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Abstract

This paper presents the results of a collaborative research project with Quebec’s Ministry of
Transportation and the Ontario’s Ministry of Transportation, which aimed at characterizing a
new type of headed glass-fiber-reinforced-polymer (GFRP) reinforcing bar and evaluating its
suitability as internal reinforcement for concrete structures. To achieve these objectives, the
project was implemented in three stages: (1) evaluation of the physical and mechanical
properties; (2) determination of the pullout behavior in concrete; and (3) characterization of
the long-term durability of the headed GFRP bars. A total of 57 specimens embedded in a
200 mm concrete cube were tested with the direct pullout test to investigate the effect of
confinement, bar size, concrete compressive strength, and exposure conditions on the pullout
behavior of the headed GFRP bars. Simultaneously, microstructural analyses and
measurements of the physicochemical and mechanical properties were carried out on
conditioned and unconditioned headed GFRP bars. The results show that the materials,
geometry, and interface configuration of the head provided very good mechanical interlocking
to the GFRP bars. Up to 63% and 53% of the guaranteed tensile strength of the straight GFRP
bars were achieved for 15.9 mm and 19 mm diameter bars with headed ends, respectively.
Scanning electron microscopy and differential scanning calorimetry showed no material
changes in the head and bars after exposure to alkaline solution and freeze—thaw cycling.
Exposure to the alkaline solution under sustained loading had the most detrimental effect,
with the bar retaining 79.4% of its pullout strength. The results indicate that the tested headed
GFRP bar has suitable mechanical and durability properties for use as reinforcement in

concrete bridge components.

Keywords: Glass-fiber-reinforced polymer; headed bar; physical; mechanical; durability;

freeze-thaw, alkaline environment, concrete, pullout strength.
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INTRODUCTION

Fiber-reinforced-polymer (FRP) bars have been extensively used as internal reinforcement in
different concrete structures as an alternative to steel reinforcement due to their noncorrosive
nature. FRP materials in general offer many advantages over the conventional steel, including
one-quarter to one-fifth the density of steel, neutrality to electrical and magnetic disturbances,
and greater tensile strength. In the last decade, several field applications of FRP bars in
marine structures, concrete bridge-deck slabs, bridge barriers, parking garages, and concrete
pavement, as well as several experimental studies have supported the suitability of FRP rebars
for structural use (Benmokrane et al. 2006; Manalo et al. 2014). Still, continuous research and
development activities are being conducted around the world to comprehensively gain an
understanding of the structural and mechanical behavior of FRP bars to ensure their wide
acceptance in the construction industry (ACI 440.1R-15).

The bond characteristics of FRP bar is one of the most important parameters that control
the design of FRP-reinforced concrete members. In structural concrete, the provisions for
anchorage of reinforcement present detailing problems due to the required development
lengths (Thompson et al. 2002). Accordingly, FRP bars are produced with different types of
surface textures—such as sand coated, spiral wrapped, helical, ribbed, and indented—to
promote bond and develop strength (Esfahani et al. 2013). Even if the bar’s surface profile
has been enhanced or a coating added, a long development length is needed in order to fully
use the high tensile strength of FRP bars (Davalos et al. 2008). In some cases, bent FRP bars
have been used to provide enough anchorage (CSA S6-2014, El-Salakawy et al., 2005). In
such cases, however, the bent portion of the FRP bars have shown significantly lower tensile
capacity than the straight portion because of the redirection and rearrangement of the fibers in
the bend (Ahmed et al. 2010, Azimi et al. 2014). Moreover, bend dimensions may not fit

within the dimensions of a member and may create congestion, making the element difficult
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to construct. These issues have resulted in the development of FRP bars with a headed end to
shorten the required development length and to develop the bar’s high tensile capacity.
Nevertheless, there is little guidance currently available for designing headed FRP bars.

While a significant amount of data is currently available on the durability and bond
performance of FRP bars (ACI 440.1R-15), the durability of headed FRP bars, however, has
yet to be investigated and understood. Davalos et al. (2008) indicated that bond durability
plays a critical role in the long-term performance of concrete structures internally reinforced
with FRP bars. Moreover, Bank et al. (1998) suggested that exposure to different
environmental conditions affects the properties of the FRP bars as well as their bond strength
with concrete. Clearly, the pullout strength of headed FRP bars exposed to different
environmental conditions is important and should be determined for long-term performance
assessment.

Recently, a research project was implemented by the University of Sherbrooke in
collaboration with Quebec’s Ministry of Transportation (MTQ) and Ontario’s Ministry of
Transportation (MTO) to assess the performance of a new type of headed glass-fiber-
reinforced-polymer (GFRP) bar and to determine its suitability as internal reinforcement for
concrete bridge elements and structures. As the head is made of thermoplastic matrix—a
polymer that can be repeatedly softened by temperature increases and hardened by
temperature decreases—a detailed investigation on the mechanical properties and durability
of this material is warranted. CAN/CSA-S6 (2014) approved the use of thermoplastic
materials as primary reinforcement in concrete only after they have proven durability and then
were permitted for use as secondary reinforcement only if the matrix were susceptible to
alkali degradation. Moreover, thermosetting polymers are preferred over thermoplastic
polymers because of the lack of experience in the use of thermoplastics in civil structural

applications. Thus, the project reported on herein was conducted in three stages to completely
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characterize the physical, mechanical, and durability properties of the headed GFRP bars. In
the first stage, the physical and chemical properties of the head and bar materials were
determined. The pullout behavior of the headed GFRP bars in concrete was then investigated
in the second stage to examine the effects of different parameters such as concrete
confinement, concrete compressive strength, and bar diameter. In the third and final stage, the
pullout strength and retention of headed GFRP bars when exposed to an alkaline solution,
freeze-thaw cycles, and combined alkaline exposure and sustained loading was determined.
Microstructural analyses and measurements of the physicochemical and mechanical
properties were also carried out on conditioned and unconditioned headed GFRP bars. This
paper presents the results of these studies. Understanding the behavior and performance of
headed FRP bars is critical for their safe design and acceptance as reinforcement in concrete
structures. This paper also provides the information needed to develop design guidelines and
specifications for headed FRP bars.

