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ABSTRACT:

In this paper, the durability of flax and glass fiber-reinforced polymer (FRP) composites externally
bonded to concrete beams is studied. A total of 100 plain concrete beam specimens (75 mm x 100
mm x 400 mm) were prepared and bonded with flax and glass FRP strips to the tension side of the
beams. The specimens were designed to have an adhesive debonding failure of the FRP from the
concrete. The specimens were aged in water and dry heat conditions at 20 and 60 °C for 21, 42, and
63 days and then were tested under three-point bending. A set of specimens were also aged by
freeze/thaw cycles. The load-deflection behaviors of the specimens were evaluated and the effects of
heat, moisture, and freeze/thaw cycles on the peak load and ductility of the specimens were quantified.
The study shows that the peak load retentions of the specimens with bonded flax and glass FRPs
immersed in 60 °C water for 63 days is 72% and 80% of their counterparts kept in dry heat condition,
respectively. An analysis of variance was also performed to assess the significance of the aging effects
on the physical and mechanical properties of the specimens. Also, a cross-sectional analytical
modeling was performed to compute the FRP tensile force, strain, and bond strength of the specimens.
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1. INTRODUCTION

During the past three decades, synthetic fibers such as glass and carbon fibers have been widely
applied for the repair and strengthening of existing concrete structures in the form of externally
bonded fiber-reinforced polymer (FRP) composites [1-2]. Synthetic fibers are made of non-renewable
resources and their production typically emits significant greenhouse gases contributing to the global
warming. Moreover, it is very difficult to recycle FRP composites made of synthetic fibers (hereafter
called synthetic FRPs) at the end of their life span. As a result, synthetic FRPs are typically sent to
landfills that are filling up fast [3-4]. Natural fibres extracted from plants (e.g. flax, hemp, jute, and
etc.) are good examples of renewable materials that offer several economical, technical, and
ecological advantages over synthetic fibres. FRP composites made of natural fibers (hereafter called
natural FRPs) have a potential at the end of their life span for recycling and degradation, depending
on the type of the polymer used. The worst case scenario is the incineration of natural FRPs to generate
power, which reduces their volume significantly to fly ash and bottom ash with many potential
applications in concrete industry.

Natural FRPs have been extensively researched for the past two decades [5-10]. Due to the
relative large quantity, low cost of raw material, low density, high specific properties, and positive
environmental profile; natural fibres are considered as prospective substitutes to synthetic fibres.
Natural fibers have shown comparable mechanical properties to glass fibres. Despite of the positive
characteristics, natural fibres have some negative characteristics. They are highly hydrophilic and
their mechanical and physical properties are dependent on the climate, location, and weather; so it is
difficult to predict their respective composite properties and failure mechanism [11-14]. In terms of
long-term performance of natural FRPs, there are drawbacks with respect to their durability against

moisture and other environmental conditions [15-18].
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On the other hand, the durability of synthetic FRPs externally bonded to concrete structures
have been extensively studied [19-28]. It has been shown that the bond between FRP and concrete
can be deteriorated by aging and exposure to environmental conditions. Many parameters including
material properties, type of environmental exposure, type of loading, and quality of workmanship can
affect the deterioration of the bond [29]. It is already known that the bond between glass FRPs and
concrete can be deteriorated by exposing to harsh environmental condition. However, the mechanism
of bond deterioration has not been completely characterized, as FRP materials are relatively new
compared to traditional construction materials. Consequently, long-term field data are limited,
making the use of accelerated durability tests essential in the field. However, due to lack of standard
protocols for conducting accelerated durability testing, it has been difficult to draw detailed
conclusions from the large database of test results generated over the past two decades [30]. In
addition, there is no data regarding the bond between concrete and natural FRPs. As natural fibers are
more sensitive than synthetic fibers to moisture, the durability of the bond between natural FRPs and
concrete also needs to be studied in-depth.

In this study, accelerated durability tests were conducted in order to investigate the long-term
behavior of both synthetic (glass) and natural (flax) FRPs externally bonded to concrete beams. A
total of 100 plain concrete beams were prepared. The specimens were externally bonded with flax
and glass fabrics using a vinyl ester resin. The test specimens were aged for 21, 42, and 63 days in
water and dry heat at 20 and 60 °C and then were tested under three-point bending and their
mechanical properties were compared to control specimens. The weight gain of the specimens and
the pH and temperature of the solutions were also observed. The load-deflection behavior of the
specimens were evaluated and the effect of heat, moisture, and freeze/thaw cycles on the strength and

ductility of the specimens were studied. Also, the peak load retention of the specimens immersed in
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water with respect to their counterparts kept in dry heat condition were evaluated. Atthe end, a cross-
sectional analytical modeling was performed to compute the tensile force and strain the FRPs as well

as to evaluate the bond strength between the FRP and concrete of the experimental specimens.

2. EXPERIMENTAL PROGRAM

The experimental program implemented in this study follows the overall concept of the accelerated
conditioning protocol (ACP) recommended by ACI 440.9R-15 [30] for FRP-bonded concrete beams.
However, the size of specimens, exposure duration, and width of bonded FRPs differ from the ACP.
The size of compartments in freeze/thaw cabinet, time limitation of the study, and low strength of flax
FRPs controlled the specific changes. The critical mechanism is considered to be the effect of
moisture accelerated by heat on the aging of the bond between FRP and concrete. After the aging
process, the FRP-bonded beams are tested under a three-point bending set-up using the method
developed by Gartner et al. [31]. An adhesive bond failure mode is typically expected, which is where
the fracture surface passes entirely through the FRP-concrete interface, not in the concrete (i.e.
cohesive failure). This is important to evaluate the durability of the FRP-concrete interface bond (i.e.,
adhesive bond failure mode). It should be mentioned that some mortar particles from the concrete
may remain adhered to the FRP when adhesive bond failure occurs [30]. In order to prevent FRP
rupture failure mode, the width of the flax FRP is selected wider than the test method developed by
Gartner et al. [31] and recommended by ACI 440.9R-15 [30]. The width of glass FRP is accordingly
selected as same as the flax FRP to make the bond area the same. In addition to the properties of the
polymer adhesive, the durability of the FRP-concrete interface is a function of concrete surface
preparation, mechanical interlock, and chemical interactions between the adherents. It also could be

a function of the type of fibers and fiber content. The permeable nature of natural fibres comparing to
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synthetic fibers can create more moisture path into the polymer leading to higher moisture absorption
[32-35] and consequently more bond deterioration. This is why both flax and glass fibers were
considered in this experimental study. The sections below provide a detailed description of the test
matrix, material properties, specimen fabrication, environmental conditioning, and test setup of the

experimental program.

