than those pre-
dicted through the four design standards, indicating that the codes
is conservative, and the development length provided is sufficient
for FRP bars to reach their ultimate stress prior to bond failure.
Furthermore, the bond strength predicted by ACI 440.1R-06 is
closer to the test results. For another, the bond strength predicted
by CSA S806-02, CSA S6-06 and JSCE differ little from each other.

3. Critical factors and their impacts on failure modes and
bond strength of GFRP bars to concrete

A data-driven parametric study was carried out for over 680
pullout-test specimens that were collected from the literature
[1e31], [32e62], [63e93]. This database was valuable information



Table 1
Factors for determining bond strength in the national and international design codes.

Design standards Concrete strength Bar diameter Concrete cover Bar location Embedded length Bar surface Transverse confinement Fiber type

ACI 440.1R-06 ✓ ✓ ✓ ✓ ✓ ✓ � �
CSA S806-02 ✓ ✓ ✓ ✓ � ✓ � ✓

CSA S6-06 ✓ ✓ ✓ ✓ � ✓ ✓ ✓

JSCE ✓ ✓ ✓ ✓ � � ✓ �

Fig. 7. Bond strength calculated in design standards based on Ametrano's work [48].
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for determining the critical factors that affect the bond behavior of
GFRP bars to concrete and their corresponding failure modes and
bond strength. The review demonstrated that GFRP bars to concrete
commonly displays several bond failure modes, including pullout
failure, splitting failure, anchorage failure, rebar fracture and
peeling off of resin, while these bond failures and the bond strength
are majorly associated with: concrete compressive strength, bar
size, concrete cover, embedment length, bar spacing, and trans-
verse reinforcements, as discussed in more detail below.
3.1. Failure mode and bond strength associated with concrete
compressive strength

3.1.1. Failure mode
Fig. 8 was plotted to describe the relationship of the failure

modes with respect to the concrete compressive strength. It is clear
Fig. 8. Failure modes associated with concrete compressive strength.
that both pullout and splitting failures are overwhelmingly domi-
nant, accounting for over 80% of all the failure modes regardless of
concrete strength. Specifically, pullout failure vs. concrete
compressive strength displays an approximate normal distribution
with a mean value of the concrete compressive strength ranging
from 40 to 50 MPa. Splitting failure primarily falls into the range of
the concrete compressive strength between 30 and 50 MPa.
Differently, anchorage failure occurred when concrete has a higher
compressive strength over 30 MPa. Rebar fracture was observed
from about 32 cases that compressive strength was at 30 MPa and
50 MPa, while 42 specimens failed by peeling off of resin at higher
concrete strength at levels of 50e60 MPa.

3.1.2. Bond strength
The pullout and splitting failures are twomajor dominant failure

modes, as stated in Section 3.11. Thus, the data mining from the
Fig. 9. Bond strength versus concrete strength
ffiffiffiffiffi
f 0c

q
.
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literature mainly aligns with these two failures. Fig. 9 displays the
bond strength vs. the concrete compressive strength (in terms offfiffiffiffiffi
f 0c

q
) curves of both pullout and concrete splitting, inwhich tb is the

bond strength between concrete and GFRP bar, and f 0c refers to the
concrete compressive strength at 28 days.

Clearly, large scatter data at both pullout and splitting failure
still display the increase trendline with the increase of the concrete
compressive strength, by certain proportionality to

ffiffiffiffiffi
f 0c

q
, as

observed in the literature [17,46,49,50]. It is usually GFRP bar is
implemented in concrete products with a compressive strength
below 55 MPa (8000 psi) [51e54], which is confirmed by heavy
data points falling within 27e55 MPa shown in Fig. 9.

Davalos et al. [55] summarized the relationship between the
bond strength and

ffiffiffiffiffi
f 0c

q
. Their findings indicated that the bond

strengths predicted by design codes CSA-S806 and JSCE in Section
2.23 and 2.24 are conservative, whereas ACI 440 may not be con-
servative when concrete compressive strength is relatively low. By
using the high-strength concrete over 55 MPa (8000 psi), the bond
strength predicted by ACI is more conservative than other design
codes.