THE HEADED GFRP BARS

The newly developed head is made of thermoplastic matrix reinforced with short glass fibers,
while the GFRP bar is made of continuous E-glass fibers in a vinyl ester resin, as shown in
Figure 1.a. This new product is manufactured by Pultrall (Thetford Mines, Quebec, Canada).
The head has a special rib configuration to enhance the bond with concrete interface and was
cast on the end of the GFRP bar at high temperature. The head is approximately 100 mm in
length with a maximum outer diameter of 50 mm at the end, as shown in Figure 1.b. This
wide wedge helps transfer a large portion of the load from the bar to the concrete and develop
uniform stress along the head. Beyond this wedge, the head tapers in five steps to reach the
outer diameter of the blank bar. This configuration is responsible for developing a stronger

anchor system and avoiding splitting action near the head. This surface geometry was selected
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after a number of trials and evaluations. Similarly, the bar ends were prepared with rounded
grooves on the surface to increase mechanical interlock with the head, as shown in Figure 1.c.
Physical Characterizations

Two elements were considered in the physical characterization: sand-coated GFRP bars and
molded thermoplastic heads (without the internal portion of the bar), as shown in Figure 2.
Experimental tests as described in Table 1 were conducted on the GFRP bar samples and on
the head samples to determine their physical properties. These properties are presented and
discussed in the following subsections.

Material Composition

Pyrolysis testing was conducted to determine the material composition of the head anchor in
accordance with ASTM D3171 (2011), Procedure G. The samples were weighed and heated
to 550°C; the residual powder (filler) was then weighed. The pyrolysis test showed that the
head is made of thermoplastic resin and very short glass fibers measuring a few hundred
microns. It consists of 55% resin and 45% fibers by weight. According to the manufacturer,
the resin is a polyphthalamide (PPA) with a melting point of around 300°C. Platt (2003)
reported the typical mechanical properties of PPA.

The fibre content by weight of the sand coated GFRP bars is reported in Table 2 as provided
by the manufacturer. The sand was excluded from the calculation of fibre content in the
GFRP bars.

Water Absorption

The water uptake was determined according to ASTM D 570 (2010) for bars and heads. The
measurement was conducted on bar samples containing sand. Since the sand particles may be
removed during the immersion water, the specimens are dried and weighed after the test, if

needed.
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Three specimens from bars and heads were cut, dried, and weighed. They were then
immersed in water at 50°C. The samples were removed from the water after 24 hours, surface
dried, and weighed. Then, they were placed in water again until reaching full saturation, i.e.
when the weight became constant. The samples were then dried at 100°C and weighed to
determine the water content in weight percentage. The water-absorption rates of the head at
24 hours and at saturation was 0.48% and 1.11% by weight, respectively. These rates are
slightly higher than that of the GFRP bar, which were measured at 0.11 and 0.44% by weight
after 24 hours and at saturation, respectively. It should be noted that the specified limit of
water absorption for FRP reinforcing bars in ACI 440.6M (2008) and CSA-S807 (2010) is 1%
and 0.75% (high durability), respectively.

Coefficient of Thermal Expansion

The coefficients of transverse thermal expansion (CTE) at operating temperatures of the
anchor head and sand-coated GFRP bar were measured with thermomechanical analysis
(TMA) in accordance with ASTM E 831 (2012). The sand was excluded because the samples
were taken from the core of the bar and the head. The values of CTE were 38 x 105/°C for the
anchor head and 22 x 10%/°C for the bar. The small difference in the coefficient of thermal
expansion between the bar and anchor head will not induce any delamination problems.

Glass Transition Temperature

The glass transition temperature, T4, was determined by differential scanning calorimetry
(DSC) according to the ASTM E 1131-08 (2014) test method. Samples ranging from 30 to
40 mg were taken from the core of the GFRP bars and head. These samples were weighed and
placed in an aluminum pan. The samples were then heated to 200°C in a nitrogen atmosphere
at a heating rate of 20°C/min. The T4 obtained was 142°C and 116°C for the head and the

GFRP bar, respectively. Both these Tq values are higher than the specified limit of 100°C in
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CSA S807 (2010) and ACI 440.6M (2008). The head’s measured Tg is also consistent with
the reported Tg4 of 115°C-130°C for high-temperature molding PPA (ASTM D5336-15).
Optical Microscopy

An anchor head was cut longitudinally and each piece was observed under optical
microscopy, revealing that the contact at the bar-head interface was very intact (Figure 2).
The presence of grooves can also be distinguished in the figure; they were provided to
increase the shear strength between the head and bar.

EXPERIMENTAL PROGRAM

An experimental investigation was carried out to evaluate the pullout behavior of the headed
GFRP bars before and after exposure to different environmental conditions. The following
sections provide a detailed description of the parameters considered in this study, types of
conditioning, specimen preparation, and test setup, and instrumentation.

Parameters Considered

The test parameters considered in this study are concrete confinement, bar diameter, concrete
compressive strength, and exposure conditions.

Confinement

The effect of concrete confinement on the pullout capacity of headed GFRP bars was
evaluated on concrete blocks with and without transverse steel reinforcement. Ten concrete
blocks without spiral reinforcement were prepared, as control specimens. On the other hand,
mild-steel bars 3.2 mm in diameter were used as spiral reinforcement to confine the 50
concrete blocks where the headed bars were embedded.

