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FRP REINFORCEMENT FOR CONCRETE: PERFORMANCE ASSESSMENT AND
NEW CONSTRUCTION

VOLUME I: SIERRITA DE LA CRUZ CREEK BRIDGE

EXECUTIVE SUMMARY

Confirmation of long-term durability is perhaps the only barrier to widespread acceptance of glass
fiber reinforced polymer (GFRP) in field applications. Accelerated laboratory tests are used to investigate
the GFRP durability in concrete structures by exposure to simulated concrete pore water solution at high
temperature. These tests are typically performed in an alkaline environment which is different from that
present in field structures while monitoring the performance of existing projects would give a real
indication of GFRP durability. The main objective of this research is to monitor the performance of GFRP
bars after 15 years of service as concrete reinforcement in a bridge deck.

Sierrita de la Cruz Creek Bridge located 25 miles northwest of Amarillo, Texas was built in 2000 to
replace the original bridge that was structurally deficient, having extensive damage caused by the
corrosion of steel reinforcement. It was the first bridge in the state of Texas that implemented GFRP as
primary concrete reinforcement and operates under the following environmental conditions: thermal
range of 22 to 95 °F (-6 to +35 °C), wet and dry cycles, freeze-thaw cycles and exposure to de-icing salt.
GFRP reinforcement was implemented at the top mat in two spans of the concrete deck. Technical
personnel performed the extraction of concrete cores in May 2015.

The pH and carbonation depth measurements were conducted on concrete cores to characterize the
concrete environment. Microscopic examination and mechanical tests including scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), inter-laminar shear, glass transition
temperature (Tg4) and fiber content were performed on GFRP coupons to monitor possible changes in
microstructure and mechanical properties. The results of the inter-laminar shear test and fiber content
measurement were compared with results of similar tests performed in 2000 at the time of construction.
Since no historic data was available for EDS and Tg analysis, these tests were performed on GFRP bars
produced in 2015 from the same manufacturer to serve as a benchmark for comparison.

This study confirms that GFRP materials maintained their microstructural integrity and mechanical
properties after 15 years of service in field application. Microscopic examination did not show any GFRP
degradation. Fibers did not lose any cross-sectional areas, the matrix was intact and no damage was
observed at fiber-matrix interface. Additionally, concrete-GFRP interface was maintained properly and no
interfacial bond loss was observed.
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1 INTRODUCTION

The use of glass fiber reinforced polymer (GFRP) bars as flexural and shear reinforcements of
concrete members is rapidly increasing due to corrosion resistance, electromagnetic transparency
and high strength to weight ratio offered by these composite materials [1]. While various aspects
of GFRP structural behavior are still investigated, confirmation of its long-term durability is
perhaps the most critical barrier to widespread acceptance in field applications. Other barriers
include: 1) resistance by practicing bridge engineers to accept new materials, especially non-
ductile reinforcement; 2) concern about how to widen or repair GFRP reinforced concrete bridge
decks; and, 3) initial cost when compared to steel reinforcement.

Accelerated laboratory tests are used to investigate the GFRP durability in concrete structures
by exposure to simulated concrete pore water solution at high temperature. These tests are
typically performed in an alkaline environment which is different from that presents in field
structures [2]. Monitoring the performance of existing projects would give a real indication of
GFRP durability; however, there has been only a few studies of this type [3, 4]. In order to
contribute to existing literature, the main objective of this research is to monitor the performance
of GFRP bars after 15 years of service as concrete reinforcement in a bridge deck. First, pH and
carbonation depth measurements were conducted on concrete cores to characterize the concrete
environment. Next, microscopic examination and mechanical tests including scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), inter-laminar shear, glass
transition temperature (Tg) and fiber content were performed on GFRP coupons to monitor
possible changes in microstructure and mechanical properties. The results of the inter-laminar
shear test and fiber content measurement were compared with results of similar tests performed
in 2000 at the time of construction. Since no historic data was available for EDS and Tgq analysis,
these tests were performed on GFRP bars produced in 2015 from the same manufacturer to serve
as a benchmark for comparison.

The bars in this evaluation were the Aslan 100 series manufactured by Hughes Brothers, Inc.
of Seward NE. Hughes Brothers maintained thorough documentation of the original production
lot quality control testing and provided the details of the production process and formulations
from the time the bridge was constructed. In 2000, the bars were made of the E-glass fibers while
E-CR glass fibers were used in GFRP bars produced in 2015. Vinyl ester resin was used in
GFRP bars produced both in 2000 and 2015. The resin formulation was slightly different for
larger bar diameter produced in 2000, to help mitigate plastic thermal cracking during fast
curing. Table 1 provides the fiber type, resin formulation and the detailed catalysts/additives
used in the production of GFRP bars.



