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Durability of GFRP Reinforced
Concrete in Field Structures

by A. Mufti, M. Onofrei, B. Benmokrane, N. Banthia,
M. Boulfiza, ). Newhook, B. Bakht, G. Tadros,
and P. Brett

Synopsis: Recently, ISIS Canada studied the durability of GFRP in concrete in several
field structures across Canada. The objective of the study was to provide the
engineering community with the results of the performance of GFRP materials that have
been exposed to the concrete environment in built structures. Cores of GFRP-reinforced
concrete were removed from five field structures. Analytical methods, namely optical
microscopy, scanning electron microscopy and energy dispersive x-ray, differential
scanning calorimetry and infrared spectroscopy, were used to determine the
composition of GFRP after being subjected to the alkaline environment of concrete for
five to eight years. Three research teams from four Canadian universities performed
microanalyses of the GFRP and surrounding concrete independently. Results indicate
that no deterioration of GFRP took place in any of the field structures. No chemical
degradation processes occurred within the GFRP due to the alkalinity of the concrete.
The overall conclusion of the study is that GFRP is durable in concrete. Also, it was
concluded that the CHBDC was conservative in its first edition by not permitting GFRP as
primary reinforcement. As a result of the study, the second edition of the CHBDC,
currently in the final stages of approval, permits the use of GFRP as primary
reinforcement.
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INTRODUCTION

The review of the ISIS Canada Research Network of Centres of Excellence'
recommended that since Canada has invested significant resources in building innovative
concrete structures with GFRP reinforcement, ISIS Canada should undertake a study of
the performance of GFRP using cores taken from structures that have been in service for
the last 5 to 8 years. Following this recommendation, ISIS Canada established this
research project in 2004, which studied concrete cores with GFRP taken from field
structures.

GFRP has been a preferred material for concrete reinforcement in North America
because of its economical competitive advantage, its resistance to corrosion,
electromagnetic immunity, and high strength to weight ratio and excellent fatigue
performance™ .

Numerous and to some extent contradictory statements concerning the durability of
GFRP in an alkaline concrete environment have been published in technical literature.
Unlike other FRPs, GFRP are considered to be susceptible to alkalis. Accelerated
laboratory tests were generally used to study the durability of GFRP in concrete. In these
tests, GFRP specimens were brought into contact with simulated concrete pore water
solution with high pH levels and temperature elevated to 80°C. Changes in the
mechanical properties after exposure to alkaline solutions at elevated temperatures were
used as a measure of the durability of the GFRP. Mechanical tests suggested after
exposure to alkaline solution, GFRP experienced a decrease in the elastic modulus,
tensile, shear and bond strengths™>®’. Based on the results from studies carried out in
pure NaOH solution Uomoto® recommended that GFRP should not be used as internal
reinforcement in concrete. All the tests, whether accelerated or non-accelerated, were
conducted in the laboratory in an alkaline environment, which is very different from the
concrete environment found in actual structures in the field’.

In contrast with the results mentioned above, the results from other experiments
suggested no mechanical or physical deterioration in the GFRP after a 12-month
exposure to alkaline solutions at 20-38 °C'* and after 2-years exposure to a tropical
climate on a test platform off Japan’s coast''. Research carried out in the Euroconcrete
project'” indicated that GFRPs resist the alkaline environment well, with no significant
degradation during a 12-month test period. One of the overall conclusions of the
Euroconcrete project was that GFRPs are suitable for use in a concrete environment.

The objective of the study described in this paper was to provide data on the
performance of GFRP that has been used in many structures across Canada.

METHODOLOGY USED IN THE STUDY

Experienced contractors were employed to extract cores from five in-service
structures under the supervision of senior engineers. The extracted cores with GFRP were



1364 Mufti et al.

sent for analysis to three independent research teams of material scientists from the
universities of Manitoba, Sherbrooke, British Columbia and Saskatchewan.

Field structures
The five field structures chosen in this study have been subjected to a wide range of
environmental conditions, as elaborated in the following.

The Hall’s Harbor Wharf (Fig. 1) was the first marine structure in Canada to be built
using ISIS Canada technology and design concepts'”. The wharf, located on the Bay of
Fundy shore in Nova Scotia, comprises steel-free precast concrete panels with GFRP bars
and concrete pile cap beams reinforced with a hybrid GFRP-steel bar system. Concrete
with a compressive strength of 45 MPa was used in the panels and beams. The structure
is 5 years old and operates under the following environmental conditions: thermal range
+35 to —35°C; wet and dry cycles, splash and tidal salt water; frequent freeze-thaw cycles.

