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is inherently poor due to its shape, as well as its inadequate
mechanical interlocking with concrete. Therefore, providing

GFRP bar sufficient development length in this bar is different and
Macro-syﬁtheticfiber more conservative in comparison with steel bars. In this
Light-weight concrete. study, three types of concrete are selected, namely normal-

weight concrete (NWC), light-weight concrete (LWC), and
light-weight fiber reinforced concrete (LFRC). In order to
investigate the adequate development length required for
GFRP bars and its relation with the concrete type and
compressive strength, for Each type of concrete, two
different mix designs which have various compressive
strengths are considered. 18 cube specimens are fabricated
and the direct pull-out test is performed. The results indicate
that, in all types of concrete, as the compressive strength
increases, the bond strength between concrete and rebar
augments. In addition, assessing the bond strength of
different types of concrete demonstrates that the use of
LWC, due to its inherent weakness of aggregates
interlocking, causes pre-mature cracks and loss of the bond
strength compared to NWC. Furthermore, LFRC mixtures
containing 0.3% and 0.5% macro-synthetic fiber volume
fraction reveal that the presence of fibers can be effective in
controlling cracks and increases the bond strength between
GFRP bars and concrete. As a result, with the increase of the
bond strength between the GFRP bar and the concrete, the
ultimate capacity of the concrete cross-section augments.
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1. Introduction

Using traditional steel bars is a common
method to reinforce concrete. Nowadays,
utilizing fiber-reinforced polymer (FRP) bars
has increased as a new generation of bars for
the reinforcement. Many advantages such as
high tensile strength, corrosion resistance,
light weight, and resistance to thaw and frost
[1-4] have made them as a decent alternative
to traditional steel bars in the harsh
environmental conditions. Moreover, a
tendency to use of FRP bar in geotechnical
engineering practices as a promising solution to
eliminate the corrosion problem have been
considered as an alternative for common steel
reinforcement [5]. However, some drawbacks
such as lack of ductility behavior, low
modulus of elasticity, and lower bond
strength compared to steel bars are the
weaknesses of FRP bars [6]. Also, using FRP
bar may cause a brittle failure in reinforced
concrete (RC) while FRP sheets can used for
increasing ductility [7,8].

As using FRP bars to reinforce concrete has
increased, understanding the performance of
utilizing these two materials together is
crucially significant; it also helpful to
comprehend the behavior of FRP bar
reinforced concrete, as well as estimate the
members' structural capacity. In this regard,
one of the effective parameters is the bonding
strength between concrete and FRP bar.
Indeed, the bonding is the reason for the
composite behavior of reinforced concrete
which transfers the force between the
concrete and the bar owing to the friction.
Some of the main factors affecting the bond
strength between concrete and FRP bar, are
bar diameter, embedment length, concrete
compressive  strength, bar confinement
conditions, and bar appearance in terms of

ribs shape [9]. It is worth mentioning that the
cast direction also influences the bond
strength. In a research study by Golafshani
[10], the effect of horizontal and vertical cast
directions of longitudinal GFRP bar on the
bond strength was assessed. The results
indicated that the specimens with the
horizontal casting had slightly higher bond
strengths in comparison with the vertical
casting.

So far, many research studies have been done
on the influence of the aforementioned
parameters. For instance, in the similar
studies conducted by Benmokrane et al. [11]
and Al-Zahrani [12], the relationship between
the embedment length and the bond strength
was investigated. The results of these studies
showed that a double increase of the FRP bar
embedment length from 63.5 mm to 127 mm
with a constant diameter of 12.7 mm, led to
15 to 25% reduction in the bond strength in
all the specimens. Furthermore, in other
research conducted by Saleh et al. [6],
increasing the embedment length from 5
times the bar diameter to 10 times the bar
diameter caused relatively lower bond
strength in high-strength concrete. Actually,
the longer embedment length can make an
increase in the maximum tensile force; on the
other hand, enhancing the embedment length
leads to a larger contact surface between the
bar and concrete. consequently, due to the
non-linear distribution of the bond stresses,
lower bond stress was obtained [13]. Hence,
only the increase of the FRP bar embedment
length cannot be an efficient solution to
enhance the bond strength between concrete
and FRP bars.