2.1. Test Matrix

A total of 100 plain concrete beams (75 mm x 100 mm x 400 mm) were prepared. After concrete
moisture curing, the specimens were bonded with flax and glass fabrics using a vinyl-ester resin. The
test parameters are: fiber type (flax vs. glass fibers), aging condition (dry heat, immersion in water,
and freeze/thaw), exposure duration (21, 42, and 63 days), and temperature during the exposure (20
and 60 °C). For each case, five identical specimens were prepared as shown in Table 1. The test
specimens are identified with the specimen identification (ID) as F-X-TY-DZ and G-X-TY-DZ,
where F stands for flax FRP, and G stands for glass FRP. In addition, X stands for the environmental
exposure of air day (AD), water (W), and freeze/thaw (FT); Y stands for the exposure temperature of
20 °C (T20) and 60 °C (T60); and Z stands for the exposure duration of 21 days (D21), 42 days (D42),
and 63 days (D63). For example, F-W-T60-D63 is a beam with bonded flax FRP immersed in 60 °C
water for 63 days and G-AD-T20-D63 is a beam with bonded glass FRP kept in 20 °C air dry
condition for 63 days. The specimens identified as F-FT-C25 and G-FT-C25 are exposed to 25 cycles

of freeze/thaw. Also, control specimens are identified by DO.
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2.2. Material Properties
All specimens were constructed from similar concrete mix design as shown in Table 2. The cement
used was Portland cement type I/1l and coarse aggregate used had a maximum size of 19 mm. It
should be mentioned that all aggregates larger than 19 mm were removed by the corresponding sieve.
Per ACI 318-11 [36], the nominal maximum size of coarse aggregate shall be not larger than 1/5 the
narrowest dimension between sides of forms (i.e., 75/5=15 mm), however the limitation shall not
apply, if the judgment of the professional, workability, and method of consolidation are such that
concrete can be placed without voids. As a table shaker was used for concrete consolidation and the
result was satisfactory, the maximum coarse aggregate size of 19 mm was selected. As an adhesive
bond failure is targeted, the aggregate size has no significant effect. The compressive strength of
concrete was determined by testing three cylinders (100 mm x 200 mm) resulted in an average
compressive strength of 45 MPa right after 28-day moisture curing. At the time of testing of the
control FRP-bonded beams, three more cylinders were tested and resulted in an average compressive
strength of 49 MPa. Also, at the time of testing the 63-day aged FRP-bonded beams, three more
cylinders were tested and resulted in an average compressive strength of 55 MPa.

For making flax FRPs, two layers of a 275 gsm (g/m?) stitched unidirectional flax fabric was
used. The fabric was made of flax fibers with the single fiber density of 1.4-1.5 g/cm®, diameter of 20
um, tensile strength of 500-900 MPa, elastic modulus of 50-70 GPa, and rupture strain of 2% reported
by manufacturer (Composite Evolution, Chesterfield, UK). For making glass FRPs, one layer of a
955 gsm stitched unidirectional glass fabric was used (manufacturer: Fibre Glast, Brookville, OH,
USA). For making both flax and glass FRPs, a vinyl-ester resin was used and catalyzed with 1.25%

methyl ethyl ketone peroxide (MEKP) by weight. The resin (cured at room temperature for 24 hours
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and post-cured for 2 hours at 138 °C) had the tensile strength of 82 MPa, elastic modulus 3720 MPa,
and rupture strain of 7.9% reported by manufacturer (Fibre Glast, Brookville, OH, USA).

Five identical coupons of flax and glass FRPs were also prepared and tested in tension [37].
The load-strain response of the coupons was monitored with an extensometer, then the stiffness of
the materials per unit width and the ultimate tensile strain of the materials was determined based on
ASTM D7565 [38]. Specimen thickness is not required for the calculations. Fig. 1 shows the load-
strain response results of flax and glass FRP coupons. The average maximum tensile force per unit
width of flax and glass FRPs was 20710 and 649+31 N/mm, respectively. The plus and minus range
shows a standard deviation. The dashed lines in Fig. 1 show the initial tensile stiffness per unit width,
of flax and glass FRPs with the average values of 21.9 +1.3 and 28.0+1.0 kN/mm, respectively. As
shown in the figure, the glass FRPs have almost a linear behavior up to the rupture, however flax
FRPs exhibit a bilinear behavior with a transition zone at a strain ranging from 0.002 to 0.003 mm/mm
and a secondary stiffness of almost two-third of the initial stiffness. The non-linear behavior may
affect the behavior and failure mode of concrete specimens with bonded flax FRPs as it will be

discussed later.

2.3. Specimen Fabrication

As shown in Fig. 2, the concrete was poured into custom-made wooden forms with five cells in each
panel to make 75 mm x 100 mm x 400 mm plain concrete beams. The size of the specimens were
selected based on the size of compartments in freeze/thaw cabinet. After keeping under plastic sheets
for 24 hours, the wooden forms were removed and the concrete beams were set in a curing room with
100% relative humidity up to the age of 28 days. After the moisture curing was completed, the beam

specimens were saw cut on a form finished face at mid-span to a depth of 50 mm (i.e., half of the 100
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mm side was saw cut) to ensure that a single bending crack is made at the tip of the saw cut [31]. The
3 mm wide saw cut provided two identical development lengths for the bonded FRP from the beam
mid-span as shown in Fig. 3. In order to enhance the bonding of concrete and FRP, the same concrete
surface was roughened with a concrete surface grinder to reach a minimum concrete surface profile
(CSP) 3 according to ACI 440.2R-08 [39]. Then, the specimens were dried for a period of 48 hours
in an air circulating oven at a temperature of 50 °C.

