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embedded in concrete – an experimental
study

JP Morales Arias, MM Escobar and A Vazquez

Abstract

The experimental program developed in this work aims at investigating the bond behavior of glass fiber reinforced plastic

embedded in concrete. Different types of surface treatment were applied to the smooth rods in order to enhance the

bond with concrete. Firstly, the rods were machined using a lathe and a grinding stone to create lugs with different

configurations. The experimental results indicate that the bond strength is highest when the failure mode is a combin-

ation of two mechanisms: shearing off of the concrete lugs and that of the FRP lugs. With regard to the variation of rib

width, the friction and interlock forces have a greater influence on bond strength. With respect to the height of the rib,

the variation of internal diameter does not affect significantly the bond strength. Secondly, the machined rods were

coated with sand fixed with a thin layer of epoxy resin. The incorporation of the sand on the surface increases the bond

strength compared with the results obtained without sand.
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Introduction

Significant efforts and resources have been devoted to
condition assessment, rehabilitation and repair of dete-
riorating infrastructure. The main cause of deterior-
ation of existing reinforced concrete structures is the
corrosion of the steel reinforcement.1

Fiber-reinforced plastic (FRP) materials are under
widespread investigation as an improved method of
concrete reinforcement, due to their potential promise
of improved durability in comparison with conven-
tional steel materials.2 Other favorable properties of
FRP reinforcing bars include: high strength/weight
ratio, electromagnetic neutrality and ease of handling.
The performance of reinforced concrete that utilizes
FRP bars depends primarily on the properties of the
bond between the reinforcement and the surrounding
concrete. An adequate level of bonding is required
between those two components to transmit forces
from one to the other.

The replacement of steel bars with FRP ones
changes the mechanism of load transfer between the
concrete and the reinforcement. This is because FRP
materials are anisotropic, thus the resin is responsible

for the shear and transverse properties whereas the lon-
gitudinal properties are dependent on the fibre.3

Some of the more commonly accepted operative
mechanisms of bond in FRP/concrete systems are
chemical adhesion, friction due to radial pressure and
interlock at a microscopic level and mechanical inter-
lock which resembles friction but at a much larger
scale.4 The degree to which any one of these mechan-
isms controls bond behavior is strongly dependent of
the design of the FRP rods. One way to increase the
mechanical interlock involves surface deformations and
sand particle coating.2 Within surface deformation, we
can distinguish between machined rods or wrapped
rods. In the former, a lathe is used to introduce axisym-
metrical surface configurations, and in the later, the rod
is wrapped with fiber, which has previously been
impregnated with resin, during the pultrusion process.5
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Figure 1 shows schematically the possible load–slip
curves for a concrete specimen reinforced with a FRP
bar during a pull-out test whose surface was modified
by using ribs and sand particles.6 Due to shear stress
distribution along the embedment length, during a pull-
out test, debonding of the FRP bar would start at FA

and would complete at FB, for all the three cases in
Figure 1. So, for low bond-forces values, F<FB, the
bond efficiency is assured mostly by chemical adhesion,
and no bar slip occurs. Curve I represents the case when
the applied load continues to increase even after the
completion of debonding at FB.

This increase is attributed to the bearing resistance,
caused by mechanical interlocking of the surfaces of the
concrete and the bar, and frictional resistance, caused
by the bar’s surface roughness. Also, in deformed bars
the ribs induce transverse microcracks that originate at
the tips of the ribs allowing the bar to slip, but the
wedging action of the ribs remains limited and there

is no concrete splitting.7 When the ribs or the sand
particles along the entire embedment length are sheared
at the maximum load FD, the bearing resistance due to
them is eliminated and the load drops suddenly to the
frictional force, FC. Alternatively, shearing of ribs and
sand particles can be progressive as observed in this
study. Curve III represents the case when the shearing
of ribs or sand particles is complete before reaching the
maximum load. Curve II represents the case when the
shearing is partial and hence, a load drop is registered
at the maximum load due to the sudden shearing of the
remaining intact ribs or sand particles.

Bond behavior between FRP rebars and concrete
has been studied by several authors.8–11 More recently,
Lee et al.12 found that the interfacial bond strength of
glass fiber reinforced polymer (GFRP) bars embedded
in concrete increases as the compressive strength of
concrete increases. Also, they stated that bond failure
of the GFRP bar can occur either by crushing/splitting
of concrete or by delamination of the resin-rich outer
layer away from the fiber core in the bar. Davalos
et al.13 studied the effect of FRP bar degradation on
interface bond with high strength concrete. They found
that the FRP bars can absorb water and swell, which
increased the mechanical interlocking and friction with
concrete, resulting in an increase of bond strength. In
order to study the influence of the surface geometry of
the bars on the bond strength, Baena et al.14 described
the geometric parameter as, defined as the ratio of the
projected rib area normal to the axis to the centre to
centre rib spacing (Figure 2). They claimed that higher
bond strength was obtained with higher values of as.
Al-mahmoud et al.15 have done an excellent study
investigating the influence of the geometry of machined
ribbed bars on the bond strength in terms of another
geometrical parameter, CLR. The CLR ratio is defined
as the ratio between the concrete rib width, wc, and the
sum of the widths of the concrete rib and FRP rebar
rib, wcþwf (Figure 2). They stated that the ultimate

Figure 2. Definition of the ‘‘area to space ratio’’ (as) and the ‘‘concrete rib ratio’’ (CLR).