Regarding the impact of bar diameter, many
studies have been conducted [9,14—-17]. Al-
Zahrani et al. [18] considered the diameter of
the FRP bar as a variable with the values of
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12.7, 15.9, 19.1, and 25.4 mm. In this study,
the embedment length was constant and
equal to 127 mm. The results demonstrated
that as the bar diameter increased, the bond
strength decreased [18-20]. One of the
reasons could be the variability of the shear
stress distribution around the polymer bar.
Also, the decline in the bond strength due to
the increase of the bar diameter could be
attributed to the shear lag and Poisson effect
[21]. All in all, it is concluded that using high
diameter FRP bars may come across
difficulties in order to provide the adequate
bond strength which affects the development
length as well.

There are other studies which investigate the
effect of the compressive strength on the
bond strength. In the research conducted by
Ashrafi et al. [22], compressive strength was
one of the variables whose values were
considered 16, 24, and 37 MPa for normal-
weight concrete. The values of the bond
strength obtained in this study were 9.33,
9.58 and 10.41, respectively. Therefore, the
increase of the compressive strength results
in the enhancement of the bond strength as
confirmed by other studies [10,23].

The effect of concrete type is one of the
parameters that recently have become
appealing to researchers. Zemor et al. [14]
studied the bond strength of the FRP bar in
normal-weight concrete and normal-weight
self-compacted concrete. The bond strength
was measured in the bending test and the
results showed that the wuse of self-
compacting concrete could increase the bond
strength. The bond strength of both steel and
GFRP bars in self-compacting concrete were
relatively higher than that of the normal
weight concrete; this can be due to the
uniform mixture of the concrete matrix
[10,24]. Moreover, The mixes made of poly-

carboxylate-based super plasticizer had the
most compressive and tensile strengths
compared to other super plasticizer types
[25] which directly influenced the bond
strength. Light-weight concrete as a new
generation of concrete material offers many
advantages such as lower effective weight of
structures, which allows to have larger spans
and causes reduction in structural members'
dimensions owing to the less applied dead-
load [26]. A research study carried out by
Doostmohamadi A. et all [23] revealed that
the failure mode of the bond behavior
between GFRP bar and light-weight concrete
was brittle in both light-weight concrete and
GFRP bar rupture; At issue is that lower
effective weight as light-weight concrete
could be, ultimate failure in a brittle manner
may cause an unfavorable failure; as a
solution, the use of fiber reinforced concrete
was suggested by the authors. Also, it has
been proved by other researchers that
splitting failure never occur due to the
presence of fiber [23,27]. Indeed, fibers'
bridging mechanisms prevent the
degeneration of micro-cracks into macro-
cracks [16]. Using concrete with fibers has
improved the bonding behaviour of concrete
mixture and its application specially in
connecting prefabricated elements has been
widespread recently [28]. Considering the
effectiveness of fiber reinforced concrete, a
research program was performed by Varona
et al. [27] to assess the impact of steel fibers
on the bond strength of steel bars reinforced
concrete. In this study, the fiber consumption
in the mix design was 20 kg per cubic meter.
Moreover, two different types of steel fibers
with diameters of 0.75 and 0.35 mm, lengths
of 35 and 30 mm, dimension ratios of 46.7
and 85.7, and tensile strengths of 1200 and
3000 MPa were used, respectively. The
results showed that using fibers with the
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higher aspect ratio and higher tensile strength
increased the bond strength by 90%. Also,
another study by FakhriFar et al. [29]
indicated that the use of polypropylene fibers
in the range of 0.5 to 1% volume fraction
could significantly improve the mechanical
properties of the concrete and its ability to
control cracking as well. In fact, using
macro-synthetic fibers could ameliorate the
both mechanical and durability properties of
the concrete [30]. This could be because fiber
bridging in the entire matrix of concrete
could effectively control cracking; as a result,
the shear cracks around the bar could be
restrained in terms of width and propagation
during the pull-out [23]. The bond behavior
between GFRP bars and hybrid fiber
reinforced concrete (HFRC) can be improved
by the cooperative effects of different types
of fibers such as Carbon, Aramid, and
Polypropylene. increasing the volume
fraction of fiber leads to an improvement of
the bond behavior and ductility performance
between the GFRP bars and the HFRC [19].

It is worth mentioning that there are different
methods to evaluate the bond strength
between bar and concrete. Direct pull-out
[6,10,15,20,22,23,31-33] and beam tests
[17,34,35] have been the most common ones
in this regard. Despite the fact that the
bending test simulates the bond conditions of
a reinforced concrete member almost well; in
many studies, the direct pull-out test has been
chosen to investigate the bond behavior
because of its simplicity. It should be
mentioned that the results of pull-out test are
affected by the confinement applied to the
surrounding concrete during the test process
[36]. A comparative study about the
differences between direct pull-out and beam
tests was conducted by F. De Almeida Filho
et al. [37]. The results of the aforementioned
study demonstrated that the specimens with

the compressive strength value of 30 MPa,
attained similar bond strengths in the both
methods, pull-out and beam tests. On the
other hand, in those specimens with the
higher compressive strength value, 60 MPa,
results were quite different in terms of
slippage, more slippage recorded in the pull-
out test; however, the bond strengths were
almost similar. Moreover, O. Gooranorimi
[38] established a relationship for the bond-
slip model [39] which was obtained by direct
pull-out test in order to evaluate the flexural
behavior of GFRP reinforced concrete slabs
considering the effect of bond slippage.