Note that the ratio of the bond strength to concrete strength,
tb=

ffiffiffiffiffi
f 0c

q
, starts to decrease with the increase of the compressive

strength after beyond 55 MPa (8000 psi) [56e58]. It is partly
because higher concrete strength demands higher threshold for
pulling out a bar, while the feature of high brittle for high strength
concrete thus makes concrete more vulnerable to fail by coupled
pullout with splitting failures. As a result, full capacity of pullout
failures are less observed for high strength concrete. To clarify this
statement, the bond slip, sb, associate with the testing data in the
literature is plotted against the concrete strength

ffiffiffiffiffi
f 0c

q
, as shown in

Fig. 10, where y axis is the normalized slip by sb=ld and ld is the
embedded length of a bar to concrete. With the increase of the
compressive strength, particularly over 55MPa (8000 psi) shown in
Fig. 10, there is a significant drop in bond slip, suggesting that tests
were mainly terminated by more sudden failures when concrete
had a relative higher strength.
3.2. Failure mode and bond strength associated with concrete cover

3.2.1. Failure mode
Concrete cover is another critical factor that affects failure

modes, bond strength and the durability of GFRP bar to concrete.
Ehsani et al. [59] tested 48 GFRP bar reinforced concrete beams.
Fig. 10. Normalized bond slip versus strength
ffiffiffiffiffi
f 0c

q
.

Their test results indicated that specimens had splitting failures
when concrete cover, c, is one time of the bar diameter (c¼ 1.0 db),
while pullout failures or even bar fracture were observed when
concrete cover has at least twice of the bar diameter. Alves et al.
[35] investigated bond characteristics of GFRP bars to concrete
when subjected to environmental and loading conditions. Two
different bar diameter (15.9 and 18.9 mm) and three concrete
covers (1.5 db, 2.0 db and 2.5 db) were included in their study. The
findings showed that failure modes switched from typical splitting
failure to pullout failure, with the increase of concrete cover.
Moreover, the study confirmed that the clear concrete cover having
the value of 2.0 db ensure the pullout failure for 15.9-mm bar, while
2.5 db for the 18.9-mm bar. It implied that increasing concrete cover
leads to higher confinement pressure (bearing effect) on the GFRP
bars, thereby reducing the possibility of developing more cracks in
the concrete surrounding the bars and thus delaying the splitting
failure.

The summary of the data in the literature of concrete cover to
failure modes of GFRP bar is plotted in Fig. 11, in which x axis is
defined by the normalized concrete cover, c/db, by bar diameter db.
As clearly illustrated in Fig. 11, particularly when the ratio of con-
crete cover to bar diameter is equal to or greater than four, over 400
specimens were failed by pulling out, reaching up to 60% of all over
the database. Therefore, it implies that larger concrete cover pro-
vides higher confinement to the bar, thereby resulting in the more
dominant pullout failure. Otherwise, splitting failure occurs prior to
pullout failure when concrete cover is not sufficient to apply
adequate confinement to reinforcing bars.

3.2.2. Bond strength
Fig. 12 shows the relationship of the bond strength (normalized

by tb=
ffiffiffiffiffi
f 0c

q
) with concrete cover (c/db). High scatter data points

account for high variation during tests, including varying specimen
preparation, test conditions, methods and operational variation.
There is still a basic increasing trendline with the increase of con-
crete cover, as illustrated in Fig. 12. This trend is more clearly
observed if test data are more comparable. For example, Aly et al.
[60] tested six full-scale beams reinforced with GFRP bars to
investigate the effects of concrete cover on their bond strength, and
they observed that the specimens had an increase in bond strength
by approximately 27%, as concrete cover increased from one to four
times of the bar diameter. Clearly, sufficient concrete cover confines
GFRP bar and allows the bar to develop higher bearing force,
thereby resulting in the higher bond strength to concrete.
Fig. 11. Failure mode associated with concrete cover.