After a minimum 5 hours cooling at room temperature, the roughened surface of concrete was
coated with the resin and immediately flax/glass fabric impregnated by the resin was applied on the
wet surface. One layer of glass fabric or two layers of flax fabrics (75 mm wide x 200 mm long) were
used as the density of the glass fabric was higher. It was ensured that the fabrics were impregnated
properly and excessive resin was removed from the surface by a roller. It should be noted that most
of the researchers used 25-50 mm wide glass/carbon FRP strips [29-31], however in this research the
FRPs bonded over the full width of the beams. This was necessary to avoid the rupture failure mode
of flax FRPs, as they are much weaker than glass/carbon FRPs. For comparison purpose, the width
and length of both flax and glass FRPs were selected the same. Moreover, due to the lower tensile
strength of flax FRP, two layers of flax fabrics were used to ensure the bond failure occurs rather than
the tensile rupture.

After FRPs cured for 7 days at room temperature, the specimens were pre-conditioned for a
period of 48 hours in an air circulating oven at a temperature of 50 °C, because the specific resin used
in this study showed lack of full curing at room temperature [35]. The purpose of the pre-conditioning
was to ensure the resin was cured completely. The authors are aware that this pre-conditioning
regimen is not possible in the field. However, as the same pre-conditioning was used for both flax

and glass FRP bonded specimens, their performances can be compared. The pre-conditioning was
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also used to dry the specimens before the aging process. The weight of the specimens at dry condition
was obtained to monitor the weight gain (i.e. moisture absorption) of the specimens after the aging
process. It should be noted that the majority of weight gain during the aging is due to water absorbed
by the concrete, however the weight gain can be larger for the specimen with bonded flax FRPs. This
information will be useful later for comparison of flax and glass FRPs. After weighing, the specimens

were ready to be aged in different environmental conditions.

2.4. Environmental Conditioning

The beam specimens with bonded FRPs were immersed into containers filled with tap water. The
containers were kept at two different temperatures, namely room temperature and 60 °C air circulating
oven as presented in Table 1. The aging temperature of 60 °C was selected per ACI 440.9R-15 [30].
As the glass transition temperature of the resin was not reported and the authors did not have access
to required equipment to find the glass transition temperature, it was ensured that the aging
temperature was well below the heat distortion temperature (98 °C) of the resin provided by
manufacturer. The containers were sealed to control evaporation. In addition, similar specimens were
kept in an air dry condition in oven and room temperature for comparison. For room temperature
cases, the air dry specimens were kept on a dry shelf and the rest of specimens were immersed into
water containers kept in an air conditioned room. The mechanical tests were conducted at 21, 42, and
63 days (i.e. 500, 1000, and 1500 hours) after the environmental conditionings started. Initially, longer
exposure durations were targeted, but due to time limitation of the project, the maximum duration of
63 days was selected. For each case, five identical specimens were prepared and tested. At the time
intervals (i.e. when the containers were opened to take some specimens out for the mechanical

testing), the specimens were taken out of water, their surfaces were made dried using a paper towel
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and immediately the weight of the surface-dried specimens were measured. The changes in weight of
the specimens were recorded at the time intervals to study the moisture absorption of the specimens.

The temperature of water in the containers were also measured three times at the time
intervals. As the lab was air conditioned, the temperature was almost constant with an average of 21.0
°C and standard deviation of 0.2 °C. This is why the room temperature condition is referred as 20 °C.
For the high heat of 60 °C, the containers were kept in ovens with accurate temperature control
system. The average temperature of the solutions in the ovens was 61.3 °C with standard deviation of
0.6 °C. As the containers were sealed properly, no evaporation was observed, even at 60 °C. At each
time interval taking the specimens out of the water solution, the pH level of the solution was also
measured three times using a digital pH meter. The average pH of the solution at 20 °C during the
period of 63 days was 9.7 with standard deviation of 0.02. The average pH of the solution at 60 °C
during the same period of 63 days was 11.4 with standard deviation of 0.03. It should be mentioned
that the initial pH of solutions was about 7, however the solutions gained their alkalinity from
concrete. Overall, the average pH level of the solutions at 60 °C was observed 17% higher the
solutions at 20 °C, due to more alkaline leach from the concrete specimens into the solutions.

As presented in Table 1, five specimens were exposed to 25 cycles of freeze/thaw using a
freeze/thaw cabinet. The minimum temperature was -18 °C and maximum was 4 °C with a duration
of 4 hours for each cycle. A 30 minute transition was set between the maximum and minimum
temperatures. After the completion of the freeze/thaw cycles, the specimens were post-conditioned as

same as the specimens immersed in water and were tested under three-point bending.
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2.5. Test Setup

After the end of each environmental conditioning and before the mechanical testing, the specimens
were post-conditioned for a period of 24 hours in an air circulating oven at a temperature of 50 °C to
make sure all specimens have the same moisture content at the time of the mechanical testing. Then,
the post-conditioned specimens were removed from the oven and were cooled down to the room
temperature for a period of at least 5 hours prior to the mechanical testing. A 30 KN universal testing
machine was used to perform the three-point bending test as shown in Fig. 3. The tests were
displacement controlled with a rate of 0.5 mm/min. The load was measured by the machine’s load
cell and the deflection at mid-span was collected based on the cross-head displacement of the frame
as no displacement gauge was available to the authors at the time of the research. The beam specimens
were tested with a simply supported span of 300 mm with 50 mm overhang at each end up to the

failure.

3. RESULTS AND DISCUSSIONS

This section provides the results of the experimental work and discussions on failure modes, load-
deflection behavior, ductility, effect of aging, weight gain, and peak load retention. Table 3
summarizes the test results including the peak load, ultimate deflection, pseudo-ductility ratio, and
weight gain. It provides the average value (AVG), standard deviation (SD), and coefficient of

variation (COV) of each parameter.