In the present study, due to the extended use
of concrete technology and new materials
such as GFRP bars and light-weight concrete,
it is attempted to investigate the behavior and
bond strength of GFRP bar in normal weight,
light-weight, and  light-weight  fiber
reinforced concrete. To do so, in the first
step, a study is carried out on the effect of
compressive strength on the bond strength of
GFRP bar with both normal-weight concrete
and light-weight concrete. In the second step,
considering the concrete specimens with the
same compressive strength values, a
comparison between normal-weight and
light-weight concrete is done and the impact
of concrete type is assessed. Finally, in the
last step, macro-synthetic fibers with two
different volume fraction values are utilized
to improve the shear strength of light-weight
concrete and its bond strength with GFRP
bar.

2. Experimental Program

To investigate the bond strength of GFRP
bars in different types of concrete, three
various types of concrete are considered,
namely normal-weight concrete (NWC),
light-weight concrete (LWC), and light-
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weight fiber reinforced concrete (LFRC).
Then, 18 specimens are fabricated and cured
for 28 days. Finally, direct pull-out test has
been carried out on the 60-day-old
specimens.

2.1. Specimen Description

In the present study, 18 specimens which
include six different concrete mix designs are
tested. All the specimens are fabricated using
sand coated glass fiber reinforced polymer
(GFRP) bars with a nominal diameter of 8
mm. The concrete mix designs of normal-
weight concrete specimens are denoted as
NWCI and NWC2 with 27 and 38 MPa
compressive strengths, respectively; The
concrete mix designs of light-weight concrete
specimens are named LWCI1 and LWC2 with
the compressive strength of 26 and 37 MPa,
respectively; and The concrete mix designs
of lightweight fiber-reinforced concrete

specimens are denominate LFRCI1 and
LFRC2 with the compressive strength of 38
and 36 MPa, respectively. The specimens are
fabricated in cubes with the size of
15%15%15 cm, and the GFRP bar is placed in
the center of the concrete as shown in Fig. 1.
The mold of all the specimen are drilled in
such a way that the free end of the bar can
pass through the mold, since it is needed to
measure the bar slippage during the test. In
addition, Fig. 2 shows the placement of
GFRP bar in the concrete. The embedment
length of rebar is assumed 10 times GFRP
bar's diameter in all the specimens. The both
ends of GFRP bars at the edge of the
concrete are considered without any
contiguity with the concrete surface in order
to provide the desired embedment length.
Table 1 presents the characteristics of the
specimens in detail.

Table 1. Specimens characteristics details.

Specimen Concrete type Compressive GFRP-bar Bar embedment
code strength diameter (mm) length (mm)
(MPa)
NWCI Normal-weight concrete 27 8 80
NWC2 Normal-weight concrete 38 8 80
LWC1 Light-weight concrete 26 8 80
LWC2 Light-weight concrete 37 8 80
LFRCI1 Light-weight fiber reinforced concrete 38 8 80
LFRC2  Light-weight fiber reinforced concrete 36 8 80
a N
GFRP bar
Concrete block
:'-.‘. g £ 3
e ; ! 1} o~
) R debonded ength . N,
“};'\r. y , B §

Fig. 1. a) Casting molds b) Prepared samples for
direct pull-out test.

embedmeny length

.

A5cm

debonded length
Free end

Fig. 2. The placement of GFRP bar embedded in
concrete.