Fig. 12. Normalized bond strength versus c/db.
Fig. 14. Failure mode associated with embedment length.
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In addition, further information is gained from the correlation
between the bond slip (sb/ld) and concrete cover (c/db), as shown in
Fig. 13. The slip decreased when concrete cover increased as ex-
pected. Also, the trendline of splitting failure (in solid lines) has a
higher gradient than that of pullout failure, indicating that
increasing concrete cover provide higher confinement, which
prevents development of slip movement, and thus more likely fails
by a sudden energy release.
3.3. Failure mode and bond strength associated with embedment
length

3.3.1. Failure mode
Similar to concrete cover, embedment length, ld, is one of critical

parameters that influence the bond strength of FRP bar to concrete.
Fig. 14 is plotted for the testing data associated with both pullout
and splitting failures. Pullout failure dominates the failure modes,
while approximately yielding a normal distribution with a mean
value ranging from 5 to 6 (times of ld/db). Such embedment (5e6
times of bar size db) responds for total amount of 256 specimens
failed by pulling out, 54% of overall failure modes. It also implies
that the embedment length having five times of bar diameter en-
ables to provide desirable bond pullout failure for GFRP bar to
concrete.
Fig. 13. Normalized bond slip versus c/db.
3.3.2. Bond strength
Fig. 15 plots the normalized bond strength vs. the normalized

embedment length (ld/db) under both pullout and splitting failures.
The maximum average bond stress of GFRP bars to concrete,
illustrated in Fig. 15, decreases as the embedment length increases,
similar to the previous observations for steel bars [7,11,46,49,50,61].
It is mainly due to a nonlinear distribution of the bond stress along
the reinforcing bar, as schematically shown in an inserted plot in
Fig. 15. As the embedment length increases, the stress yields the
high unevenly distributed over a longer length, thereby resulting in
the decrease in average bond stress. The identical conclusion can be
drawn from the ACI 440 1R-06 in Section 2.2.1 and also most single
cases confirm this observation. For example, Achillides et al. [11]
reported that the increase of the embedment length not only
leads to the decrease of the maximum average developed bond
stress of FRP bars, but also yields the lower initial bond stiffness
accordingly, which responds for high nonlinearly non-uniform
distribution of the bond stress along the longer bar.

On the other hand, the bond slip increased as the embedment
increased, as shown in Fig. 16. The longer embedded length yields
relatively higher applied force, while the longer length provides the
longer “strain” length to develop deformation when subjected to
higher applied force, and thus failure frequently occurs at the larger
slip.
Fig. 15. Normalized bond strength versus ld/db.



Fig. 16. Bond slip versus ld.
Fig. 18. Bond strength versus db.
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3.4. Failure mode and bond strength associated with bar diameter

3.4.1. Failure mode
Fig. 17 presents the failure types with respect to the bar diam-

eter. Even though there is no clear correlation between bar size and
failure modes, pullout and splitting failures are still major failures
through different bar size. Pullout failures respond for 500 out of
682 cases, in particular at bar diameter of 12e14 mm. It seems that
there are increasing splitting failures as the increase of bar diam-
eter, while other three failure modes were observed far less
frequently, with 23 specimens for anchorage failure; 32 specimens
for rebar fracture and 53 specimens for peeling off of resin.
3.4.2. Bond strength
Fig. 18 shows the relationship of bond strength (tb) with bar

diameter (db). It is clear that the bond strength decreased as the bar
diameter increased for both pullout and splitting failures. It is
partially because the increased bar diameter leads to the increased
contact area with concrete, while naturally trap the void or other
defects at the interface during concrete cast and construction
[35,62,63], thereby statistically causing the higher possibility to
form weak interface between the bar and concrete, and ultimately
reducing to the lower average bond strength.
Fig. 17. Failure modes associated with bar diameter.
3.5. Failure mode and bond strength associated with bar surface
conditions

3.5.1. Failure mode
Bar surface conditions in terms of ribbed, helically wrapped,

sand coated, helically wrapped or sand coated are commonly used
in direct pullout tests. Smooth surface is normally taken as a
reference to quantify the effects of various surface treatments on
bond behavior and failure modes. Fig. 19 demonstrates the re-
lationships between surface conditions and failure modes. Failure
modes and surface conditions are assigned with the legends, as
shown in Fig. 19. For simplicity, the first term of the legends used
represents the failure modes, while the second term is for surface
conditions: a) R ¼ ribbed; b) HW ¼ helically wrapped; c) SC ¼ sand
coated; d) HWSC ¼ helically wrapped and sand coated; e)
SW ¼ spirally wrapped.