Bar Diameter

Two different bar sizes were used: Nos. 5 and 6 GFRP bars (diameters of 15.9 mm and
19 mm, respectively). Table 2 gives the characteristic tensile strength and mechanical

properties of these bars, as supplied by the manufacturer.
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Concrete Compressive Strength

The concrete blocks were cast with normal-weight concrete with an average 28-day
compressive strength of 35+0.8 and 47+0.5 MPa. Type 1 Portland cement was used for both
concrete mixtures. These mixes were considered to investigate the effect of concrete
compressive strength on the pullout capacity of the headed GFRP rebars.

Exposure Conditions

The headed GFRP bars were prepared and grouped according to the exposure conditions
below.

Group A

Headed GFRP bars were cast without conditioning in concrete blocks to serve as control
specimens. The effects of concrete confinement, concrete strength, and bar diameter on the
pullout behavior of these headed GFRP bars were evaluated.

Group B

Three 15.9 mm diameter headed GFRP bars were directly immersed in alkaline solution
(pH of 12.8) for 60 days at 60°C before casting in concrete blocks. The conditioning was
conducted in accordance with ACI 440.3R-12 (2012), Test Method B.6, and CSA-S806-12
(2012), Annex O. During conditioning, the level of alkaline solution and pH level were
checked periodically and new solution was added as necessary.

Group C

Three 15.9 mm diameter headed GFRP bars were subjected to 500 freeze—thaw cycles (-18°C
and +4°C) according to ASTM C666/C666M—15, Procedure B (2015), in the MTQ
laboratory. The specimens were sent to the University of Sherbrooke, cast in concrete blocks,
then subjected to direct pullout loading.

Group D
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Three 15.9 mm diameter headed GFRP bars were cast in concrete blocks and exposed to
freeze-thaw cycles of +30°C and -30°C per day for 30 days. This exposure condition was
requested by MTQ and MTO.

Group E

Three 15.9 mm diameter headed GFRP bars were cast in concrete blocks and then
conditioned in alkaline solution (pH of 12.8) under sustained tensile loading at 60°C for 60
days. This conditioning is quite similar to ACI440.3R, Test Method B.6 (2012). In this
method, moist concrete surrounds the headed GFRP bar. The concrete blocks were immersed
in the alkaline solution in 300 x 300 x 300 mm PVC tanks. During the conditioning, the
samples were set in a rigid-steel loading frame to induce a strain equal to 3000 microstrains
(CSA-S806-12, 2012). The test frames were designed so as not to induce torsional stress in
the samples. The imposed strain was controlled by glued stoppers and was checked daily.
Similarly, the temperature was monitored during the 120 days of conditioning. Figure 3
shows the test setup and schematic diagram of the headed GFRP bars conditioned in the
alkaline solution under sustained loading.

Specimens Details

A total of 57 headed GFRP bars were prepared and tested to evaluate the effects of the
different parameters considered in this study. Table 3 provides details of the specimens. The
different specimens were designated according to conditioning type, bar number, concrete
compressive strength, the presence (S) or absence (N) of confinement, and the specimen’s
number in the group. For example, specimen A-5-35-S-1 was the first specimen in the
unconditioned headed GFRP bar group embedded in a concrete block with a compressive

strength of 35MPa and spiral reinforcement.
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Casting of Concrete Blocks

The headed FRP bars were centered and adjusted vertically in a wooden form measuring
200 x 200 x 200 mm. The load was intended to be resisted only by the head, so debonding
tubes were attached to the headed GFRP bars starting from the end of the head up to 200 mm
along the bar. For the confined specimens, the spiral reinforcement was inserted in the form at
a pitch of 25 mm along the block’s depth.

The concrete was placed in three layers of approximately equal thickness, and each layer
was compacted 25 times with a 16 mm diameter tamping rod. After molding, the specimens
were cured for 24 h by covering them with a plastic sheet to prevent moisture loss. The molds
were then removed, and the specimens in groups A, B, and C were stored for 27 days in a
moist room. During this period, water was sprayed daily to maintain moisture on the surfaces
at all times. On the other hand, the specimens in groups D and E were subjected to the
specified type of conditioning after mold removal. At least six 150 x 300 mm cylinders were
also prepared for each concrete batch and cured under the same conditions as the control
specimens. The concrete compressive strengths of these cylinders were determined at 28 days.
Test Setup and Instrumentation
Before testing, the free end of the GFRP bar was anchored in steel tubes filled with Bristar 10
cement as an adhesive. The concrete block was also attached with a closed steel-plate frame
to confine and delay the splitting of the concrete. The specimens were then tested on a
1000 kN capacity BALDWIN machine (as shown in Fig. 4) under direct pullout testing
according to the procedures in ACI 440.3R (2012). The loading rate was 2.0 kN/s and applied
by manually controlling the hydraulic pump. The load was increased until the headed GFRP
bar or concrete block failed. The load was measured with the machine’s electronic load cell,
which was connected to a data-acquisition system. After the testing, the concrete blocks that

were not broken were carefully cut into halves to observe the anchor head’s condition.
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TEST RESULTS AND OBSERVATIONS

Mode of Failure

ACI 440.1R (2015) and Benmokrane et al. (2002) mentioned that pullout and splitting are the
two dominant failure modes expected with GFRP rebars in concrete. Whether one or the other
occurs depends on the confinement around the bars, concrete cover and strength, and bar
embedment length (Harajli and Abouniaj 2010). In our study, four different types of failure
were observed for the tested headed GFRP bars embedded in concrete: concrete breakout
(CB); concrete splitting followed by head breakout and bar pullout (CSH); bar slippage from
the head (BSH); and bar slippage due to shear failure of the grooves (BSG). All these modes
of failure were explosive and combined with a sudden drop in the pullout capacity. The
following presents a brief description of the different modes of failure observed:

(1) Concrete blowout (CB)

This type of failure is characterized by the breaking of the concrete block in three or more
pieces, while the headed GFRP bar remains intact or with minimal damage near the end of the
head (Figure 5a). When the head bears against the surrounding concrete during testing, the
concrete tends to slide up along the head surface, causing blowing out of the side cover of the
concrete block. In this case, the splitting resistance of the concrete blocks governs the level of
pullout capacity of the headed GFRP bars. This mode of failure occurred exclusively with the
headed GFRP bars embedded in a concrete block without spiral reinforcement.