A. Doostmohamadi et al./ Journal of Rehabilitation in Civil Engineering 9-1 (2021) 52-70 57

2.2. Material Properties

2.2.1. Concrete

In this paper, six concrete mix designs with
three types of concrete namely, Normal-
weight concrete, light-weight concrete, and
light-weight fiber reinforced concrete, with
different compressive strengths are used. The
cement type utilized in the present study is
Type 2 that is manufactured by Tehran
Cement Plant and its chemical specifications
is presented in Table 2. For all three types of
concrete, fine aggregate is river sand type
with the soft modulus of three. Coarse
aggregate used in normal-weight concrete is
natural gravel; but in both light-weight and
light-weight fiber reinforced concrete, light
expanded clay aggregate (Leca) with the
specific gravity of 580 (%) is utilized as
coarse  aggregate. The physical and
mechanical properties of each mix design are
detailed in Table 3. The purpose of selecting
the mix designs presented in Table 3 is to
study the bond strength of rebar and
concrete, considering different types and
compressive strengths. To do so, in the first

phase, a comparative study is done on the
effect of increasing compressive strength in
the both normal-weight concrete (NWC) and
light-weight concrete (LWC) specimens.
Then, in the second phase, considering
almost equal compressive strength values of
LWC1 and NWCI1, as well as LWC2 and
NWC2, the effects of using normal-weight
concrete and light-weight concrete on the
bond strength are determined. Due to the fact
that the inter-locking of light-weight concrete
is generally weaker than that of the normal
one which leads to pre-mature cracking of
the light-weight concrete. This can cause the
loss of bond strength between bar and
concrete relatively in lower bond strength
than NWC's specimens. In the last phase, in
order to compensate the inherent weakness of
Light-weight  concrete, = Macro-synthetic
fibers are used. Light-weight fiber reinforced
concrete mix designs with two different fiber
volume fractions of 0.3% and 0.5% are
selected in LFRC1 and LFRC2, respectively,
in confirmation with ASTM C1116 [40] to
evaluate the impact of fiber content on the
bond strength as well.

Table 2. Chemical properties of cement.
Chemical analysis (%)
Ca0 MgO SO;

. . cm?
Material —5i5 1 5, Fe,0; Na0 K0 Lo.1 Seecificsurface (/)

Cement 91.7 1.2 1.1 1.7 0.9 0.2 0.5 0.7 2 200000
Table 3. Mechanical and physical properties of concrete.

Mix design code NWCI1 NWC2 LWCl1 LWC2 LFRC1 LFRC2
compressive strength (MPa) 27 38 26 37 38 36
modulus of elasticity (MPa) 26280 31225 18820 23720 26550 27610

density (9 /13) 2286 2314 1892 1920 1930 1926
fiber volume (%) 0 0 0 0 0.3 0.5
fiber content (kg/m3) 0 0 0 0 2.7 4.5
fine aggregate (kg/m3) Sand (1000)  Sand (1000) Sand (1000) Sand (1000) Sand (1000) Sand (1000)
coarse aggregate (kg /m3 )  Gravel (650) Gravel (650) Leca' (220) Leca' (220) Leca' (220) Leca' (220)
lime stone powder (9 /) 225 225 225 225 225 225

cement (9 /1) 350 390 350 390 390 390
W/ 0.5 0.4 0.5 0.4 0.4 0.4
slump (mm) 105 90 110 95 85 75

'Lightweight expanded clay aggregate
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2.2.2. GFRP bar

In this study, all the specimens are made
using sand coated GFRP bar with a nominal
diameter of 8 mm, as shown in Fig. 3. In
order to assess mechanical properties of
GFRP bar, a tensile strength test is done
according to ASTM-D7205 [41]. The
mechanical and physical properties of GFRP
bar, including modulus of elasticity,
maximum tensile strength, rupture strain, and
specific weight are presented in Table 4.

Furthermore, the stress-strain diagram of
GFRP bar is plotted in Fig. 4.

|
e ———
e ————— il
|

Fig. 3. Sand-coated GFRP bar.

1200
1000 A
800 / !
600 /
/
400
200
0 /
0 1 2 3
Strain (%)

Stress (MPa)

Fig. 4. Stress-strain curve of GFRP bar.

Table 4. Physical and mechanical properties of GFRP bar.

Bar type Diameter Tensile strength Modulus of elasticity Strain Density
(mm) (MPa) (GPa) (%) (gr/cm®)
Sand coated
GFRP 8 1024 50 2.3 2.2
D7508 [42] the fiber chemical structure is
2.2.3. Fiber

As shown in Fig. 5, Emboss macro-synthetic
fiber manufactured by Sirjan-nano Company
is used in the light-weight fiber reinforced
concrete (LFRC) mix designs. Based ASTM

polyolefin-based. Physical and mechanical
properties of the fiber are guaranteed by the
producer according to ASTM D2256 [43] as
presented in Table 5.

Table 5. Physical and mechanical properties of Emboss macro-synthetic fiber.