3.1. Failure Modes
As shown in Fig. 4, typical failure mode was a debonding of the FRP from the concrete at the interface
(i.e. adhesive failure), not in concrete (i.e. cohesive failure). It should be highlighted that having the

adhesive failure was the target of the research. However, a few partial flax FRP rupture in the bonding
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region was observed as shown in Fig. 4(a). Overall, slightly before the brittle failure, some noises and
minor cracks at the vertical sides of the concrete specimens along the bonding surface of FRP and
concrete were observed. It was also observed that the debonding failure occurred randomly at the left
or right sides of the saw cut. For some specimens, a triangle-shape concrete at the corner of the FRP
and the saw cut was left attached to the FRP as shown in Fig. 4(a) and 4(b). For the control specimens,
some mortar remained locally adhered to the FRP, however for the aged specimens, as shown in Fig.
4(c) and 4(d), less mortar was left on FRP after the adhesive failure, which demonstrates the influence
of the ageing process. For the specimens aged with 25 cycles of freeze/thaw, a cohesive failure mode
occurred, as shown in Fig. 4(e) and 4(f). It means the freeze/thaw cycles affected the concrete rather
than the adhesive. It should be mentioned that a set of specimens (5 specimens with bonded flax and
5 with bonded glass FRPs) were aged with 50 cycles of freeze/thaw, the results was complete cohesive
failure at the end of the aging process without any mechanical test, where the failure surface was
completely in concrete rather than in adhesive. As the mechanical test was not possible on the
specimens with 50 cycles of freeze/thaw, those 10 specimens were not included in the test matrix of

this study.

3.2. Load-Deflection Behavior

Figs. 5(a) and 5(b) show the typical load-deflection behavior of the specimens with bonded flax and
glass FRPs, respectively. As shown, only one curve (the one that was the closest curve to the average)
out of the five identical specimens was selected and presented in the figures. Overall, the figures show
a linear initial branch to a certain point, where an initial debonding alters it to a secondary branch

towards a complete debonding of the FRP from the concrete. The specimens with bonded flax FRP

Page 12 of 42



exhibit a significant longer secondary branch than the ones with bonded glass FRPs. In order to

quantify the phenomenon, a pseudo-ductility ratio (p) is defined as follows:
p== (1)

where ;i is the deflection at the initial debonding and &, is the deflection at the ultimate deflection.
The pseudo-ductility ratio of all five identical specimens of each group accompanied by the peak load
and the ultimate deflection of the specimens were calculated and the average, standard deviation, and
coefficient of variation values are presented in Table 3. The following sections provide a detailed
discussion about the effect of each environmental condition on the load-deflection behavior of the test

specimens.

3.2.1. Control Specimens

Five specimens with bonded flax FRP (F-AD-T20-DO0) and five specimens with bonded glass FRP
(G-AD-T20-D0) were tested as control specimens without any aging. The control specimens were
tested at day 0, when the aging process was started for the rest of the specimens. As shown in Fig.
5(a), the control specimens with bonded flax FRP have a linear behavior up to a certain point, where
an initial debonding begins and extends with a flat secondary branch, then the complete debonding
failure occurs. As shown in Fig. 5(b), the control specimens with bonded glass FRP show similar
linear behavior with slightly larger initial stiffness up to the failure with a smaller pseudo-ductility
ratio (see Table 3). The slight larger initial stiffness can be explained by larger stiffness of glass FRP
compared to that of flax FRP. The larger pseudo-ductility of control specimens with bonded flax FRP
might be related to the nonlinear behavior of flax FRP compared to the linear behavior of glass FRPs
(see Fig. 1). The nonlinear behavior of flax FRP and its lower secant modulus at higher stresses can

cause a gradual transformation of tensile stress from the FRP to the shear stress at the interface of the
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concrete and the FRP, which can result in a more gradual debonding compared to the sudden
debonding of the specimens with bonded glass FRP. In order to quantify this phenomenon, a more
in-depth research with precise strain measurement of FRPs is needed. It should be noted that at the
time of the research, no strain measuring system was available to the authors. In fact, the initial focus
of the research was on the overall load capacity of the concrete beams with bonded flax FRP and the
deterioration of the capacity after aging with heat and water solution compared to the ones with
bonded glass FRP. In Section 4, a cross-sectional analytical model is presented to compute the FRP

strain.

3.2.2. Effect of Dry Heat

This section focuses on the effect of dry heat (i.e. air dry condition) on the load-deflection behavior
of the specimens exposed to a constant temperature of 60 °C. After the end of the exposure, the
specimens were cooled down to the room temperature for at least 5 hours, then they were tested with
similar test setup of the control specimens. Fig. 5(a) indicates that the 60 °C dry heat condition for 63
days increased the peak load and altered the flat secondary branch of the control specimens with
bonded flax FRP to a shallow ascending branch. This can be explained by the post-curing of the resin
at high temperature and an increase of the cross-links density of the bonding polymer, which is
reflected in an increase of strength and stiffness of the FRP. As presented in Fig. 5(b), the specimens
with bonded glass FRP aged in 60 °C dry heat for 63 days exhibit similar linear behavior with slightly
larger stiffness up to a point where the debonding occurs suddenly. The load capacity is larger than
the control specimens, however the coefficient of variation of test results is higher (see Table 3). As
shown in Fig. 5, it is also observed that the peak load of both specimens bonded with flax and glass

FRPs kept dry at the room temperature (20 °C) for 63 days is slightly less than that of the control
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specimens. This could be related to the nature of concrete absorbing the humidity of environment
affecting the bond strength. This is important regarding the effect of both heat and water immersion,

which is discussed in the following sections.

3.2.3. Effect of Water Immersion in Room Temperature

This section presents the load-deflection behavior of the specimens aged in water solution in room
temperature (20 °C). After aging for 21, 42, and 63 days, the specimens were tested with a procedure
similar to the control specimens. As shown in Fig. 5(a) using the dashed lines, after the initial
debonding of flax FRPs, the curves extend with a deep descending branch down to the complete bond
failure. The descending branches differentiate the behavior of the specimens with respect to the
control specimens with an almost flat secondary branch and the specimens kept in room temperature
dry condition with a shallow secondary branch. Moreover, the moisture decreases the peak load of
the specimens compared to the control specimens and the specimens kept in dry condition. It also can
be concluded that increasing the duration of immersion into 20 °C water decreases the peak load,
slightly. As shown in Fig. 5(b), the specimens with bonded glass FRP aged in 20 °C water were
experienced very little peak load reduction compared to their control specimens. Overall, the
specimens with bonded flax FRP were affected much more than their counterparts with glass FRP by

the immersion into water in room temperature.