2) Concrete splitting followed by head breakout and then bar slippage (CSH)

This type of failure occurred when the friction between the head and the bar and between the
head and the concrete prevented the headed GFRP bar from pulling out of the concrete block.
The forward movement of the headed GFRP bars, however, caused splitting cracks to
propagate from the head to the concrete surface. Typically, face and side splitting was

observed on the concrete blocks. The confining stress provided by the spiral reinforcement
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prevented the concrete from breaking out. At high load, the head’s material strength was
exceeded, causing it to break. This was followed by bar slippage as the bar lost some
interlocking capacity at the surfaces between the bar and the head (Figure 5b). CSH occurred
mainly for the unconditioned headed GFRP bars that were cast in concrete blocks with spiral
steel reinforcement.

(3) Bar slippage from the head, BSH

The headed GFRP bars conditioned under exposures B, C and D as well as some of the
unconditioned specimens failed by bar slippage from the head (BSH) without any splitting or
cracking in the concrete block. In this type of failure, the head remained completely intact in
the concrete block, although the GFRP bar had been pulled out. The grooves on the bar
surface are clearly visible in Figure 5c, but the grooves on the head have suffered some
damage, indicating that the bar slippage occurred because the longitudinal bond stress
exceeded the shear strength between the GFRP bars and head. In other words, the failure due
to the bar slippage from the head (BSH) occurred due to groove failure in the head, while the
grooves on the bar surface remained mostly intact, as shown in Figure 5c.

4) Bar slippage due to shear failure of the grooves (BSG)

Bar slippage as a result of the shear failure of the grooves was observed for the headed GFRP
bars that were conditioned in alkaline solution (pH of 12.5) at 60°C under sustained tensile
loading for 60 days (Group E). As can be clearly seen in Figure 5d, in this type of failure, the
grooves on the bar surface inserted into the head were worn completely smooth. Clearly, the
shear strength between the concrete and head wedges had to exceed the strength of the bar—
head interface for this type of failure to occur. The bar slippage in both BSH and BSG
indicates that the degradation of the bond (if any) between the concrete and head resulting
from degradation of the concrete and bar properties did not affect the measured pullout

strength, as the failure occurred solely at the bar and head interface.
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Pullout-Load Capacity

Table 3 also gives the experimental results for the pullout capacity of the unconditioned and
conditioned headed GFRP bars. Failure was defined as the point of maximum pullout load.
The corresponding average tensile stress developed by the GFRP bar was also calculated by
dividing the failure load to the nominal cross-sectional area of the bar. These tables also
provide the percentage of the maximum nominal stress to that of the guaranteed tensile
strength as well as the typical type of failure observed for each test. The experimental results
also evidence a slightly higher failure load for samples failing from BSH rather than CSH.
This observation further confirms the good bond between the head and bars. Due to concrete
splitting from CSH, the load to pull the headed bars out of the concrete block becomes lower
than from BSH as the confinement provided by concrete was lower.

ANALYSIS AND DISCUSSION

This section presents the analysis and discussion of the effects of the various parameters
investigated on the pullout behavior of the headed GFRP bars. The pullout behavior and
retention after exposure to different environmental conditions are also presented.

Effect of Steel Spiral

Cosenza et al. (1997) indicated that bond strength was highly dependent on concrete
confinement. Harajli and Abouniaj (2010) further suggested that adding confinement
reinforcement such as transverse steel would result in a sizable increase in the bond strength
of GFRP bars. A similar trend was observed herein. The average pullout load for the headed
GFRP bars embedded in concrete blocks without steel spirals was 122.7 kN and 149.5 kN for
the 15.9 and 19 mm diameter bars, respectively. In the case of the spirally reinforced concrete
blocks, the levels of pullout load were 139.8 kN and 171.7 kN, respectively, representing a

13% to 15% increase.
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Incorporating spiral reinforcement had an obviously positive effect on failure behavior.
The concrete blocks without steel spirals failed by concrete blowout. Clearly, the concrete
blocks used had inadequate confining action to minimize the risk of breaking the concrete due
to the very high force needed to pull the headed GFRP bar out of the concrete block. As a
result, the headed GFRP bar was not able to achieve its maximum pullout capacity. In
comparison, providing spiral reinforcement improved the pullout capacity by restraining the
concrete block breakout and by confining the concrete underneath the head, thereby
improving the bearing capacity. The headed GFRP bars embedded in concrete failed
primarily as the result of the splitting of the concrete blocks, followed by head breakage;
some specimens failed due to bar slippage.

Effect of Bar Diameter

The effect of bar diameter was evaluated by comparing the average tensile stress developed
by the GFRP bars. The tensile stress measured in the 15.9 mm diameter headed GFRP bars in
35 MPa concrete was 699.5 MPa (139.8 kN), compared to 602.6 MPa (171.7 kN) for the
19 mm diameter bars. On the other hand, the tensile-stress measurements for the 15.9 mm and
19 mm diameter headed GFRP bars in 47 MPa concrete were 750.0 MPa (148.5 kN) and
626.9 MPa (178.6 kN), respectively. This represents decreases of 14% and 16% in the
developed level of stress or pullout resistance as the bar diameter increased. Benmokrane et
al. (1996) indicated that the average bond stress in FRP bars decreased as bar diameter
increased. The same conclusion was arrived at with ribbed GFRP bars with headed ends
(Islam et al. 2015). While our study revealed a similar trend, the reduced pullout capacity
cannot be directly correlated to the difference in bar diameter, as only the head was embedded
in the concrete block.