Diameter Length Aspect ratio Tensile strength Modulus of Strain Density
(mm) (mm) (L/D) (MPa) elasticity (GPa) (%) (gr/cm?®)
0.4 40 100 600 6.4 10 0.91

Fig. 5. Emboss macro-synthetic fiber used in
LFRCI1 and LFRC2.

2.3. Set up and Instrumentation

In order to investigate the bond strength of
GFRP bar and concrete, the direct pull-out
test is carried out using universal testing
machine (UTM) according to ASTM-D7913
[32]. As shown in Fig. 6, a steel frame is
employed as a configuration tool to restrain
the concrete movement and a tensile force is
applied to the GFRP bar based on the
proposed testing method by Bazli et al. [22].
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The specimen is placed in the middle of the
steel frame and one side of the bar is inserted
into the grip and the other free end is
attached to a linear variable displacement
transducer (LVDT-1). Another (LVDT-2) is
installed on the top of the steel frame to
measure its axial deformation. Finally, the
actual slip rate of the GFRP bar in the
concrete is obtained from the difference
between the displacements measured by
LVDT-2 and LVDT-1. The test is run in a
displacement controlled mode with a
constant loading rate of 1.2 mm/min. The test
is continued to reach one of the following
failure cases based on Canadian Standards
Association [44] (a) tensile failure in GFRP
bar, (b) concrete failure by splitting, or (c)
bond failure with the slippage of more than 5
mm with a constant force. Fig. 6 shows the
test set up with the steel frame, LVDTs, and
universal testing machine.

VOT

Fig. 6. Test setup and configuration.

3. Results and Discussion

The measured parameters obtained from the
direct pull-out test in this research are as
follows: failure type of each specimen,
ultimate bond stress (7) obtained from
Equation 1, maximum tensile force in the
GFRP bar (Py4,), maximum tensile stress in
the GFRP bar (f), the ratio of the tensile
stress to the maximum tensile strength of
GFRP bar (stressratio) obtained from
Equation 2 and 3. In the aforementioned
equations, parameters D, A,,,, and [ are
GFRP bar diameter, GFRP bar cross section
area, and embedded length, respectively. It is
worth mentioning that the ultimate bond
stress (t) is considered as a main
comparative parameter for the enhancement
of stress level affected by different types of
concrete and compressive strength. In order
to scrutinize the results, each test is repeated
three times. The summary of the test results
are presented in Table 6.

__ Pmax
T= nDl (1)
P
— max 2
fr A (2)
. fr
stress ratio = — 3)
ffu

3.1. Load-Free End Slip Curve

In this section, the results of the load-free end
slip curve and the failure mode for all the
specimens are discussed. Stress-free end slip
diagrams for specimens NWCI1, NWC2,
LWC1, LWC2, LFRCI1, and LFRC2 are
plotted in Fig. 7 so as to investigate the
influence of the concrete type and its
compressive strength on the bond strength
between concrete and GFRP bar. The stress-
free end slip diagram in Fig. 7 shows that at
the beginning of the test, due to the chemical
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adhesion strength between the GFRP bar
surface and the cement matrix, the curve is
completely vertical with infinite slope while
the GFRP bar has no slippage in the concrete
it should be noted that this is also proved by
other studies [22,23]. With the deterioration
of the chemical adhesion, the mechanical
bonding strength is created as the GFRP bar

surface becomes involved with the concrete.
According to the results, it can be claimed
that the primary adhesion strength depends
on the compressive strength of the concrete,
and for the higher compressive strength of
the concrete, the slope of the graph starts at a
higher point, as proved in other research
[22,23].

Table 6. Summary of the test results.

Specimen Peak Bar maximum tensile  Stress ratio Bond Failure mode
code load (kN) stress (MPa) (%) strength (MPa)

NWC1 15.55* 309.51 30 7.74 bond Failure
(1.27) (29.18) (3) (0.73) (concrete crushing)

NWC2 19.54 388.93 38 9.72 bond Failure
(1.57) (31.27) (3) (0.78) (concrete crushing)

LWCI 11.82 235.27 23 5.88 bond Failure
(1.27) (25.37) 2) (0.63) (concrete crushing)

LWC2 13.05 259.75 25 6.49 bond Failure
(1.31) (26.06) (3) (0.65) (concrete crushing)

LFRC] 17.04 339.17 33 8.48 bond Failure
(1.6) (31.86) (3) (0.79) (concrete crushing)

LFRC?2 19.54 383.96 37 9.6 bond Failure
(1.57) (37.61) 4 (0.94) (concrete crushing)