Clearly, the pullout failure mode are over 84% of all cases, while
the ribbed FRP bars (Pullout-R) occupied the largest proportion
among all surface treatments, with about 35% of total failures.
Helically wrapped and sand coated surface of GFRP bar (P-HW-SC)
and P-HW are the second and third better surfaces to allow desir-
able mechanical interlocking, taking up about 22% and 13%,
respectively. There are only 16% splitting failures, while similarly to
its counterpart, helically wrapped and sand coated or ribbed sur-
faces are the major treatments. These surface conditions provide
higher mechanically interlocking, which leads to relatively higher
hoop stress and hence results in splitting failures.
Fig. 19. Two failure modes associated with varying bar surface conditions.
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3.5.2. Bond strength
FRP bar is manufactured to different deformed surface patterns,

such as ribbed/lugged, indented, sand coated and spirally wrapped.
The ACI 440.1R-06 states that surface textures of the FRP bar plays
an important role in bond mechanism to concrete, even though no
specific variable is included in the existing ACI code to account for
the contribution. The CSA S806-02 specifies a coefficient factor (i.e.,
1.0 for surface roughed or sand coated or braided surface; 1.05 for
spiral pattern surfaces or ribbed surfaces; 1.8 for indented surfaces)
for different bar surfaces for determining the development length
of FRP bars.

Till now, there still remain opposite opinions about the effects of
bar surfaces on the bond strength, as reported by different re-
searchers. Wambeke et al. [22] summarized tests of 269 beam-type
specimens, and concluded that bar surfaces have no effects on the
bond strength of FRP bars to concrete. This was agreed with Mosley
et al. [64] who reported the identical conclusions based upon their
beam splice tests for bond behaviors of both GFRP and AFRP bars.
Differently, Baena et al. [47] performed 88 direct pullout tests for
FRP bars, suggesting that surface treatments appear to influence
the bond strength significantly. Also, Hao et al. [65] studied the
ribbed GFRP bars with different rib height and spacing. Their
findings showed that the surface macrotexture has high impact on
the bond behavior, failure modes and the bond strength of GFRP
bars to concrete.

3.6. Failure mode and bond strength associated with enhancement
of concrete from transverse reinforcement confinement or fiber-
reinforced concrete matrix

3.6.1. Enhancement from transverse reinforcement confinement
Transverse reinforcement provides confinement to concrete,

which not only delays the splitting cracking but also changes the
failure modes and bond-slip relationship by relatively higher
ductile performance, thus increasing the bond strength and bond
slip of reinforcing bars to concrete. With the help of the transverse
reinforcement, as stated in the ACI 408R-06, the concrete is
confined to prevent or delay a splitting failure, and thus it will
develop higher bond stress to the bar and likely fail by bar pulling
out.

On the other hand, some researchers, including Wambeke et al.
[22], pointed out that such confinement from transversal rein-
forcement may not increase the average bond stress of FRP bar
effectively. Steel bar has apparent ribs and thus the transverse
reinforcement can effectively apply higher bearing force on the
steel ribs to develop the higher bond strength. However, the
argument for FRP bar lies in the fact that a relative lower rib area in
FRP bar may lead to relatively weaker bearing force, even though
there is transverse reinforcement.

3.6.2. Enhancement from fiber-reinforced concrete matrix
Discrete fibers are usually used to mix in concrete, referred to

fiber reinforced concrete, to enhance concrete tensile strength and
toughness. Recently, fiber reinforced concrete has been accepted to
improve bond behavior in FRP bar to concrete [66e74]. Plizzari [66]
and Harajli et al. [67] reported that fibers increased the splitting
bond strength and improved the ductility of bond failure as
compared to plain concrete. Wang and Belarbi [70,71] investigated
bond strength of GFRP and CFRP bars in both plain and fiber rein-
forced concrete when exposed to aggressive environments,
including freeze-thaw cycles, and salt solutions. They found that the
polypropylene fibers in concrete matrix significantly improved the
bond capacity and their durability. The fiber-reinforce concrete
specimens after environmental exposure only had a 6% reduction in
ultimate bond strength, as compared to 28% reduction for plain
concrete counterparts. Enhancement of the bond behavior and bond
strength in fiber reinforced concretes are attributed to the restric-
tion effects of polypropylene fibers to prevent and delay the crack
development and propagation at both environmental exposure and
direct pullout tests. Kim et al. [72] investigated 63 cubic fiber-
reinforced-concrete specimens with GFRP bars embedded in them
and concluded that with fiber addition (steel, PP and PVA fibers) in
concrete, both bond strength and crack development are signifi-
cantly enhanced. Ding et al. [73] reported that the bond capacity of
GFRP bars in concrete reinforced by hybrid fibers (both steel fibers
and polypropylene fibers), was appeared to show equivalent or
better performance than that of steel bars in concrete. Furthermore,
the hybrid use of different fibers demonstrated significant influence
on the post-peak bond behavior of GFRP bars in concrete matrix.