3.2.4. Effect of Water Immersion in High Heat
The load-deflection behavior of the specimens after 21-, 42-, and 63-day immersion in 60 °C water
solution is discussed in this section. As shown in Fig. 5(a), after the initial debonding, the curve

extends with a shallow descending branch down to the complete bond failure. The descending
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branches differentiate the behavior of the specimens with respect to the control specimens and the
specimens aged in dry heat. Overall, it can be observed that increasing the temperature along with the
duration of immersion into 60 °C water decreases the peak load. However, the specimens are slightly
stronger than their counterparts immersed in water in room temperature. In order to have a fare
comparison, the specimens should be compared to their counterparts aged at the same temperature,
as high heat increases the strength and stiffness of the bonding polymer. This is discussed in Section
3.3. As shown in Fig. 5(b), the specimens with bonded glass FRP aged in 60 °C water for 63 days

were experienced more peak load reduction compared to the specimens with shorter exposures.

3.2.5. Effect of Freeze/Thaw Cycles

This section presents the load-deflection behavior of the specimens exposed to 25 cycles of
freeze/thaw with a minimum temperature of -18 °C and maximum temperature of 4 °C with a duration
of 4 hours per cycle. As shown in Fig. 5(a), the specimens with bonded flax FRP have a shallow linear
behavior up to a point where a cohesive debonding failure occurs suddenly. A comparison to the
control specimens demonstrates that cohesive debonding is a premature failure as the concrete was
affected significantly by the freeze/thaw cycles, which prevented an adhesive failure at the interface.
The specimens with bonded glass FRP demonstrate similar behavior with higher peak load. It should
be noted that at 50 cycles all 10 specimens lost their FRP at the end of freeze/thaw cycles, so they
were not tested under bending and were not included in the test matrix of this study. It is recommended
to use a lower number of freeze/thaw cycles to obtain a critical number of cycles required for

switching the failure mode from an adhesive bond failure to a cohesive bond failure.
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3.3. Peak Load and Peak Load Retention

In order to have a more in-depth evaluation about the effect of the environmental conditions on the
specimens, Figs. 6(a) and 6(b) presents the peak load of the specimens with bonded flax and glass
FRPs, respectively. The variation bars show a standard deviation above and below the average value.
The figures show that the peak load of the control specimens with bonded flax FRP is 20% weaker
than their counterparts with bonded glass FRP. The figures also indicate that there is a peak load
reduction by immersing the specimens with bonded flax FRP in water with respect to the control
specimen tested at the day 0. The specimens with bonded glass FRP do not experience similar
reduction. Moreover, the figures show that the specimens kept in 60 °C dry heat condition are stronger
than their control specimens. That means the reference specimens for the specimens aged in 60 °C
water should be their counterparts kept in 60 °C dry heat condition. For better comparison, a peak
load retention percentage is calculated for each specimen based on ACI 440.9R-15 [30]. The peak
load retention of each specimen is calculated as follows:

R, = %xlOO )

1
where Rp is the peak load retention in percent; P is the average peak load of control specimens; and
P is the average peak load of aged specimens. Using Eq. (2), the peak load retention of the specimens
aged in 20 and 60 °C water for 63 days is obtained 75% and 85% with respect to the control
specimens, respectively. That indicates that the specimens with bonded flax FRPs aged in 60 °C water
are 10% stronger than their counterparts aged in 20 °C water. The result seems in contradiction with
the common belief about accelerated aging in water at high temperature. As mentioned earlier, the
authors believe that the effect of resin curing at high temperature should be also considered. That is
why a set of specimens was kept in 60 °C dry heat condition to understand better the effect of both

heat and moisture. The results show a 5% reduction at 20 °C and 16% increase in peak load with
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respect to that of the control specimens. By comparing the specimens with bonded flax FRPs aged
for 63 days in water at 20 and 60 °C with respect to that of their counterpart in dry heat condition, the
peak load retentions are resulted in 77% and 72%, respectively. For the specimens with bonded glass
FRP, comparing the peak load of the specimens aged for 63 days in water at 20 and 60 °C with respect
to that of their counterparts in dry condition, the peak load retentions are resulted in 104% and 80%,
respectively. Overall, after 63 days immersing in 60 °C water, the peak load retention of the specimens
with bonded flax and glass FRPs was 72% and 80% with respect to their counterpart specimens kept

in 60 °C dry condition, respectively.

3.4. Weight Gain

In this section, the weight gain of the specimens is compared in order to understand the difference in
the water absorption. This can help to understand the difference in long-term bond properties of the
specimens. When the specimens were placed in water for different durations there was usually a
weight gain due to the water absorption by both concrete and FRP materials. It should be noted that
the weight gain is mainly due to water absorption of concrete, however the FRP has some effects. The
weight gain can be calculated based on the oven dry weight and saturated surface dry weight of each
specimen as follows:

Wy — Wy
Mt = Td x 100 (3)

where M is the percentage of weight gain at the time t, Wy is the weight of the dry specimen at time
t=0 and W is the weight of the saturated surface dry specimen at time t. As shown Table 3, it can be
seen that the effect of temperature on the weight gain of both flax and glass FRP bonded specimens
had the same trend, however the weight gain in glass the specimens with bonded glass FRP is lower

than the ones with bonded flax FRP. Overall, the average weight gain of specimens with bonded flax
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and glass FRPs were 2.8% and 2.4%, respectively. This is compatible with the hydrophilic nature of

natural fibers and high absorption properties of flax FRPs as reported by Hristozov et al. [35].