The Joffre Bridge (Fig. 2), located in Sherbrooke, Québec, over the St-Francois River,
contains GFRP bars as reinforcement in the 45 MPa concrete in the sidewalks and the
traffic barriers'®. In this structure, the GFRP material is a ribbed-deformed GFRP C-Bar.
The structure is 7 years old and operates under the following environmental conditions:
thermal range +35 to —35°C; wet and dry cycles; freeze-thaw cycles; de-icing salt.

The four-span Chatham Bridge, located in Chatham, Ontario, contains in the two
outer spans steel-free deck slabs to which the barrier walls are attached by means of
double-headed stainless steel bars. 35 MPa ordinary concrete reinforced with
NEFMACT™ glass fiber G-13 grid at a pitch of 100x100 mm is used in the barrier walls'.
The structure is 8 years old and operates under the following environmental conditions:
thermal range +30 to —24°C; wet and dry cycles; frequent freeze-thaw cycles; de-icing
salt.

The Crowchild Trail Bridge, located in Calgary, Alberta, utilized ribbed-deformed
GFRP C-Bar as reinforcement in the barrier walls and deck slab'®. Concrete with a
compressive strength of 35 MPa was used in the barrier walls and deck slab. The
structure is 8 years old and operates under the following environmental conditions:
thermal range +23 to -15°C; freeze-thaw cycles; de-icing salt.

he Waterloo Creek Bridge, located on Vancouver Island, British Columbia, has
barrier walls reinforced with GFRP and connected to the steel-free deck slab with double-
headed steel bars. Concrete with a compressive strength of 35 MPa was reinforced with
NEFMAC™ GFRP in the barrier walls'’. The structure is 6 years old and operates under
the following environmental conditions: thermal range +23 to 0°C; frequent freeze-thaw
cycles; de-icing salt.

The GFRP rods and grids in all of the selected structures were made of E-glass and
vinylester matrix.
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From each of the five structures, at least 10 cores of GFRP reinforced concrete were
removed at various locations in the structure. Figure 3 shows a barrier wall of the
Chatham Bridge, from which cores were removed. The cores had a diameter of 75 mm
and a length varying between 140 and 180 mm. All cores removed from one structure can
be seen in Fig. 4.

Analytical methods and sample preparation

Five analytical methods were used to evaluate the composition of GFRP and
surrounding concrete: optical microscopy (OM), scanning electron microscopy (SEM),
energy dispersive x-ray (EDX), differential scanning calorimetry (DSC) and Fourier
transformed infrared spectroscopy (FTIS).

The OM was used to examine the interface between the GFRP and concrete. Samples
containing GFRP and concrete were cut from each core and carefully smoothed using a
#500 sandpaper. The entire surface of each sample was examined and photos taken at
random locations.

SEM was used for detailed examination of the glass fiber/matrix interface and
individual glass fibers. The specimens used in SEM analyses were also analyzed by
EDX, which detects potential chemical changes in the matrix and glass fibers due to the
ingress of alkali from the concrete pore solution.

Chemical changes of the matrix were characterized by FTIS. Small sections of the GFRP
extracted from the cores were crushed and ground into a powder. The pellet method with
spectroscopic grade potassium bromide (KBr) was used to obtain the infrared spectra.

Changes in the glass transition temperature, 7, of the matrix due to exposure to concrete
environmental conditions were determined using DSC. The 7, measurements were
carried out on small pieces cut from the GFRP extracted from the cores. The
measurements were carried out in air between 40 and 200°C at a heating rate of
10°C/min.

RESULTS AND DISCUSSIONS

The results obtained by all three-research teams were very similar. A complete
documentation of all three sets of data is given elsewhere'®.

Optical microscope observation

OM examinations were used to assess the bond between GFRP and concrete, it being
noted that this bond is likely to deteriorate first due to alkalis from concrete, as explained
in the following. The presence of delaminated zones at the GFRP/concrete interface can
facilitate the accumulation of water at the interface and consequent formation of localized
areas with different moisture contents, alkalinity, thus accelerating the degradation of the
GFRP. Different combinations of exposure conditions such as alkalinity, temperature,
moisture, freeze-thaw cycles and cyclic loading, can also lead to the deterioration of the
GFRP/matrix bond because of the deterioration of the matrix.
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OM examinations of the interface between the GFRP and concrete of the cores from
the five field structures exposed to natural environmental conditions show no loss of
bond between the GFRP and concrete. Figures 5 and 6, showing OM results for cores
from the Crowchild Trail and Chatham bridges, respectively, are typical of all OM
observations. It can be seen in these figures that there are no gaps between the GFRP and
concrete, thus confirming a good bond between the two materials.