The pullout capacity of the headed GFRP bars relies to a great extent on the head bearing

against the concrete with some contribution from the shear resistance of the concrete along
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the wedge surface. As the head geometry was the same for both the 15.9 mm and 19 mm
diameter bars, the shear friction along the wedge surface can be considered to be equal. On
the other hand, the head’s projected bearing area on the concrete was different. Obviously, a
bigger diameter bar will result in a smaller bearing area than with a smaller diameter bar, as
the larger area is deducted from the head’s total projected area. Thus, it can be concluded that
the lower pullout capacity of the 19 mm diameter headed GFRP bar compared to that of the
15.9 mm one is due to the lower net bearing area of the head. Ozbolt et al. (2007) made
similar observations, indicating that higher resistance can be obtained for anchor bolts with
higher bearing areas.

All the specimens in this study—that is, for both bar diameters and concrete compressive
strengths (35MPa and 47 MPa)—failed due to the concrete splitting, followed by head
breakout and bar slippage. This shows that the head size considered is sufficient to ensure
adequate bond between the concrete and head and to develop high tensile stress in the GFRP
bars.

Effect of Concrete Strength

The average pullout capacities of the 15.9 mm diameter headed GFRP bars embedded in 35
and 47 MPa concrete with spiral reinforcement were 138.5 kN and 148.5 kN, respectively.
The corresponding values for the 19 mm diameter headed bars were 171.7 and 178.6 kN.
These test results indicate that the pullout strength of the headed GFRP bars in the concrete
with 35 MPa compressive strength were 4% to 6% lower than those embedded in the 47 MPa
concrete. This insignificant difference in measured pullout capacities between the two
compressive strengths agrees with the findings of Tighiouart et al. (1998). These authors
concluded that the strength of the bond between GFRP bars and concrete did not increase
with increased concrete compressive strength. Okelo and Yuan (2005) also suggested that the

average bond strength could be assumed to be proportional to the square root of the
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compressive strength of concrete. Based on this relation, the difference between 47 MPa and
36 MPa is only 14%. Accordingly, the almost similar pullout capacities measured could be
because the two compressive strengths were too close in value for the anticipated increase to
become evident. Moreover, the pullout capacity of the headed GFRP bars was governed by
the concrete blocks resisting splitting; therefore, the concrete’s tensile strength (not the
compressive strength)—which was roughly 10% of the compressive strength—was the
governing factor.

The nearly identical pullout loads for the two concrete compressive strengths can be
correlated to the observed failure mechanism. When the concrete blocks were confined by the
steel spiral, GFRP bar final failure was governed by head breakout, followed by bar slippage.
Effect of Exposure to an Alkaline Environment
The average pullout load measured for the headed GFRP bars exposed to the alkaline
environment was 129.1 kN. This is almost 7% lower than that of the unconditioned
specimens. The lower pullout strength recorded with this exposure condition could be due to
absorbed moisture at the bar-head interface, which would weaken shear strength. This is
supported by the observed failure behavior, wherein all the specimens exposed to the alkaline
environment failed by bar slippage with the grooves still intact. Moreover, the lower pullout
capacity for the headed GFRP bars is very minimal because the traditional environmental
aging performed through immersion in a simulated concrete pore solution is much harsher
than an actual concrete environment. The specimens evidenced strength retention of more
than 93% after exposure to the alkaline solution for 60 days at 60°C. This result is very
promising as Al-Dulaijian et al. (2001) found that an alkaline environment at high
temperature is a condition that could adversely affect the bond strength between GFRP bars
and concrete. The 7% lower pullout capacity of the headed GFRP bars when exposed to the

alkaline solution is significantly lower than the 20% loss in bond strength observed by
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Davalos et al (2008), in whose study the GFRP bars were embedded in concrete in water at
room temperature and 60°C.

Effect of Exposure to Freeze-Thaw Cycles at -18 °C to 4°C

The headed GFRP bars exposed to 500 freeze-thaw cycles at -18°C to +4°C failed at an
average pullout load of 132.9 kN, representing nearly 96% retention of the pullout capacity of
the unconditioned specimens. The small reduction in the pullout strength due to rapid freezing
in air and thawing in water supports the findings by several researchers that this exposure
condition has no significant effect on bond strength. Mashima and Iwamoto (1993) observed
no change in the strength of the bond between GFRP bars and concrete even after a high
number of freeze-thaw cycles. Homman and Sheikh (2000) found that freeze—thaw cycles
without the presence of moisture do not significantly affect the mechanical properties of FRP
rods. Micelli and Nanni (2004) did not observe any significant damage or decrease in the
mechanical properties of GFRP bars after 200 freeze—thaw cycles (-18 to 4°C). Alves et al.
(2011) reported similar findings when they investigated the bond strength of GFRP bars in
concrete subjected to 250 freeze-thaw cycles (-25°C to 15°C). In fact, these authors
concluded that the freeze—thaw cycles could increase the strength of the bond between GFRP
bars and concrete because the bar cross-sectional area could be greater due to absorbed
moisture and thereby enhance frictional resistance. The almost 4% lower pullout strength,
however, could be due to head and bar expansion and contraction caused by temperature
cycling, which could affect the shear strength at the interface.

Effect of Exposure to Freeze — Thaw Cycles at -30°C to 30°C

The headed GFRP bars exposed to freeze—thaw cycles at -30 to +30°C sustained a maximum
load of 123.1 kN before failure. This represents an 88.9% retention of the pullout strength of
the control specimens. The 11% lower pullout capacity of the headed GFRP bars exposed to

freeze—thaw cycles at +30°C to -30°C is almost three times higher than that of specimens
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subjected to freeze-thaw cycles at -18 to +4°C, even though the latter specimens were
subjected to a longer freeze-thaw cycles. Based on these observations, it appears the
temperature ranges of thermal cycling have greater negative impact on pullout capacity than
the number of cycles applied.