3.5. Statistical Evaluations

In order to identify parameters with significant effect on the test specimen, an analysis of variance
(ANOVA) is performed. ANOVA allows a comparison of the variance caused by the between-groups
variability (Mean square effect or MSettect) With the within-group variability (Mean square error or
MSerror) by means of the F-test. The analysis results are presented in an F-value as follows:

F = Mseffect ( 4)
MS

error

The analysis tests whether the F-value is significantly greater than a critical value Ferit, extracted from
the distribution of statistical tables based on the number of degrees of freedom. A test result
(calculated from the null hypothesis and the sample) is called statistically significant if it is deemed
unlikely to have occurred by chance, assuming the truth of the null hypothesis. A statistically
significant result justifies the rejection of the null hypothesis. In this study, a one-way ANOVA using
a confidence level of 95% (significance level of 0.05) is performed.

In terms of the weight gain of the specimens, three parameters, namely, the type of fibers, the
temperature, and the exposure duration are considered, separately. The result of the analysis is
summarized in Table 4. Considering the type of fibers, the ANOVA analysis shows that the results
are significant at the 5% significance level (F>Fit), which rejects the null hypothesis, concluding
that there is strong evidence that the weight gain between concrete specimens with bonded flax and
glass FRPs differ significantly. As presented in Table 4, the effect of the temperature and exposure

duration on the weight gain are considered non-significant since F<Fct. It also indicates that the
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duration of aging from 21 to 63 days and temperature have non-significant effect on the weight gain
of both series of specimens.

In terms of the peak load, the ANOVA analysis indicates that the peak load of specimens with
bonded flax FRP is significantly less than that of glass FRPs since F>Fcrit (see Table 4). This can be
explained by the permeable nature of flax fibres compared to glass fibers as it can create more
moisture path into the polymer leading to higher moisture absorption and consequently more
deterioration [35]. In order to have a better understanding of the phenomenon, more research is needed
to study the effect of different natural fibers and resins on the durability of the FRP-concrete bond.
As shown in Table 4, the ANOVA analysis also indicates that the duration of aging in water has
significant effect on the peak load of the specimens with bonded flax FRPs, however it has non-
significant effect on the specimens with bonded glass FRPs. It also shows that the duration of aging
from 21 to 63 days has non-significant effect on the peak load of both series of specimens considered

in this study.

4. ANALYTICAL STUDY

This section presents a cross-sectional analytical study to compute the resultant tensile force in the
FRP strip and its corresponding tensile strain as well as the bond strength between the concrete and
the FRP, particularly at the peak load. The analytical model considers the nonlinear behavior of
concrete in compression and the nonlinear behavior of FRP in tension (for the case flax FRP). As
shown in Fig. 7, the strain profile is assumed linear and the tensile strength of concrete is ignored.
The model does not consider the slip between the concrete and the FRP after the initial bonding. Thus,
its output for the specimens with a peak load way beyond of the initial debonding could be

approximate. As there is no strain measurement in the current experimental study, the authors are not
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able to validate the accuracy of the model. As shown in Fig. 7, the neutral axis depth (c) is measured
from the extreme concrete compression fiber. Thus, strains of FRP (&) and concrete (ec) are
proportional with the maximum concrete strain e.n in compression and the curvature . As there is
no transverse FRP for confinement and concrete does not reach to its crushing point, the compressive
behavior of concrete can be adequately described by the parabolic formula. As shown in Fig. 7, the

compressive stress (f¢) at distance y from the neutral axis, corresponding to a strain &, is given by

2
f = fg[zg—f (5—” ()
gC gc

where £ is the concrete strength in compression and & is its corresponding strain. The corresponding

[40]:

strain and the elastic modulus (Ec) are determined as et=1.7ft/Ec and Ec=4700(f.)°° (in MPa);
respectively. The behavior of glass FRPs is assumed linear elastic up to the tensile rupture stress as
presented in Fig. 1. The behavior of flax FRPs is assumed bilinear with a kinking point at strain 0.0025
mm/mm and a secondary stiffness equal to 2/3 of the initial stiffness up to the tensile rupture stress as
presented in Fig. 1. Based on Hristozov et al. [35], the aging process does not affect the modulus of
flax and glass FRPs, significantly. As a results, the stress-strain curve of flax and glass FRPs aged in
this study are assumed as same as their control counterparts. In fact, the aging process only affects the
rupture point of FRPs. As bond failure controls the failure of the beam specimens with bonded FRPs,
the rupture points of the FRPs have no effect on the current analytical model. Based on Fig. 7, the
strain & at any concrete compression fiber is evaluated as e.=w.y and strain ecm at extreme concrete
compression fiber (i.e. at y=c) is evaluated as ecm=y.c. Thus, the resultant force C. corresponding to

the compressive concrete and its moment M about the neutral axis can be expressed as follow:
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C, =b[ f.dy (6)

M, =b[" f,ydy )
For FRP, strain & is evaluated as er=y(d-c). Thus, using the stress-strain behavior of the FRP
(Fig. 1), the tensile force of FRP per unit width (ff) and the resultant force Ts =b. f; can be computed.
To this end, the internal forces have been expressed in terms of two main parameters, namely; the
curvature w and neutral axis depth c. By applying static equilibrium conditions, considering internal

and external forces (Fig. 7), the following two equations are derived:

C. =T, (8)

M, +T,(d, —c)=PL/4 (9)
where P is the average peak load of each five identical experimental specimens. Egs. (8) and (9) are
sufficient to obtain the two unknown parameters (i.e. curvature y and neutral axis depth c), using a
conventional computer program. Then, the tensile strain of FRP (&) at the peak load and the
corresponding resultant force (Tr) are computed. The bond strength (zu=Ts/A) between the concrete
and the FRP is also computed, where A is the bonding area of the FRP and concrete at either side of
the mid-span. The procedure is completed for each group of the experimental specimens at the
average peak load and the results are presented in Table 5. In order to provide a reasonable comparison

of the FRP systems and bond strength, the bond strength values are normalized (7, ) based on the area

(Ar) and modulus (Es) of each FRP as follows:

= (10)

Using the analytical model, the FRP force (Tr), the FRP strain (&f), the bond strength (z), and the

normalized bond strength (7,) were computed at the average peak load of each group of test
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specimens. The results are presented in Table 5. It shows that there is a difference between the bond
strength of the specimens with bonded flax and glass FRPs. An ANOVA analysis shows that the
difference is significant (see Table 4). However, the same ANOVA analysis on the normalized bond
strength shows that there no significant difference between the specimens with bonded flax and glass
FRP F<Frit (see Table 4).