3.7. Failure mode and bond strength associated with bar casting
position

ACI 440.1R-06 states that bond strength of horizontal FRP bar, in
particular at top location, may experience a high decrease in bond
strength and thus a modification factor is stipulated for accounting
for the location, similar to the identical requirements for deter-
mining the development length of reinforcing steel bar (in ACI 318-
14). Previous tests from the literature [59] revealed that the top-
cast bars had an approximately 66% decrease in bond strength as
compared to that of the bottom-cast bars. Chaallal and Benmokrane
[38] investigated 3 bar diameters (No. 4e6) and recommended that
the top-cast bar modification factor ranged from 1.08 to 1.38 for
normal-strength concrete, while 1.11 to 1.22 for high-strength
concrete. This modification factor was further revised through
more tests by Wambeke and Shield [22], and use 1.5 for top-cast
bars in ACI 440.1R-06, while 1.3 given in CSA S806-02.

4. Environmental conditions and their impacts on bond
behavior and bond strength of FRP bars

4.1. Freeze-thaw cycles

Damage in concrete due to freeze-thaw cycles relies on the
saturation of concrete. Freezing-thaw cycles have minimum
adverse effects on dry concrete, even under a relative humidity to
75e80% [75]. Experience shows that accumulated damage in con-
crete are frequently observed [76,77], however, when the concrete
is partially or fully saturated with freezing water or deicing
chemicals. There still remain opposite opinions about the impacts
of freeze-thaw cycles on FRP bar bond strength. Mashima et al. [49]
investigated bond behavior of CFRP, GFRP and AFRP bars to concrete
when subjected to freeze-thaw cycles. The pullout test, they found
that CFRP and GFRP bars performed well after the freezing and
thawing cycle, without obvious reduction in bond capacity. How-
ever, the AFRP bar specimens lost about 40% bond strength after
600 freezing and thawing cycles. Micelli and Nanni [30] studied
CFRP and GFRP bars to concrete exposed to 200 freeze-thaw cycles.
They found that freeze-thaw cycles combined with humidity did
not degrade the specimens. Similar conclusions were also observed
from other researchers [34]. Uomoto et al. [78] studied the effect of
freezing and thawing on FRP bars by immersing FRP bars in a
freeze-thaw water chamber over 300 cycles, indicating that the
effects of freeze-thaw cycles are only limited to the surface of FRP
material. Strength reduction of FRP bars was only within 8%.

On the other hand, Won and Park [36] documented their study
on GFRP bars to concrete under 300 freeze-thaw cycles. Their re-
sults stated that approximately 20% reduction in bond resistance
was observed. The reason is that the water permeates through the
voids (or new developedmicrocracks) in concretematrix, while the
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growth of ice crystals during repeated freezing process generate
high pressure to concrete, thus leading to microcracks in concrete.
As a result, this will break down the interface between concrete and
GFRP bar. Presence of concrete cracks also yields a low confinement
to GFRP bar and thus causes less bond strength. Moreover, accu-
mulated micro-/macro-cracks in concrete during the freezing and
thawing cycles may allow other chemical solution to easily pene-
trate to concrete matrix, and even easily degrade GFRP bar when
penetrating through the interface, ultimately resulting in bar
strength loss and the bond strength reduction.

It is clear that the freeze-thaw damage to concrete may be
affected by complex interaction of numerous factors, including
concrete permeability, temperature gradient, and air void systems.
Alves et al. [35] tested GFRP bars embedded in concrete under
sustained and fatigue loading conditions. Their results even sup-
ported that freeze-thaw cycles enhanced the bond strength be-
tween sand-coated GFRP bar and concrete by approximately 40%.

4.2. Wet-dry cycles

Wet-dry cycles are usually related to freeze-thaw cycles or so-
lution conditions [30]. Sen et al. [79] investigated durability of S-2
glass/epoxy pretensioned beams exposed towet-dry cycles in a 15%
salt solution. They reported that GFRP bars lost their effectiveness
after 6 months for the precracked beams and 15 months for the
uncracked beams.