The OM analyses confirmed that after 5 to 8 years exposure to alkalinity, freeze-thaw
and wet-dry cycles, de-icing salts, salt water and thermal loading, had no effect on the
integrity of GFRP/concrete interface.

Scanning electron microscopy and energy dispersive x-ray analyses

SEM and EDX were used to determine in detail the effect of exposure on the
constituent materials of the GFRP. SEM examination of cores from all five structures
confirmed that there was no sign of any damage to the FRP. A micrograph of the cross-
section of a GFRP bar from the Crowchild Trail Bridge is presented in Fig. 7, in which it
can be seen that at the plane under examination, the fibers have not lost any cross-
sectional area. Similarly, a micrograph of a longitudinal section of a GFRP sample from
the Chatham Bridge, presented in Fig. 8, shows no degradation of the fibers in the
direction of the fiber axes. Although the entire surface of each specimen was examined,
attention was focused primarily to areas close to the GFRP/concrete interface.

Results from SEM analyses presented in Figs. 7 and 8 are typical of all other SEM
analyses, which have shown that the individual fibers are intact with no gaps between
fibers and the matrix. There is no evidence of deterioration of the glass/matrix interface.
A good contact between individual glass fibers and the matrix, between sand grains and
the matrix as well as between concrete and the matrix was observed for all specimens.
The SEM analyses confirmed that the GFRP in the five structures did not show any
evidence of attack from the alkali in concrete.

It is well known that silica glass dissolves in strong alkaline solutions such as the
concrete pore solution. In order to attack glass fibers, alkalis from the concrete pore
solution must ingress first into the polymer matrix. When the glass fibers degrade as the
result of various processes such as dissolution, leaching, and ion exchange, the chemical
composition of the glass and matrix change. The EDX was used to assess such potential
chemical changes in the matrix and glass fibers. Examples of EDX spectra are discussed
in the following.

From two of the examined structures, samples of GFRP were saved and kept in
storage for possible future investigation. These samples, referred to herein as the control
specimens, provide an opportunity to compare the chemical composition of the GFRP
extracted from in-service structures; the latter specimens are referred as the ‘in-service’
specimens. The EDX spectra of the in-service and control GFRP specimens from the
Joffre Bridge are presented in Figs. 9 and 10, respectively. It can be seen that the matrix
in both specimens contains mainly carbon, as it should. However, some additional
elements such as Si, Al, and Ca have also been detected. Since the EDX spectrum of the
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in-service specimen is almost identical with that of the control specimen, the presence of
elements other than C in the matrix could be attributed to contamination introduced
during the preparation of the specimens for the microscopic examination.

The concrete pore water solution consists mainly of Na”, K™ with OH" as counter ion.
Other elements present in the solution are either very insoluble (Ca®") or have low
solubility (Mg, Al, Si, Fe and SO,%). Since the EDX cannot detect elements lighter than
sodium, the OH™ ion cannot be detected. However, the OH™ ions and cations, Na*, K", will
diffuse together for charge neutrality to be satisfied. Therefore, a strong indication of
alkali migration from a concrete pore solution toward the glass fibers would lead to the
presence of Na or K in the matrix (Figs. 9 and 10). Observations on several specimens
indicated that neither Na nor K is present in the matrix.

Infrared spectroscopy

The durability of the matrix is governed to a large extent by the chemical nature of the
structure of the polymeric chain. In their structure, all resins have ester bonds, which are
the weakest link of the polymer. A possible degradation mechanism of the matrix is the
alkali hydrolysis of the ester linkages. Due to the alkaline environment in concrete, alkali
hydrolysis is expected to some extent. During the hydrolysis reaction, the OH™ induces
ester linkage attack and the resin chain is broken. Consequently, the structure of the resin
is disrupted and the material properties are changed. The resin material degrades and
eventually will not be able to transfer stresses to the glass fibers and to protect the glass
fibers against alkaline attack. Changes in the amount of hydroxyl groups present in the
composite material provide insight into the hydrolysis reaction. The relative amount of
hydroxyl groups in the specimens were measured by determining the ratio of the
maximum of the band corresponding to the hydroxyl groups at 3430 cm™ and the band
corresponding to the carbon-hydrogen groups at 2900 cm™ in the FTIR spectra. The C-H
content is assumed to be constant. Since the vinylester resins naturally contain hydroxyl
groups, all the spectra present a strong absorption band in this region. Typical results of
the FTIR analysis of control and in-service GFRP samples from Hall’s Harbor Wharf are
presented in Figs. 11 (a) and (b), respectively. It can be seen that there is no significant
change in the spectra of the two specimens. Table 1 lists the content ratio of OH/CH for
the control and in-service specimens from the Joffre Bridge and the Hall’s Harbor Wharf.
The results show very little changes in hydroxyl content in the in-service specimens. In
effect, the OH/CH ratio decreases in the in-service sample indicating that the hydrolysis
reaction did not occur in the specimens during the exposure to natural environmental
conditions.