The bond strength retention (R;) of each group of specimens was also calculated based on the
bond strength computed using the analytical method. The results are presented in Table 5 with respect
to the control specimens tested at day 0 and at day 63 (T= 20 and 60 °C). The results indicate that the
bond strength retentions of the specimens with bonded flax and glass FRPs immersed in 60 °C water
for 63 days is 69% and 79% of their counterparts kept in dry heat condition, respectively.

Based on ACI 440.2R-08 [41], a failure controlled by FRP debonding may occur away from
where an externally-bonded FRP terminates due to the intermediate crack-induced (IC) debonding

failure. The tensile strain in FRP at which the IC debonding may occur (&) is defined as follows:

f ’
=041 [ €
€ nE, t, (11)

where Er and tr are the elastic modulus and thickness of a single ply of the FRP laminate, n is the

number of plies, and /*c is the compressive strength of concrete. Using Eq. (11), the IC debonding
strain of the flax and glass FRPs used in this study is computed as 0.0194 and 0.0172 mm/mm,
respectively. The average tensile rupture strain of the flax and glass FRPs are 0.0131 and 0.0254
mm/mm as shown in Fig. 1. It means the specimens bonded with flax FRP are not vulnerable to the
IC debonding (as e = 0.0194> &, = 0.0131), however the IC debonding can control the failure of the
specimens with bonded glass FRP (as e =0.0172< en =0.0254). As presented in Table 5, the
maximum level of strain in flax and glass FRPs bonded to concrete specimens is 0.0102 and 0.0073

mm/mm, which are less than the critical values of 0.0131 and 0.0172 mm/mm, respectively. Thus,
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the IC debonding did not control the failure of the specimens. In fact, the length of the bonded FRPs
were initially designed short enough to keep the level of FRP strain lower than the critical values
ensuring an adhesive bond failure controls the behavior of the specimens, rather than the FRP

rupture/IC debonding/concrete crushing failures.

5. CONCLUSION

In this study, durability tests were conducted in order to investigate the long-term behavior of

externally bonded natural and synthetic FRPs to concrete beam specimens. A total of 100 plain

concrete beams were prepared and bonded with flax and glass FRPs. The test parameters were fiber
type (flax vs. glass fibers), environmental aging condition (dry heat, immersed in water, and
freeze/thaw), exposure duration (21, 42, and 63 days), and temperature during the exposure (20 and

60 °C). The specimens aged in the environmental conditions were tested under three-point bending

and compared to control specimens. An analytical study also presented to compute the tensile strain

and bond strength of the specimens. The following conclusions can be drawn from the study:

e Typical failure mode the specimens was a brittle debonding of the FRP from the concrete at the
interface (i.e. adhesive failure). For the specimens aged with 25 cycles of freeze/thaw, the typical
failure mode was a cohesive debonding, where the failure surface passed through the concrete.

e The typical load-deflection behavior of control specimens was linear and followed by a flat
secondary branch after the initial debonding. The specimens with bonded glass FRP showed a
secondary branch much shorter than the specimens with bonded flax FRP. The peak load of the
control specimens with bonded flax FRP was 20% weaker than their counterparts with glass FRP.
A one-way ANOVA analysis showed that the type of fibers has a significant effect on the peak

load.
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e Keeping the specimens in a dry condition at room temperature (i.e., 20 °C) reduced slightly the
peak load, however dry heat condition (i.e., 60 °C) significantly enhanced the peak load due to
increasing of the cross-links density of the bonding polymer. This was resulted in a shallow
ascending secondary branch for flax bonded specimens exposed to dry heat condition.

e For the specimens immersed in water at room temperature, the specimens with bonded flax
FRP were affected much more than their counterparts with glass FRP. For the specimens with
bonded flax FRP, the secondary branch was shortened with a descending trend as the duration
of the immersion increased. For the specimens with bonded glass FRP, there was no significant
change.

e For the specimens immersed in water at high heat (i.e., 60 °C), longer duration of immersion
did have a significant deterioration effect on the peak load. Also, increasing the temperature from
20 to 60 °C along with the duration of immersion decreased the peak load. After 63-day
immersion in 60 °C water, the peak load retention of the specimens with bonded flax and glass
FRPs was 72% and 80% with respect to their counterpart specimens kept in 60 °C dry condition,
respectively.

e Using a cross-sectional analytical model, the tensile force, tensile strain, and bond stress of the
test specimens at peak load were computed. The bond strengths were normalized by the area and
modulus of the FRPs. It was shown that there was a significant difference between the bond
strength of the specimens with bonded flax and glass FRPs. However, there was non-significant

difference between the normalized bond strengths.
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Table 1. Test matrix.

Exposure Dry Water Freeze/Thaw
Duration 1—y0oc T=60°C  T=20°C T=60°C 25 Cycles
(days)
0 5 - - - 5
21 - - 5 5
42 - - 5 5
63 5 5 5 5
Total 100 (50 flax and 50 glass) FRP bonded concrete beams

Page 31 of 42



Table 2. Concrete mix design for 1 m? of concrete.

Ingredients Weight (kg)
Coarse Aggregate 1076
Fine Aggregate 700
Water 207
Cement 421
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Table 3. Summary of experimental results.