Figure 1. A schematic of load versus slip behavior during single

fiber direct pull-out test.
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bond strength of the rods increases as the CLR
increases.

In order for FRP bars to become widely accepted in
the construction industry, all aspects of their structural
behavior must be studied to guarantee their widespread
application will be risk free. In contrast to steel, there is
yet no standardization for the surface characteristics of
FRP bars. Therefore, determining the bond character-
istics of non-standard commercial rebars is a funda-
mental requirement for their widespread acceptance
by civil industry.

The objective of this work is to present a systematic
study of the influence that the geometry of ribbed
GFRP bars has on the bond strength and their load
transfer mechanism when embedded in concrete. This
work compares the all geometric parameters used
recently in literature (CLR and as). The effect of sand
coating the ribbed bars and the subsequent impact on
bond strength was also studied.

Experimental

Materials

The unidirectional glass bars were fabricated employing
the pultrusion process, using unsaturated polyester
orthophtalic type resin as matrix and glass fiber type
E as reinforcement. The fiber content was 60wt%. The
external diameter of the bars was 16mm. The glass
temperature (Tg) of the unsaturated polyester was
50�C. The tensile strength and Young’s modulus were
680MPa and 41.4GPa, respectively, according to
manufacturer specifications.

Bars conditioning

A turning lathe and a grinding stone were used to
machine ribs with different geometries in order to inves-
tigate their effects on the bond strength between the
rebar and the concrete. The geometrical parameters of
the ribs considered in this study were internal diameter
(dc), the width of the machined ribs (wf) and the dis-
tance between machined ribs (wc). In order to

characterize the global geometry of the ribs, two par-
ameters were used: as: area to space ratio and CLR:
Concrete Lug Ratio14,15 (Figure 1).

The study was divided in two parts. The first one
considered the variation in the width of the ribs (wf).
Table 1 indicates the different geometries studied. In
order to study the influence of wf, the distance wfþwc

was fixed at 14mm. The internal diameter was fixed at
14mm in all experiments. The second part involved
investigating the influence of the internal diameter, dc,
on bond behavior. On the completion of the study into
rib widths, the configuration w-8-8 was selected for the
remaining tests. The internal diameter was varied
between 9 and 15mmwith an increase of 1mm (Table 2).

Each one of the twelve configurations previously
described were also coated with coarse sand and
embedded in the concrete matrix. The rebars were
cleaned by sandpaper to remove the rust on their surface
before coating. The bars were sand blasted with coarse
sand using an epoxy adhesive of two components
(Diglycidylether of bisphenol-A with n¼ 0.14�
DGEBA) as pre-polymer and triethylenetetramine as
hardener agent (TETA), from Huntsman Chemical
and imported by Distraltec S.A., Argentina).
According to ASTM A 775 (Specification for Epoxy-
Coated Reinforcing Steel Bars), the coating thickness
should be in the range of 130–300 mm. The Tg of the

Table 1. Denomination of each bar with different geometries

Table 2. Denomination of each bar with different internal

diameters (dc)
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epoxy system is 110�C. According to our previous
work,16 the better results were obtained when the cover-
ing was of sand obtained through sieving (sieve N�16
(1.18mm), according to ASTM C 778-02.)

Methods

The bond between bars and concrete was evaluated by
pull-out test (Figure 3). This method was chosen
because it is simple and leaves the free end accessible
for the slip to be measured. The pull-out tests were
performed according to ACI 440.3R-04 standard.

The pull-out specimens were prepared with a cylin-
drical mould with a diameter of 100 mm and height of
200mm. The concrete used for the pull-out test speci-
mens was prepared in the laboratory and the compos-
ition is given in Table 3. The FRP bars were embedded
in a concrete matrix, which had a mean 28-day com-
pressive strength of 43MPa.

The FRP bars were concentrically embedded in the
concrete cylinders. In order to control the bond length,
the FRP bar was prepared with a bond breaker, which

consisted of soft plastic tubing inserted around the bar
to prevent contact of FRP with concrete. The embed-
ment length was five times the bar diameter. The con-
crete cylinder specimens, with embedded FRP,
were removed from the metallic moulds one day
after casting, and stored for 27 days in a confined
room (T�: 20�C and RH: 75%). The tests were per-
formed using a servo-hydraulic testing machine with a
capacity of 200 kN. Displacement control was selected
to capture post-peak behaviour. The load was applied
to the reinforcement bar at a rate of 0.02mm/s and
measured with the electronic load cell of the testing
machine. The loaded and unloaded end slips were mea-
sured with four linear variable differential transducers
(LVDT). An automatic data acquisition system was
used to record the data.