Sheikh (2007) observed that the weakened bond between FRP and concrete under freeze—
thaw conditions was due to wider temperature cycling. Thus, it can be concluded that the high
and low temperature cycling widened the gaps at the head and GFRP-bar interface. While the
coefficient of thermal expansion of the heads and the bars was low, the difference was
nevertheless great enough during the expansion of the materials at low-temperature thermal
cycling to result in residual stresses that accentuated gap generation or widening. At high
thermal cycling, the moisture migrated into these gaps, reducing the shear strength at the
interface. The increased volume of the absorbed moisture during the low thermal cycling
further contributed to widening the gaps. This supports the findings by Koller et al. (2007),
who indicated that the bond deterioration in response to freeze—thaw cycles was due moisture
freezing and crystallizing between the FRP bar and concrete. Interestingly, the 11% decrease
is equal to total decrease in the pullout capacity observed for the headed bars exposed to the
alkaline solution and freeze-thaw cycling at 18°C to -4°C. Since the headed bars were
embedded in moist concrete before being subjected to freeze—thaw cycles at -30 to +30°C, the
bond at the bar—head interface was affected, not only by high temperature cycling, but also by
the pore water of the surrounding moist concrete.

Effect of Exposure to an Alkaline Solution and Sustained Loading

The headed GFRP bars conditioned for 60 days in an alkaline environment and subjected to
sustained loading at 60°C failed at an average load of 109.9 kN, which is 79.4% of the control
specimens. The 20% lower pullout capacity is significantly higher than that of group B

specimens, indicating that the induced tensile loading significantly affected pullout strength.
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Moreover, the sustained tensile loading of 3000 microstrains further decreased the pullout
strength by 14%.

Shahidi et al. (2006) indicated that a decrease in bond performance under sustained loading
can be caused by bar slip. This can be clearly seen with E-5-35-S-1 in our study, since the
grooves fastening the head to the bar were damaged during failure. Moreover, the sustained
loading caused microcracking in the head and bar surface, which served as a passage for the
alkaline solution and the migration of high-pH solutions and moisture into the bar-head
interface, thereby reducing the shear strength. Benmokrane et al. (2002) showed that alkaline
ions and moisture could penetrate or diffuse, under sustained stress levels, through the resin
or through the cracks and voids to the interphases and the fibers. They further concluded that
the penetration of alkaline ions into the GFRP bars increased with exposure time, which
further reduced the mechanical properties of the aged GFRP bars. Thus, the shear failure of
the grooves observed for headed bars exposed to this condition was due to moisture
absorption through the cracks, which damaged the resin-rich grooves at the bar surface.

From these experimental results, it can be concluded that the alkaline solution and
sustained loading at 60°C primarily affected the pullout strength and the retained pullout
capacity of the headed GFRP bars. The lower pullout capacity was generally small, indicating
that the damage was confined to the bar-head interface, while the head and bar retained their
initial material properties. In fact, Benmokrane et al. (2002) did not observe any significant
difference in the residual tensile strength of GFRP bars subjected to a NaOH solution (pH of
13.1) under a stress level of 30% over 60 days. After being exposed for 60 days, the pullout
retention was just below 80%.

The bar slippage observed for all conditioned specimens clearly demonstrated that the

shear strength at the bar—head interface was affected by exposure to the alkaline and freeze—
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thaw environments. This conclusion was supported by scanning electron microscopy (SEM)
observation and analysis, which is presented in Section 6.

Comparison of Straight and Headed GFRP Bars

Islam et al. (2015) concluded that GFRP bars with a headed end showed significantly higher
pullout strength compared to straight end bars. In their study, the ribbed GFRP bars with
headed ends developed 52% of the short-term tensile strength. In contrast, the newly
developed headed GFRP bars achieved up to 63% and 53% of the guaranteed tensile strength
for Nos. 5 and 6 bars, respectively, as shown in Table 3. This indicates that the materials and
head interface configuration improved the mechanical interlocking between the head and FRP
bar. Moreover, the pullout capacity of the headed GFRP bar was approximately 90% higher
than the pullout capacity of the sand-coated GFRP bar without a head. Ahmed and
Benmokane (2009) achieved only a maximum stress of 385 MPa (pullout load of 76.75 kN)
for the sand-coated GFRP bar embedded 100 mm into a 35 MPa concrete. Robert and
Benmokrane (2010) reported a bond strength of 15 MPa for 19 mm diameter, sand-coated
GFRP bars embedded in a 55 MPa concrete to a length of 100 mm. This gives a pullout load
of around 90 kN or develops a tensile stress of 315 MPa, which is only half the average
tensile stress developed by the headed GFRP bars.

The actual stress developed in the headed GFRP bars was more than twice the design
values, indicating that, even without additional embedment length, it was sufficient to develop
the design tensile strength of the GFRP bars. CAN/CSA-S806 (2012) indicates that the
maximum stress in GFRP bars under load at the serviceability limit state shall not exceed the
25% of the characteristic tensile strength or around 275 MPa. Moreover, the test results of the
conditioned headed GFRP bars indicated that the stress values at failure was at least 2.2 times
the allowable stress limit according to CAN/CSA-S6-14 (2014). While it would be difficult to

report the nominal bond stress of the head and bar interface for unconditioned samples due to
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the nature of the observed failure of these specimens, it can be deduced that the bond stress of
head—bar interface was at least 28.2 MPa based on the average failure load of specimen C-5-
35-S. Even when exposed to the alkaline solution and under sustained loading, the average
stress at failure in No. 5 headed GFRP bars was 555 MPa. This represents 46% of the tensile
strength of the GFRP bars and is approximately 1.38 times the yield strength of the 400 MPa
steel bar. These results, however, also demonstrate that head geometry and the head-bar
interface can still be further optimized to reach the expected loading efficiency with bar
rupture.