# Specimen ID Peak load, Pmax Ultimate deflection, du Pseudo-ductility Weight gain, Wt
AVG SD COV AVG SD COV AVG raélg, g CoOv AVG SD cov
KN) KN) () (mm) (mm) (%) @) 0 O @ ) )
1 F-AD-T20-DO 1049 025 238 1.96 0.18 9.42 133 012 9.08 - - -
2 G-AD-T20-DO 1315 100 757 211 0.14 6.83 110 003 280 - - -
3  F-W-T20-D21 792 077 9.66 1.38 025 1836 128 017 1364 292 026 893
4  G-W-T20-D21 1255 121  9.60 1.93 022 1148 109 004 346 242 045 1862
5 F-W-T60-D21 914 057 6.26 1.49 023 1511 122 012 9.96 224 037 1634
6 G-W-T60-D21 1243 063 503 1.75 0.16 9.21 107 005 447 229 022 978
7  F-W-T20-D42 811 031 388 1.40 021 1514 126 012 991 273 061 2217
8 G-W-T20-D42 1263 166 1310 2.09 038 1798 112 010 9.06 242 021 887
9  F-W-T60-D42 88 079  8.97 1.73 029 1651 134 019 1400 273 027 9.76
10 G-W-T60-D42 1410 065 4.60 213 0.14 6.48 105 000 025 204 017 855
11 F-W-T20-D63 772 055 719 1.26 019 1502 123 015 1202 3.06 035 1158
12 G-W-T20-D63 1339 107 7.99 2.09 022 1039 115 012 1002 204 032 1557
13 F-W-T60-D63 876 065 740 157 023 1433 128 011 897 279 075 26.83
14 G-W-T60-D63 11.80 083  7.00 181 0.08 4.29 113 006 544 235 032 1346
15 F-AD-T20-D63 998 064 6.43 2.03 0.18 8.95 162 015 9.04 - - -
16 G-AD-T20-D63 1283 058 454 1.92 046 2398 110 0.06 5.80 - - -
17 F-AD-T60-D63 1221 060  4.93 2.14 0.11 4.97 136 007 502 - - -
18 G-AD-T60-D63 1478 264 1785 224 046 2050 113 006 551 - - -
19 F-FT-C25 555 125 2251 124 021 1692 113 010 846 - - -
20 G-FT-C25 770 062 8.03 147 025 1713 101 000 044 - - -
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Table 4. The results of one-way ANOVA F-test evaluations

Evaluated Range of data Source of variation F-value  Ferit Significance
parameter
Weight gain  All specimens aged in water  Type of fibers (flax and 12.84 4.96 Significant
glass fibers)
Flax FRP-bonded Temperature (20 and 60 °C)  2.55 7.71 Non-significant
specimens aged in water
Glass FRP-bonded Temperature (20 and 60 °C)  0.19 7.71 Non-significant
specimens aged in water
Flax FRP-bonded Exposure duration (21, 42,  0.66 9.55 Non-significant
specimens aged in water and 63 days)
Glass FRP-bonded Exposure duration (21,42, 0.34 9.55 Non-significant
specimens aged in water and 63 days)
Peak load All specimens aged in water  Type of fibers (flax and 7.43 4.49 Significant
and high heat glass fibers)
Flax FRP-bonded Temperature (20 and 60 °C)  38.88 7.70 Significant
specimens aged in water
Glass FRP-bonded Temperature (20 and 60 °C)  0.01 7.71 Non-significant
specimens aged in water
Flax FRP-bonded Exposure duration (21, 42,  0.09 9.55 Non-significant
specimens aged in water and 63 days)
Glass FRP-bonded Exposure duration (21, 42,  0.58 9.55 Non-significant
specimens aged in water and 63 days)
Bond All specimens Type of fibers (flax and 20.71 441 Significant
strength glass fibers)
Normalized  All specimens Type of fibers (flax and 1.94 441 Non-significant
bond strength glass fibers)
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Table 5. Summary of analytical study.

# Specimen ID FRP force at FRP strain at Bond Normalized bond Bond strength
peak load, Tr peak load, & strength, zu strength, 7, retention, R- (%0)
(kN) (mm/mm) (MPa) o
(m) WRT  WRT

D632 DQP
1  F-AD-T20-DO 10.76 0.0086 1.43 0.66 106 100
2  G-AD-T20-DO 13.63 0.0065 1.82 0.65 103 100
3 F-W-T20-D21 8.12 0.0062 1.08 0.49 77 72
4  G-W-T20-D21 13.00 0.0062 1.73 0.62 98 95
5  F-W-T60-D21 9.37 0.0073 1.25 0.57 72 85
6 G-W-T60-D21 12.88 0.0061 1.72 0.61 84 94
7  F-W-T20-D42 8.31 0.0063 111 0.51 78 73
8  G-W-T20-D42 13.09 0.0062 1.75 0.62 98 95
9  F-W-T60-D42 9.08 0.0070 121 0.55 69 81
10 G-W-T60-D42 14.62 0.0070 1.95 0.70 96 108
11 F-W-T20-D63 7.91 0.0060 1.05 0.48 74 70
12 G-W-T20-D63 13.88 0.0066 1.85 0.66 105 102
13 F-W-T60-D63 8.98 0.0070 1.20 0.55 69 81
14  G-W-T60-D63 12.22 0.0058 1.63 0.58 79 89
15 F-AD-T20-D63 10.23 0.0081 1.36 0.62 100 94
16 G-AD-T20-D63 13.29 0.0063 1.77 0.63 100 97
17 F-AD-T60-D63 12.53 0.0102 1.67 0.76 100 119
18 G-AD-T60-D63 15.33 0.0073 2.04 0.73 100 112
19 F-FT-C25 5.69 0.0039 0.76 0.35 48 45
20 G-FT-C25 7.96 0.0038 1.06 0.38 60 58

@ WRT DO: with respect to corresponding control specimen bonded with flax/glass FRP.
b WRT D63: with respect to corresponding specimen bonded with flax/glass FRP aged in 20/60 °C air dry condition for
63 days.
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Figure 1. Tensile force per unit width versus strain curves of flax and glass FRPs.
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Figure 2. Specimen preparation: (a) formwork; (b) surface preparation; (c); oven drying;

and (d) applying FRP.
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Figure 3. Test setup: (a) elevation view; (b) bottom view; and (c) cross-section (dimensions in

mm).
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Figure 4. Failure mode of selected specimens: (a) F-AD-T20-DO0 (Control); (b) G-AD-T20-D0

(Control); (c) F-W-T60-D63; (d) G-W-T60-D63; (e) F-FT-C25; and (f) G-FT-C25.
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Figure 5. Load-deflection behavior of concrete beam specimens with bonded (a) flax and (b)

glass FRPs.
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Figure 6. Variation in peak load of concrete beam specimens with bonded (a) flax and (b)

glass FRPs.
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Figure 7. Mechanism of cross-sectional analytical model of concrete beam with bonded FRP.
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