"The numbers in parenthesis denote the standard
deviations

It should be noted that the failure mode while
the bond strength exists between the concrete
and the GFRP bar, can comprise three modes
as follows: 1) bond failure: in this case, ribs
are detached from the bar. It is worth
mentioning that the weakness of the bond
strength between the ribs and the bar cannot
be compensated by increasing the concrete
compressive strength or changing its type.
Also in this case, there is another type of
failure due to the cracking inside the concrete
which can reduce the bond stiffness and
cause the slippage of the bar in concrete;
thus, the increase of the compressive strength
and the type of concrete can affect the bond
strength. 2) Bar Rupture: in this mode, the
concrete bond strength is enough to reach the
ultimate tensile capacity of the bar; and the
rupture occurs at the cross section of the bar
under the tension which is a brittle failure. 3)

Concrete splitting: in this case, because of
the weak compressive strength of the
concrete and consequently lower shear
strength, cracks appear on the concrete
surface and the bond strength between the
concrete and the bar vanishes before the bar
reaches its maximum tensile strength.

In this study, all the specimens are failed
according to the first mode and with the
appearance of cracks inside the concrete
which cause the decline of the bond stiffness
and slippage of the bar in the concrete. In
these experiments, 5 mm slippage of the bar
is utilized as an acceptance criterion for the
bond strength loss [44]. This limitation is
shown in the load-free end slip curve in Fig.
7 as a dashed line. However, in the present
study, the test is continued for the higher
values of the bar slippage inside the concrete
which is shown in Fig. 6.
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The diagram in Fig. 8 shows the maximum
bond strength of the specimens. In the
specimens made of normal-weight concrete,
the bond strengths of 7.74 and 9.72 MPa are
obtained for specimens with the compressive
strength of 27 and 38 MPa, respectively.
These results show that the increase of
compressive strength in normal-weight
concrete causes 25% enhancement in the
bond strength. In the light-weight concrete
specimens, the bond strength of 5.88 and
6.49 MPa is gained for the specimens with 26
and 37 MPa compressive strength,
respectively. Therefore, similar to normal-
weight concrete, enhancing the compressive
strength, leads to the increase of the bond
strength in light-weight concrete as well; but
the increase in LWC is about 11% which is
relatively less than the enhancement in the
NWC. Because inter-locking of light-weight
aggregate is less than that of the normal one,
the increase of the compressive strength has
less effect on the enhancement of the bond
strength in light-weight concrete. In this
study, macro-synthetic fibers are used to
compensate for this weakness. The results of
both light-weight fiber reinforced concrete
specimens which relatively have the same
compressive strength values (36 and 38 MPa)
but different fiber volume fractions, show the
bond strengths of 8.48 and 9.6 MPa for
LFRCI1 and LFRC2, respectively. The bond
strength values of LFRCs are relatively close
to that of NWC2. This demonstrates that
fibers can play a vital role in delaying the
creation of the pre-mature crack in light-
weight concrete. The reason behind the fact
is the random dispersion of fibers in the
concrete matrix, since many of fiber
filaments are in convergence with shear

cracks [45]; so, they can limit the crack width
and avoid the bond loss. It should be noted
that increasing the fiber volume fraction from
0.3 percent to 0.5 percent, can enhance the
bond strength by 13%.

Fig. 9 and Fig. 10 display the maximum
stress created at the GFRP bar cross-section
and the ratio of the maximum tensile stress
developed in the GFRP bar cross-section to
its ultimate tensile strength. In fact, Fig. 10
shows the maximum available capacity of the
GFRP bar before the bond loss. The
maximum reachable tensile capacity of
GFRP bars are 0.38, 0.37, 0.33, 0.30, 0.25,
and 0.23 for NWC2, LFRC2, LFRCI,
NWCI, LWC2, and LWCI1 specimens,
respectively. A comparison among these
values indicates that the use of macro-
synthetic fibers can significantly increase the
reachable tensile capacity of GFRP bars in
light-weight concrete.

In general, it can be concluded that the use of
GFRP bars without a proper restraint causes
pre-mature bond loss; furthermore, the
reachable tensile capacity in GFRP bar cross
section of the concrete members is less than
50% of their ultimate tensile strength. This
may lead to a significant reduction in the
ultimate flexural and shear capacity, and a
higher crack width in the concrete members.
Therefore, using a proper concrete type
according to the design criteria and the
required stress level at the GFRP bar cross-
section is essential. It is worth to mention
that the designated tensile stress levels in
GFRP bar cross-section, accordingly the
required bond strength need to be addressed
in the design process.
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Fig. 10. Maximum tensile stress ratio developed
in GFRP bar cross-section.