Differential scanning calorimetry

The properties of GFRP are governed by the properties of both constituents the glass
and polymer matrix. The glass transition temperature, T,, an important physical property
of the matrix, is not only an indicator of the thermal stability of the material, but it is also
an important indicator of polymer structure and mechanical properties. For example
moisture in the matrix reduces 7, of the matrix due to plastification as the result of
breakage of the Van der Waals bond between the polymer chains. The swelling stresses
associated with moisture uptake, or the presence of alkalis, can cause permanent damage
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in the matrix such as cracking, hydrolysis, and fiber-matrix debonding. The glass
transition temperature values for the GFRP specimens removed from the field structures
are presented in Table 2. Where possible the results were benchmarked to control
specimens.

The results for the Hall’s Harbor Wharf control specimen indicated a difference
between the values of the 7, in the two heating runs indicating that the matrix in the
GFRP ISOROD rod was not fully cured. In the 2™ heating run the resin was fully
crosslinked and the 7, value increased from 105°C in the 1 run to 125°C. However, the
T, value for the exposed specimens did not show any significant change between the two
heating runs, suggesting that the post-cure of the matrix occurred in the concrete
structure. It is quite likely that the completion of the crosslinking process was due to
structure exposure to high temperature during summers. The control samples on the other
hand were stored at room temperature that did not initiate the post-curing process.
Overall, the T, results indicate that the structure of the matrix has been not disrupted by
the exposure conditions at the Hall’s Harbor Wharf. Similarly, no significant differences
in the T, values were observed for the control and in-service specimens for the Joffre
Bridge. However, it should be noted that the 7, value for the 16 mm diameter GFRP C-
Bar was 108°C which, even fully cured, was low compared with the T, value for other
GFRPs used in the Hall’s Harbor Wharf and Crowchild Trail Bridge. The low value is
attributed to manufacture formulation. High 7, values, ranging between 123 and 128°C,
were measured for the 9 mm diameter GFRP C-bar. The 7, values for both types of
GFRPs suggest no structural disruption of the matrix due to exposure to natural
conditions at the Joffre Bridge. The thermographs for 9mm control and in-service
specimens from the Joffre Bridge are presented in Figs. 15 (a) and (b). The results
indicate that GFRP material was fully cured and the thermograph for the in-service
specimen (Fig. 12a) was very similar to the thermograph for the control specimen (Fig.
12b).

For the Chatham, Crowchild Trail and Waterloo Creek bridges, control specimens
were not available and the effect of service conditions on these GFRP composites could
not be evaluated comparatively. However, the T, results for the GFRP C-Bar material
used in the Crowchild Bridge suggest that the material was fully cured. The same is not
the case for the GFRP grid sample extracted from Chatham Bridge, in which the T,
measured in the first and second runs was 98 and 116°C, respectively.

A similar behavior was observed for the GFRP grid sample extracted from Waterloo
Creek Bridge. The T, obtained during the first run was 40°C lower than that in the second
run: 78°C vs. 117°C, indicating that the materials in both Chatham and Waterloo Creek
bridges were not fully cured.

ACCELERATED TESTS VERSUS FIELD PERFORMANCE
The results of the study on samples removed from in-service structures are not in

agreement with the results obtained in accelerated laboratory studies. Three reasons for
this anomaly are discussed in the following.
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The use of high temperatures, ranging from 60°C to 80°C, in accelerated tests is not
relevant in the context of making service life predictions for most engineering structures
that operate under much lower temperatures.