SEM and DSC Observations

Robert and Benmokrane (2010) indicated that there will be a loss of bond if any resin or fiber
degradation occurs at the interface, which could also affect the structure’s durability. Thus,
cross sections of the headed bar from groups A, B, and C were cut, prepared, and analyzed
with a Hitachi SEM. The GFRP bar and head were observed under scanning electron
microscopy (SEM) to more accurately assess the state of the bar—head interface. Moreover,
this was done to detect the presence of any degraded areas or head detachment, and to provide
an explanation for the slight decrease in the pullout strength of the specimens exposed to the
alkaline solution and freeze-thaw cycles compared to the control specimens. Similarly, the
rate of absorption of the conditioned specimens was measured and analyzed with a TA
Instruments Q10 differential scanning calorimeter (DSC) to measure the glass transition
temperature after conditioning. Robert and Benmokrane (2010) suggested that a decrease in
Ty in the conditioned samples indicates irreversible chemical degradation and reduced
material durability.

Unconditioned Specimens

Figures 6a and 6b present SEM micrographs of the cross section of the head from the control

specimens (Group A). The figure shows that the head material contains glass fibers oriented
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along the bar axis. There was no noticeable gap at the bar—head interface, indicating excellent
adhesion between them. The presence of pores in limited numbers can, however, be observed
from the figure, probably caused by air trapped in the resin. Moreover, a few gaps in the bar—
head interface can be observed indicating they existed prior to mechanical loading and
environmental conditioning.

Samples Conditioned in a High pH Solution

The glass transition temperature measured by DSC of the head conditioned under high pH
(Group B) was an average of 145°C. This is slightly higher than the Tg4 for the reference
material (140°C). Similarly, the rate of absorption at saturation was 1.02%, indicating that no
change in the material composition compared to the unconditioned samples (1.11%).
Furthermore, infrared spectroscopy (FTIR) of the head surface directly exposed to the high
pH solution revealed no damage. Figure 7 clearly shows no differences between the infrared
spectra of the control and conditioned specimens.

Figures 6¢ and 6¢ show a general view and close view, respectively, of the bar-head
interface after the conditioning in high pH solution. While a space can be observed between
the head and bar, the width varies depending on the measurement location. In a specimen
taken from the same cut, a gap of about 5 um was observed, while it was up to 10 pm in
another location. Thus, it can be concluded that the small gaps observed in the unconditioned
specimens served as a passage for the alkaline solution. It should be noted that there are also
locations where there are no gaps between the interfaces. Furthermore, it has not been
established that all the heads were identical. In addition, the mechanical action involved in
preparing the sample for microscopy might have modified the interface, if it weren’t strong
enough. Thus, the widened space observed at the interface may or may not be entirely caused

by conditioning. More importantly, the very narrow gap at the interface and the fact that it is
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not present throughout the entire sample, indicates that it did not significantly affect the
pullout capacity of the headed GFRP bar, as highlighted in the preceding section.

Samples Subjected to Freeze—-Thaw Cycles

The glass transition measurement by DSC of the heads exposed to freeze—thaw cycles at -
18°C to +4°C (Group C) was 144°C. This is very close to the Tg of the unconditioned samples
(140°C), indicating that no plasticizing effect or chemical degradation occurred after
subjecting the headed GFRP bars to temperature cycling. Similarly, the rate of absorption at
saturation was 1.07%, indicating that no change in material composition compared to the
unconditioned samples (1.11%).

Figures 6e and 6f contain electron-microscopy photographs at the bar-head interface of the
samples after freeze-thaw conditioning. Figure 6e shows the interface at 250 times
magnification, revealing the appearance of a very thin opening between the bar and head. The
higher magnification (500 times) of the interface in Figure 6f shows that the opening is
around 2 pm, which is scaled based on the glass-fiber diameter of 20 um. Robert and
Benmokrane (2010) explained that the loss of bond strength between an FRP bar and concrete
can be due to reduced shear strength at the concrete—sand-coating interface due to moisture
saturation of the concrete and moisture absorption in the sand coating. The DSC measurement
indicates otherwise for the headed GFRP bars. The reduction in the pullout capacity of the
headed GFRP bars can be due to moisture ingress at the small gap between the bar-head
interface. Under freeze-thaw cycles at high and low temperatures, this gap increased,
resulting in reduced pullout strength of the headed reinforcement.

CONCLUSIONS
A new type of headed GFRP bar was assessed in this study. Several parameters were
considered, including the confinement effect by spiral reinforcement, bar diameter, and

concrete compressive strength to evaluate the pullout capacity of the headed bars. Moreover,
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the long-term performance of the headed GFRP bars when exposed to alkaline solution,
freeze-thaw cycles, and combined alkaline exposure and sustained loading were assessed.
Based on the results of this study, the following conclusions were drawn:

1. The polyphthalamide with short glass fibers is a suitable material for the headed ends.

The water absorption, coefficient of thermal expansion, and glass transition
temperature of this material was compatible to that of sand-coated E-glass/vinyl ester
GFRP bars. Moreover, this material had very good adhesion to GFRP bars and created

an intact interface resulting in a high pullout capacity.

. The head geometry and interface configuration improved the mechanical interlock to

the bar surface, resulting in the GFRP bars developing high tensile strength. Up to
63% and 53 % of the guaranteed tensile strength were achieved with the 15.9 mm and
19 mm diameter bars, respectively. This corresponds to a tensile stress of 750 and
626 MPa, respectively, which is approximately 90% higher than the pullout capacity
of the straight GFRP bars. These stress values represent 1.5 to 1.8 times the yield

strength of the steel bars.

. The spiral steel reinforcement provided sufficient confinement of the concrete block

and increased the pullout capacity of the headed GFRP bars by 13% to 15%. It
prevented the blowout of the concrete, resulting in the headed GFRP bars achieving

the maximum pullout capacity and then failing due to the breakage of the headed ends.

. An increase in bar diameter decreased the pullout capacity of the headed GFRP bars

due to the decreased net area of the head bearing on the concrete. The reduction in
pullout resistance between the 19 mm and 15.9 mm diameter headed bars was 14% to

16%.