Almusallam et al. [80] carried out experiment tests of concrete
beams reinforced with GFRP bars when subjected to different
certain stress levels. After wet-dry conditioning, there were signif-
icant loss in tensile strength of GFRP bars when subjected to sus-
tained loads of 20e25% ultimate strength, about 27e29% after 4
months, 37e47% after 8 months and 47e55% after 16 months.
Ahmed et al. [81] tested 90 concrete specimens with sand-coated
GFRP reinforcing bars, which were subjected to 25 wet-dry cycles.
The test results indicated that the bond strength and anchorage
capacity of GFRP bars reduced over time when exposed to wet-dry
cycles, which was also confirmed to the prediction by ACI-349-85.

4.3. Alkaline solutions

Concrete has a high alkalinity with a pH value ranging from 10.5
to 13.5, while GFRP reinforcements embedded in concrete tend to
degrade under high alkaline environment [82,83]. Studies about
effect of alkaline environment on FRP materials can be traced back
to 1990's. Cowley and Robertson [84] studied the effect of the pH
and temperature on GFRP composite in sodium hypochlorite so-
lutions. The results showed that GFRP bar degraded proportionally
with the increase of temperature over time after 4-month exposure
to solutions with variable pH values (7e7.75, 8 to 8.85, 9 to 9.5,10 to
10.5 and 11 to 11.5) under the temperature 99 �C. Tannous and
Saadatmanesh [85] tested 160 bar samples and 10 concrete beams
to evaluate the durability of AR glass bars. The specimens were
exposed to solutions with the pH of 12 at temperature of 25 and
60 �C, respectively. Significant loss of strength of AR glass bars was
observed, indicating AR glass did not improve resistance in alkaline
concrete environment. Also, similar studies related to alkali attack
to GFRP bars were conducted by many researchers [30,33,86e89].
Chen et al. [26] conducted five types of solutions to simulate
environmental conditions for both bare FRP (GFRP and CFRP) bars
and FRP-concrete elements. Solution 1 was tap water to simulate
high humidity. Solution 2 was made with a pH value of 13.6 to
simulate the pore solution of normal concrete, while solution 3
with a pH value of 12.7 was aimed for high-performance concrete.
Solution 4 consisted of sodium chloride (NaCI) and sodium sulfate
(Na2SO4) was to simulate ocean water. Solution 5 included sodium
chloride (NaCI) and potassium hydroxide (KOH) with a pH value of
13, and was to simulate concrete pore solution with chloride from
deicing salts. In addition, elevated temperatures of 40 and 60 �C
were employed to accelerate the test process. The results showed
that GFRP bars failed with separation of fibers and rupture of fiber
bundle. A reduction of 4% for CFRP bars and 36% for GFRP bars in
tensile strength were observed in solution 2 at 60 �C. Furthermore,
bond strength of GFRP bars to concrete decreased by approximately
12%. Alkali attacks to GFRP bars may have more severe adverse
effects on the GFRP bar reinforced concrete durability, as compared
to the impacts of wet-dry and freeze-thaw cycles.

On the other hand, the work undertaken by ISIS Canada [90] on
the long-term full size tests of RC structures over ten years claimed
that the GFRP flexural tension reinforcing bars are durable and
highly compatible with concrete material in field structures
[91e93]. Those engineering structures were exposed to natural
environmental conditions including de-icing salt, freeze-thaw and
wet-dry cycles, thermal range from�35 �C to 35 �C for a duration of
five to eight years. A set of analytical approaches such as Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), Optical
Microscopy (OM), Fourier Transformed Infrared Spectroscopy, were
used to monitor and detect the degradation state of GFRP material.
Different from laboratory test conclusions, there was no obvious
degradation of the GFRP reinforcements. Particularly, the
manufacturing process in terms of the curing ratio (96% or above) is
of central importance to ensure the resin system to resist the
chemical attack and avoid moisture absorption.

4.4. High temperatures

The Coefficient of thermal expansion (CTE) of steel bars in
concrete is similar to surrounding concrete. Thus, there are negli-
gible stresses built up in the interface between steel and concrete,
when subjected to thermal loading. However, GFRP reinforcements
(with resins) have much larger CTE, as compared to concrete.
Accordingly, when ambient temperature vibrates, GFRP bar rein-
forced concrete may experience high thermal stresses, ultimately
resulting in splitting cracks [94,95].