The configuration of the leaching system that controls the kinetics of glass dissolution
in laboratory experiments is completely different from that in concrete structures. In the
case of a GFRP bar immersed in a bath solution, the conditions are equivalent to the
infinite supply of the leachant or its rapid replenishment. The solubility limit of glass
elements such as Si and Al is controlled by hydroxyl concentration and by the diffusion
coefficient in the matrix; the concentration gradients between the glass and the solution
remain high over the entire duration of the experiment. The leachant volumes or the
replenishment rates within the concrete pore solution in a GFRP-reinforced concrete
system, on the other hand, are very small because of several reasons: (a) the porosity of
concrete is low, being about 1~ 0.35; (b) with the exception of submerged piers and
hydro dams, the concrete pores are only seldom fully saturated so that the diffusion
coefficients are a fraction of their values for saturated conditions; and (c) not all pores in
concrete are connected. For all these reasons, the kinetics of glass dissolution in most
reinforced concrete structures, are different from the kinetics for infinite leachant in
laboratory experiments. Due to increasing solute concentrations of glass elements, Si and
Al, in the aqueous phase and decreasing concentration gradient between the glass and
concrete pore solution, the effective rate of matrix dissolution slows. Eventually, back-
reactions and saturation effects ought to become important phenomena that control the
glass dissolution mechanism.

The pH of pore solutions in accelerated laboratory tests was usually kept constant at a
very high value. In reinforced concrete structures, the pH decreases with time.

CONCLUSIONS

Based on the results of the analyses described above, it can be stated that there was no
degradation of the GFRP in the concrete of structures exposed to natural environmental
conditions for durations of 5 to 8 years.

From the optical microscope examination results, it can be confirmed that a good
bond exists between the GFRP and concrete. The good quality, consistency and integrity
of the GFRP/concrete interface indicate exposure to wet-dry cycles, freeze-thaw cycles
and de-icing salt had no adverse effect on the GFRP. The matrix in all the GFRPs was
intact and unaltered. Results from the Fourier transformed infrared spectroscopy and
differential scanning calorimetry analyses, corroborating the results from the optical
microscope examinations, indicate that neither hydrolysis nor significant changes in the
glass transition temperature of the matrix took place after exposure to the combined
effect of the concrete alkaline environment and the external natural environmental
conditions for 5 to 8 years.

The results from scanning electron microscopy and energy dispersive X-ray analyses
confirm that there is no degradation of the GFRP in the concrete structures.
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The overall conclusion of the research project is that GFRP is durable in concrete.
Also, the team concluded that the CHBDC in its first edition was conservative in not
permitting GFRP as the primary reinforcement. The second edition of the code, currently
in the final stages of approval, permits the use of GFRP as primary reinforcement.
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Table 1 — Ratio of OH/CH for control and specimen from structure

Structure GFRP OH/CH for
Control specimen In-service specimen
Joffre Bridge C-BAR 0.64 0.60
(barrier wall) (9 mm dia.)
Joffre Bridge C-BAR 0.50 0.46
(barrier wall) (16 mm dia.)
Hall’s Harbor ISOROD 0.97 0.91
‘Wharf (beams) (16 mm dia.)
Table 2 — Glass Transition Temperatures, 7,
Structure GFRP Specimen | 7, for 1% run, | 7} for 2" run,
°C °C
Control 105 125
Hall’s Harbor Wharf GFRP ISOROD -
(16 mm dia.) In-service 123 125
Control 107 108
GFRP C-BAR
(16 mm dia.) In-service 107 108
Joffre Bridge
(barrier wall) Control 123 126
GFRP C- BAR
(9 mm dia.) In-service 127 128
Crowchild Trail Bridge GFRP C-Bar In-service 126 129
(barrier wall and deck slab)
Chatham Bridge NEFMAC™ grid |In-service 98 116
(barrier wall)
Waterloo Creek NEFMAC™ grid |In-service 78 117
(barrier wall)

Figure 1 — Hall’s Harbor Wharf.
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Figure 3 — Barrier wall of Chatham Bridge.

Figure 4 — Cores from one structure.



Figure 5 — OM image of cross-section of GFRP from Crowchild Trail Bridge

Figure 6 — OM image of cross-section of GFRP from Chatham Bridge.
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Figure 7 — Micrograph of cross-section of GFRP from Crowchild Trail Bridge.
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Figure 9 — EDX spectra of in-service specimen from Joffre Bridge.
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f EZT) 1 Electron Image 1

Figure 10 — EDX spectra of control specimen from Joffre Bridge.
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Figure 11 — FTIR spectra of GFRP from Hall’s Harbor Wharf: (a) control specimen, and
(b) in-service specimen.
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Figure 12 — Thermographs for GFRP from Joffre Bridge: (a) in-service specimen, and
(b) control specimen.
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