. The concrete compressive strengths considered in this study had no significant effect

on the pullout capacity of the headed GFRP bars. Increasing the compressive strength
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from 35 to 47 MPa only increased the pullout capacity by 4% to 6%. This can be
attributed to concrete-block confinement and the pullout capacity being governed by

head breakout, followed by bar slippage with tensile splitting of the concrete.

. The retained pullout strength of the headed GFRP bars was 93% and 96% with

exposure to an alkaline solution (pH of 12.5) and 500 freeze—thaw cycles at -18°C to
+4°C, respectively, compared to the unconditioned specimens. The conditioned

specimens failed due to bar slippage with the bar surface grooves remaining intact.

. The high- and low-temperature cycling had a more detrimental effect on the pullout

capacity of headed GFRP bars than exposure to the alkaline solution. The pullout
retention of the specimens exposed to freeze-thaw cycling at +30 to -30°C was 88.9%.
This decrease in the shear strength at the bar—head interface was due to gap widening
during material contraction at low temperature and migration of concrete pore water at

high temperature.

. The exposure to the alkaline solution and sustained loading for 60 days at 60°C

primarily affected the pullout capacity and retention of the headed GFRP bars. The
sustained loading further decreased the pullout strength by as much as 14%. The
headed GFRP bars exposed to this type of environmental conditions retained a pullout
capacity of 79.4%. These specimens failed as the result of shear failure of the grooves

on the bar surface, resulting in slippage from the head.

. SEM and DSC observations showed no material changes in the head and GFRP bars

after exposure to the alkaline solution and freeze-thaw cycling. There were no
changes in moisture absorption or glass transition temperature. Moreover, FTIR did
not reveal any significant changes in specimen chemical structure after exposure to the

highly alkaline solution.
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10. Based on the SEM observations, it can be concluded that proper casting of the head
and GFRP bars is essential in protecting them from environmental exposure. Moisture
will ingress via even the narrowest gap in the bar-head interface, thereby reducing its
shear strength. Despite the widening of the gap during exposure, the minimum
retained pullout strength of the headed GFRP bars was just below 80% after being
subjected to the alkaline solution and sustained loading at 60°C for 60 days, which is
significantly more severe than conditions anticipated in the field. This reduction is
lower than the environmental reduction coefficient (0.70) required by several codes.

The results of this study prove that the new headed GFRP bars have suitable physical,
mechanical, and durability properties for use as primary and secondary reinforcement in
concrete bridge elements and structures. The tested product is currently used by the Ministries
of Transportation in Quebec and Ontario.
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814 Table 1. Summary of conducted test methods to determine the physical properties of sand
815 coated GFRP bars and their heads

816

. . Sand coated
Physical properties Standard test method GERP bar Head
Cross sectional area ASTM D7205 v N.A
Constltugnt contept of ASTM D 3171
composite materials
Water absorption ASTM D 570
CTE ASTM E 831

Glass transition ASTM D 3418
temperature
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Table 2. Mechanical properties of the straight GFRP bars

Bar Npminal Nominal Cross- Area by Glass Content Tens_ile *Tensile *G_uaranteed

Size Diameter | Sectional Area [Immersion Tests % weight Strain [Modulus| Tensile Strength
(mm) (mm?) (mm?) (%) | (MPa) (MPa)

No. 5 15 198 227 83 1.89 62.6 +2.5 1184

No. 6 20 285 341 83 1.71 [64.7 £2.5 1105

*Note: The tensile modulus and strength are calculated based on nominal cross-sectional area of the bar.
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Table 3. Details of the specimens and summary of test results

Average Star)da}rd Avere}ge
. Bar |Concrete Number : Deviation| Tensile
Specimen Diameter| Strength | Confinement of Failure (kN) |Stress at fi/fps - |Mode of

Designation g . Load : (%) | Failure

(mm) (MPa) Specimens (kN) Failure

(MPa)
Reference Specimens
A-5-35-N-#| 15 35 [No confinement 5 123 4.1 620 52.4 CB
A-5-35-S-#| 15 35  |With steel spiral 10 139 9.6 699 59.1 | CSH
A-5-47-S-#| 15 47  |With steel spiral 10 149 4.1 750 63.3 CSH
A-6-35-N-#| 20 35 |No confinement 5 150 12.3 525 47.5 CB
A-6-35-S-#| 20 35  |With steel spiral 5 172 11.6 603 54.5 CSH
A-6-47-S-#| 20 47  |With steel spiral 10 179 14.0 627 52.9 CSH
Conditioned Specimens

B-5-35-S-#| 15 35  |With steel spiral 3 129 7.0 652 55.1 BSH
C-5-35-S-#| 15 35  |With steel spiral 3 133 0.1 671 56.7 BSH
D-5-35-S-#| 15 35  |With steel spiral 3 117 4.0 622 52.5 BSH
E-5-35-S-# 15 35  |With steel spiral 3 109 3.2 555 46.9 BSG
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Figure 1. Details and overview of the bar—head interface, (a) Overview of the headed GFRP bars,
(b) Schematic diagram for the head and bar interface, (c) Overview of the rounded grooves on the
bar’s end

Figure 2. Longitudinal section of the head

Figure 3. Headed GFRP bars conditioned in the alkaline solution under sustained loading, (a)

Test setup and (b) schematic diagram
Figure 4. Test setup for the headed GFRP anchors

Figure 5. Failure mode of headed GFRP bars embedded in concrete blocks, (a) CB, (b) CSH, (c)
BSH, (d) BSG

Figure 6. SEM micrographs of the bar—head interface before and after conditioning, (a) Bar—head
interface (unconditioned) (b) Close-up view of the interface (conditioned), (c) Bar—head interface
after exposure to an alkaline solution (d) Close-up view of the interface after exposure to an
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Figure 7. FTIR spectrum of the head surface before (bottom) and after (top) conditioning