3.2. Failure Mode

At the end of the tests, no signs of extensive
concrete damages or bar ruptures are
observed in the specimens. Fig. 11 and Fig.
12 show NWCI and NWC2 specimens,
respectively, at the end of the test. The bar
slippage at the free end and the absence of
extensive cracks on the surface of specimens
indicate that the bond loss failure mode is
occurred. Due to the inside cracking of the
concrete, bar slippage eventually reaches to
the amount of higher than 5 mm. Fig. 13 and
Fig. 14 display LWC1 and LWC2 specimens'
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failure, respectively. In the both specimens,
bar slippage at the free end side is obvious.
As shown in Fig. 14a, LWC2 is slightly
cracked up to the surface. As it is obvious in
Fig. 14c, the cracks created around the bar in
the concrete are grown to the surface, which
is due to the continuation of the test until the
slippage is higher than 5 mm. Increasing the
compressive strength of concrete causes
cracks to develop at the higher amounts of
the bond strength. As a result, the tensile
stress increases in the GFRP bar cross-

Sp: NWC1

N

No crack

observation &

Fig. 11. Bar slippage occu

&

section. Also, Fig. 15 and Fig. 16 show
LFRC1 and LFRC2 specimens' failure mode,
respectively. In fact, the presence of fibers in
these specimens creates cracks with smaller
widths in  comparison with LWC2.
Furthermore, the tensile stress level in the
GFRP bar cross-section achieves the higher
amount than that of the light-concrete
because the fibers can bridge the inner cracks
to avoid propagating the cracks inside of the
concrete; consequently, the bond strength
increases.

~ SO R
oy D

No crack

Add observation

e :

rred in specimen NWCI.

Fig. 12. a) No crack observation on the top surface b) No crack observation on the side surfaces c) Free
end slippage occurs.
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Sp: LWC1

3 ¥
No crack No crack
observation on the observation on top
sides surface
Fig. 13. a) No crack observation on the side surfaces b) No extended crack observation on the top surface
during the bar slippage.

extended

to the "~ toconcrete
| surface splitting

Fig. 14. a) Extended crack on the bottom surface b) extended crack on the top surface ¢) primary cracks
due to the bar slippage and lack of enough shear strength.

—
q Sp: LFRC1

\

Sp: LFRC1

No crack
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on on top
surface

Fig. 15. Bar slippage occurred for specimen LFRC1.
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Fig. 16. Bar slippage occurs for speéimen LFRC2.

3.3. Design Codes

To ensure adequate bonding resistance
between bar and concrete, the existing
Design guidelines for concrete structures
suggest methods which provide development
lengths, use hooks or utilize mechanical
restraints. In each of the proposed solutions,
formulas are provided by the codes. In order
to comprehend the results of this research,
the formula in section 3.3.1 and 3.3.2 of the
design codes are presented to compare the
required development length, needed for
calculating the bar stress, to the experimental
results from each specimen. Generally, the
tensile force created in the bar is transmitted
through the bond between the concrete and
the bar. Fig. 17 shows the mechanism of this
transfer and Equation 4 is obtained using the
balance between the forces. In Equation 4,
the parameters l,, d,, u, Ay, and f; are
development length, bar diameter, the
bonding strength between bar and concrete,
bar cross-section area, and bar cross-section
tensile stress, respectively. By testing the
specimens, the parameter indicating the bond

stress between concrete and GFRP bars are
obtained for all the specimens. Using
Equation 5, the practical development length
required for each bar stress level can be
calculated. In Table 7, the experimental
results for the development length are
compared to the values proposed by the
design codes. The values in Table 7 indicate
that both design guidelines ACI440.1R-15
[46] and CSA-S806-12 [47] propose
conservative development length values
which are almost twice the tests ones.
Moreover, there is a deficiency in calculating
development length in fiber reinforced
concrete in the both aforementioned design
guidelines.

Fig. 17. Free diagram of tensile loaded bar
embedded in concrete.