It is well known that the strength distribution is not
constant along the embedment length. In order to make
the analysis easier, we utilized an average bond strength
defined as:

� ¼
P

�dblb

where P is the tensile load, db is the rebar diameter and
lb is the embedment length. The shear strength is
defined as the pull-out load divided by the interface
area between the ribs and the rods.

After the pull-out test, splitting tensile strength tests
of cylindrical concrete specimens were performed
according ASTM C496 in order to carry out a visual
examination of the actual bond failure mode. Each
bond strength value represents the average of the
results for at least three specimens.

Results

Variation of wc

Smooth ribbed bar. Figure 4 shows the typical bond
strength versus free-end slip curves of smooth ribbed
bars included in concrete. In this figure, only one rep-
resentative curve is reported for each configuration,
that closer to the average. It is observed that the free-
end slip did not start until a threshold shear strength
value was reached. Taking into account the maximum
bond strength achieved by the samples, better perform-
ance was noted in the w-8-8 sample, reaching 9MPa
(Figure 4(c)).

The other four curves can be divided in two groups:
(a) the first includes the w-4-12 and w-6-10 samples, in
which a bond strength plateau is observed after the
maximum peak bond strength is reached (Figure 4(a)
and (b)); (b) the second one includes the w-10-6 and
w-12-4 samples, in which a sudden drop in the bond
strength is observed after reaching the maximum

Figure 3. Scheme of pull-out setup.

Table 3. Concrete formulation
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(curves d and e). In the case of w-8-8 sample, a small
plateau of bond strength was observed followed by a
sudden drop, showing an intermediate behavior
between the patterns of behaviour observed in the
two cases mentioned before.

Figure 5 shows the samples after the splitting test in
order to demonstrate the failure mode. It was observed
that the failure mode depends strongly on the geometry
of the ribs. In the case of w-4-12 and w-6-10 samples,
the failure occurs by the shearing off of the concrete
ribs (Figure 4(a) and (b)). According to Soong,6 the
shape of the curve represents the case when the shearing
is partial and hence a load drop is registered at the
maximum load due to the sudden shearing of the
remaining intact ribs. After the failure, the main mech-
anism to resist the pull-out is the friction between the
cylindrical surface and the concrete. This is the cause of
the bond strength plateau observed for curves (a)
and (b) in Figure 4.

In the cases of w-10-6 and w-12-4, the failure
mode consisted of the shearing off of the FRP ribs
(Figure 5(d) and (e)). When the ribs along the entire
embedment length are sheared at the maximum load
FD, the bearing resistance due to them is eliminated
and the load drops suddenly to the frictional force,
FC. In this case, frictional force tends to zero.

Clearly, When the failure mode is the shearing off
the GFRP ribs (cases 4-12 and 6-10), the bond strength

Figure 5. Photograph of smooth ribbed bars after splitting test (a) w-4-12, (b) w-6-10, (c) w-8-8, (d) w-10-6 and (e) w-12-4.

Figure 4. Bond strength versus slip of smooth ribbed bars:

(a) w-4-12, (b) w-6-10, (c) w-8-8, (d) w-10-6 and (e) w-12-4.
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is dependent on the shear strength of resin matrix; when
the failure mode is the shearing off the concrete lugs
(cases 12-4 and 10-6), the bond strength is dependent
on the shear strength of concrete.

In the case of sample w-8-8, it can be observed
an intermediated behavior between both modes: as the
distribution of stress is not uniformly dispersed, the ribs
of FRP furthest away from the free load extreme were
sheared off whereas the ribs closest to the free load
extreme maintained their structure (Figure 5(c)).

Sanded ribbed bars. Figure 6 shows the bond strength
versus slip of the ribbed bars coated with sand. In
this figure, only one representative curve is reported
for each configuration, that closer to the average.
They presented a quite different behavior respect of
that observed to smooth bars.

The bond failures of sanded w-4-12 and w-6-10 were
relatively brittle. The sudden free-end slip was accom-
panied by significant energy release. During that short
moment, there was no data recorded and the pullout
resistance seemed to be reduced to almost zero.

Taking into account the maximum bond strength
developed by the samples, the best performance corres-
ponds to the w-12-4, achieving close to 9MPa. In the
cases of samples w-4-12 and w-6-10 (curves a and b), a
sudden drop in the bond strength is observed after the
maximum value is reached. In the case of the smooth
ribbed with the same geometry, they presented a pro-
longed plateau after reaching the maximum value.