Glass fibers have high reliable mechanical properties under high
temperature up to 250 �C [96]. Polymer resins (e.g., vinyl ester and
polyester resins) in GFRP bar may, however, turn soft with high
viscoelasticity, but with decreasing mechanical performance
(strength and stiffness), if ambient temperature reaches up to or
even over the glass transition temperature [97]. Also the resins may
experience failures, such as matrix hardening, microcracking and
fiber-matrix debonding when exposed to sub-zero temperature
[98]. Kumahara et al. [99] conducted high-temperature tests of FRP
bars and reported that there was a reduction of about 20% in the
tensile strength for CFRP and GFRP bars at a temperature of 250 �C,
and about 60% for AFRP bars. It was expected that failure may occur
firstly in resin matrix rather than fibers. Similar conclusions of
tensile strength loss was also observed by Alsayed et al. [100].

Katz et al. [101,102] investigated the GFRP bar bond behavior in
concrete in terms of bond strength, pre-peak and post-peak per-
formance under the temperature ranging from 20 to 250 �C. It
appeared to have an 80e90% reduction in bond strength. The load-
slip curve exhibited two different stages. At the first stage prior to
pre-peak, the load-slip curve has a gradually decreasing slope as
temperature increased. It implied that the GFRP bar stiffness
decrease with the increase of the temperature. At the second stage
(post-peak), the slope decreased moderately at elevated tempera-
ture (200e250 �C) than that at room temperature (20 �C). It mainly
because of a weakened wedging effect of GFRP bar to concrete at
elevated temperature [101,102]. Identical results were observed by
Wang et al. [103] and Carvelli et al. [104].
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By use of this thermal feature in GFRP bar, high temperature is
often implemented as accelerated testing to predict long-term (75-
to 100-year) durability of FRP bar reinforced concrete
[26,27,32,105].

5. Conclusions

This paper presented an overall review of bond behavior of GFRP
bar to concrete, and the associated durability. Some conclusions can
be drawn as follows:

1. There are still no universal analytical models that can be
applicable to general bond-slip behavior of GFRP bar to con-
crete. BPE modified model and CMR model have relatively
simple form and reliable results that can be applied to inves-
tigate bond stress-slip process. The fitting parameters, a, b and
sr, specified in these two models are generated based on the
literature, and the suggested values are classified based on
different bar diameters and surface treatments, if tests data are
not available.

2. Bond strength of GFRP to concrete has been specified in the
national and international design codes and is summarized to
ensure engineers to better understand their applicability.
Comparisons between different design standards regarding
bond strength prediction show that four key factors, including
concrete strength, bar diameter, concrete cover and bar location,
are taken into account in all these standards. Embedment length
is considered only in ACI 440 standard for bond strength
calculation. Differently, more information (bar surface profile,
fiber type used in reinforcement, and confinement provided by
transverse reinforcement) is considered in the Canadian or
Japanese Codes, which is ignored in ACI 440. Moreover, the
equations regarding bond strength provided in ACI 440 is spe-
cific to splitting failure and hence, formula for pullout failure
needs to be developed for general purpose.

3. Over 600 pullout-test specimens weremined from the literature
and presented a comprehensive parametric study from a sta-
tistical point of view. All data supported that pullout and split-
ting failures are overwhelmingly dominant over all of the failure
modes. Factors that affect the bond behavior, failure modes and
bond strength of GFRP bar to concrete are identified and
quantitatively plotted for ensuring engineers to fully understand
their impacts. Specifically, bond strength has linear relation-
ships with critical factors: a) concrete compressive strength; b)
concrete cover; and c) bar size. There is a nonlinear relationship
between the bond strength and embedment length. Moreover,
discrete fiber or transverse reinforcement is accepted as an
effective solution to increase the bond strength of GFRP bar to
concrete.

4. Bond degradations under environmental conditions, such as
freezing-thawing cycling, wet-dry cycling, alkaline solutions
and high temperature are summarized. Environmental damage
to concrete may be affected by complex interaction of numerous
factors. Thus, there still remain opposite opinions in the effects
of environmental conditions, such as freeze-thaw and wet-dry
cycles, on the bond strength. Some studies revealed that alka-
line solution or high temperature leads to significant loss of both
tensile and bond strength. Future studies are required to
determine the combined environmental effects.
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