_ Aty
e = rapu (5)
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3.7.1. ACI440.1R-15
ACI440.1R-15 [46] Design Code propose a
development length and 90-degree bend in
order to ensure the bonding strength between
concrete and FRP bar. According to
ACI440.1R-15 [46], Equation 6 is proposed
to provide the required development length
based on the experiments performed by
Wambeke [48]. In this Equation, the
parameters fre, fru, f', @, le, dp, and C are
the stress developed at FRP rebar cross-
section, FRP rebar failure stress, concrete
compressive  strength, rebar  position
correction coefficient, development length,
concrete

bar  diameter, and cover,

respectively. It should be noted that the

proposed di ratio should not exceed 3.5 in
b

this Equation. The position correction
coefficient, a, is also assumed 1, except for
the cases where the rebar is horizontal and
there is more than 300 mm concrete casting
below it; so, in these cases the coefficient is
considered 1.5. In the present study, a is
assumed 1. It is worth mentioning that in
Equation 6 there are not any parameters to
address the effect of light-weight concrete
and fiber reinforced concrete. The calculated
values for the development length proposed
by the code in accordance with the tensile
stress level at the GFRP bar cross-section of
each specimen are presented in Table 7. In
order to have a better comprehension, the
ratio of the development length proposed by
the code to the experimental development
length is also presented in Table 7 and
Fig.18.

0.083 /f’c

le le
ffe _7(13.6(1—b+d£b><d—b+340)5ffu (6)

3 Nwc2  LRC2

NWC1 246 2.53
2.5 221 LFRCT
5 1.89
o LWC1
=) 1.5 126 LWC2_ ||
< 1.03
1 - - - -
0.5 | = =&

0

Fig. 18. The ratio of the development length
proposed by ACI440.1R-15 [46] to the
experimental development length.

3.7.2. CSA-S806-12
CSA-S806-12  [47]

proposes development length, using 90-

Design  Code also

degree hooks, and mechanical restraint in
order to provide the required bond strength
between the FRP bars and concrete.
Therefore, Equation 7 1is presented to
calculate the development length. In this
Equation, l4, dg, f'c, fr, and Ap, are
development length, concrete cover, concrete
compressive strength, FRP rebar end tension,
and FRP rebar cross section, respectively.
Also, the correction coefficients kq, k,, k3,
k4, and ks are related to the rebar position,
concrete specific gravity, rebar size, rebar
fiber type, and rebar surface type,
respectively. It should be noted that in the
Equation proposed by CSA-S806-12 [47],
the effect of concrete's specific gravity is
taken into account by k,; but the impact of
fibers and their ability to reduce the
development length is not considered. The
calculated values for the development length
proposed by the code in accordance with the
tensile stress level at the GFRP bar cross-
section of each specimen are presented in
Table 7. In addition, the ratio of the
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development length proposed by CSA-S806-
12 [47] to the experimental development
length is also presented in Table 7 and Fig.
19.

1, = 1.15 Kakekakaks o ];’:CAb 7

dCS Y,

ratio

3

L lwe2 LFRC2
2.21 LFRC1 2:21

, NwCl | 1.91

15 — — —

2.5 L

1 | - | -

0.5 - -

0

Fig. 19. The ratio of the development length
proposed by CSA-S806-12 [47] to the

experimental development length.

Table 7. Comprative results of the development length suggested by the design codes

qu1mum Experimental ACI440.1R-15 [46] CSA-S806-12 [47]
. tensile stress  development length
Specimen code I I
fr lexp l, e ly d

(MPa) (mm) (mm) lexp (mm) lexp
NWC1 309.51 80 177 2.21 126 1.58
NwWC2 388.93 80 197 2.46 117 1.46
LWCI1 235.27 80 101 1.26 168 2.1
LWC2 259.76 80 82 1.03 177 2.21
LFRCl1 339.17 80 151 1.89 153 1.91
LFRC2 383.96 80 202 2.53 177 2.21

4. Conclusion 3- The increase of compressive strength in

The results of the direct pull-out test on 18
specimens which are made of different types
of concrete such as normal-weight, light-
weight, and light-weight fiber reinforced
concrete come to the following conclusion:

1- Without using a proper mechanical
restrained system for GFRP bar, the
bond strength between bar and concrete
is lost which may cause pre-mature
failure in the concrete members.

2- Increasing compressive strength in both
normal-weight and light-weight
concrete leads to the enhancement of
the bond strength.

normal-weight concrete causes
relatively higher bond strength in
comparison with light-weight concrete.
The inherent weakness of light-weight
aggregate inter-locking could be
eliminated using macro-fibers.

GFRP bars are inherently weak, having
the bond strength with concrete due to
their shape and inadequate mechanical
friction. This deficiency should be
considered in the design approach by
using a proper restraint system.

Existing design codes such as
ACI440.1R-15 and CSA-S806-12
provide conservative development
lengths for GFRP bar. This matter is
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explainable regarding the fact that
GFRP bar bond strength is highly
depends on many factors such as
physical  shape, diameter, ribs
configuration, and so on.

There is lack of information about the
effect of using different types of
fiber
concrete on the bond strength in the
existing design codes.

concrete such as reinforced
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