In the cases of samples w-10-6 and w-12-4, an
extended plateau in the bond strength is observed
(curves d and e). In the case of sample w-8-8, there
was a lower bond strength peak, followed by an
extended plateau.

After the pull-out test, all samples with sanded
ribbed bars failed due to splitting of concrete.
Figure 7 shows clearly that the chemical adhesion
between the concrete and bars is very strong when the

Figure 7. Photograph of sanded ribbed bars (a) w-4-12, (b) w-6-10, (c) w-8-8, (d) w-10-6 and (e) w-12-4.

Figure 6. Bond strength versus slip of sanded ribbed bars:

(a) w-4-12, (b) w-6-10, (c) w-8-8, (d) w-10-6 and (e) w-12-4.
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coating of sand is present. Concrete remained bonded
to the surface bar after the splitting test. In these cases,
the failure mode doesn’t depend on the geometry of the
ribs. The sand on the surface improves the interface
behavior, providing a more efficient friction mechanism
and a better anchoring mechanism. The contribution
from chemical bonding to the measured pullout load
is always present, but in the case of smooth bar, it plays
a minor role.

Several authors have analyzed the influence of the
rebar geometry by looking at two geometric ratios par-
ameters: as and CLR.14,15 They found that increasing
the CLR increases the ultimate bond strength of the
rods. In the present work, we present a systematic
study on CLR ratio, keeping constant the as parameter
(Table 1).

Al-mahmoud et al.15 stated that a CLR of 0.35 is
sufficient to ensure a bond strength equivalent to that of
ribbed steel bar. Also, they state that when failure
occurs by the shearing off of the FRP ribs, better
bond strength was achieved prior to failure.

Figure 8 shows the bond strength versus CLR par-
ameter for both smooth and sanded machined bars. In
the case of smooth bars, the best performance was
achieved by the configuration of CLR 1. For sanded
bars, the maximum bond strength corresponds to the
bars whose CLR was 3. For each configuration, it can
be seen that the coating of sand improved the adhesion
between the bar and concrete, except in the case of
CLR of 1. The variations in performance were directly
related with the different failure mechanisms, as has
been noted in the previous section.

Variation of dc

Smooth ribbed bars. For the samples d-9, d-10 and d-11,
the bars failed when the pull-out load was higher than
the tensile strength of the ribbed bars.

When the ribs of GFRP were lathed, some glass
fibers have been cut. So the shear strength of at the
surface of GFRP rods has been reduced. Figure 9
shows the bond strength versus slip in ribbed bars of
different internal diameter embedded in concrete. In
general, all peak values are within a short range of
bond strength. However, some differences can be
observed after the splitting test. For cases d-12, d-13
and d-14, the failure mode was shearing off of ribs.
The system d-14 reached a slightly higher value of
bond strength. After the failure, the friction is the
main mechanism that resists the pull-out forces. The
higher the value of dc is, the smaller the plateau that
is reached after the peak value of bond strength. For
the case d-15, the failure mode is the splitting of con-
crete. In this case, after the maximum bond strength is
reached, a sudden drop in the bond strength is
observed.

Sanded ribbed bars. Figure 10 shows the bond strength
versus slip for sanded ribbed bars of different internal
diameter embedded in concrete. It is observed that the
coating of sand drastically modifies the bond behavior
with respect to results described in the previous section.
The sand provides a better anchorage mechanism
through chemical adhesion and interlocks mechanism.
For the cases d12, d13 and d15, the samples failed by
splitting of concrete.

Figure 8. Peak values of bond stress of smooth and sanded

ribbed bar versus concrete rib ratio (CLR) ratio.

Figure 9. Bond stress versus slip of smooth ribbed bars with

different internal diameter (a) d-12, (b) d-13, (c) d-14 and

(d) d-15.
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The case of d-14 presents the lowest bond strength in
the case of sanded bars. After it reaches the maximum,
the curve presents an extended plateau due to frictional
behavior (curve c). The splitting test confirms that bond
failure happened within the interfaces of resin-rich layer
and fibers inside.

Conclusions

The study of the bond behavior of glass fiber reinforced
plastic (GFRP) embedded in concrete with different rib
geometries was carried out. Regarding the width of the
ribs, the results indicate that the bond strength is the
highest when the failure mode is a combination of two
mechanisms. Regarding the height of the ribs, the bond
strength is independent of this parameter. In the case of
sanded bars, it was found that the friction and interlock
forces are more relevant, and the influence of the width
of the ribs and the internal diameter is less important
than in non-sanded bars.

Furthermore, it was demonstrated that a lot of work
is necessary to identify an adequate parameter. It is
necessary to provide an alternative to the as and CLR
parameters described in the literature. It would need to
characterize the influence of geometry surface on the
bond stress between FRP and concrete.
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