Table 1: Constituents of GFRP bars produced in 2000 and 2015 [5]

Diameter  Year of Fiber Resin Additive & Catalvst
(in) production Type Formulation Filler y
2000 E-glass ViV (90%), 8722 (10%) ASP 400, P16 &
6/8 Ester Ashland Hetron 922 ?:YK '3‘55|5 & TBPB
(70%), 8722 (30%) umed stlica
E-CR Vinyl VEX 10-962 Styrene &
5/8 2015 glass Ester CoRezyn ASP 400 BPO

Note: 1 in=25.4 mm

2 FIELD STRUCTURE

Sierrita de la Cruz Creek Bridge located 25 miles northwest of Amarillo, Texas (Figure 1)
was built in 2000 to replace the original bridge that was structurally deficient, having extensive
damage caused by corrosion of the steel reinforcement. It was the first bridge in the state of
Texas that implemented GFRP as primary concrete reinforcement. This bridge consists of seven
spans, 24.079 m (79.0 ft.) long and 13.800 m (45.3 ft.) wide supported by six pre-stressed (PC)
Texas type “C” concrete I-beams. A plan view of the bridge is shown in Figure 2-a.

The bridge operates under the following environmental conditions: thermal range of 22 to 95
°F (-6 to +35 °C), wet and dry cycles, freeze-thaw cycles with the annual average frequency of
30% [6] and exposure to de-icing salt. Appendix 1 provides photos of the bridge during

construction.

Figure 1: Sierrita de la Cruz Creek Bridge, Amarillo, Texas
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Figure 2: Sierrita de la Cruz Creek Bridge drawings

GFRP reinforcement was used in the top mat of two spans of the concrete deck (span 6 and 7)
while prestressed precast concrete panels reinforced with epoxy coated steel (ECS) rebars, in
addition to the uncoated prestressing strands, constituted the bottom half of the concrete deck of
these two spans. Furthermore, ECS rebars were used in the bottom of the full depth portion of
the deck between construction phases and in the two deck overhangs. The other five spans were
reinforced entirely with ECS rebars in the top mat and the same mix of panels and ECS rebar in
the bottom mat as spans 6 and 7. The GFRP-RC spans were reinforced with top mat GFRP bars
having nominal diameters of 5/8 in (16 mm) and 6/8 in (19 mm). GFRP bars were made of E-
glass fibers and vinyl ester resin with the nominal fiber content of 70% by volume. The surface
of the bars was sand coated and helically fiber wrapped to provide the additional mechanical
bond to surrounding concrete. No. 5 bars were placed in the longitudinal direction with the
spacing of 225 mm (9 in) and No. 6 bars were placed in the transverse direction with the spacing
of 140 mm (5.5 in). Figure 2-b shows a part transverse section illustrating the placement of the
precast concrete “sub-deck” panels, the ECS bars in the deck overhangs, the top GFRP bars and



the ECS bars, designated “OM?”, to be placed only at the Engineer’s direction. Bars OM were
provided in the plans due to uncertainty regarding the performance of the GFRP reinforced
concrete deck overhang in a vehicle impact event. The deck overhang was tested before
construction of the bridge, by pendulum impact of a segment of bridge rail and deck overhang,
and exhibited adequate performance to eliminate the need for bars OM.

Additionally, during bridge deck construction, twelve sets of 2 ft. (609.6 mm) long witness
bars were installed at three different locations (overhang, mid-span and control joints) of four
spans (1, 2, 6, and 7). Each set included three samples, one of each rebar type (i.e., black steel,
ECS, and GFRP). The bars were intended to be extracted at undefined intervals of time during
the service life of the structure to monitor and compare the long-term performance of these
reinforcements. Fifteen years just happened to be the age when the cores for this project were
taken. Figure 3 shows a set of GFRP witness bars in the overhang of span 2 [7].

GFRP
Jvitness bars

e W i iy i |

Figure 3: A set of three GFRP witness bars in an overhang [7]

3 SAMPLE EXTRACTION

Technical personnel performed the extraction of concrete cores in May 2015 (Figure 4). A
total of nine 4 in (101.6 mm) diameter concrete cores were extracted from various locations on
the bridge deck to include GFRP (5 cores), ECS (3 cores) and black steel rebars (1 core). The
holes from sample extraction were repaired using a fast-curing cementitious grout.



Figure 4: Concrete core extraction from the bridge deck

A cored section that included GFRP bars in both longitudinal and transverse direction is
shown in Figure 5.

i Gﬁit'RP i.l:l“llltlgl‘l‘ll‘di_l_l'a:l' T
¥ direction -
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Figure 5: GFRP bars viewed from a cored section (left) and a close-up view of the GFRP bar implemented in
transverse direction (right)

The concrete cores were labeled and shipped to three different laboratories in University of
Miami (UM), Missouri University of Science and Technology (S&T) and Owens Corning (OC).
In this report, only the results of the tests performed on extracted GFRP bars are presented.
Figure 6 shows the five concrete cores that included GFRP bars. Additional images are provided
in Appendix 1.
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Figure 6: Five extracted concrete cores with the GFRP bars

4 GFRP SAMPLE PREPARATION AT UM

GFRP coupons were extracted from core C and D as presented in Figure 7 and were sliced to
an approximate width of 0.27 in (7 mm) using a diamond saw for microscopic examination.

Figure 7: GFRP extraction from the concrete cores

The specimen surface was prepared by sanding using different grit levels (i.e., 180, 300, 600
and 1200) of sand paper and employing dedicated grinding and polishing equipment. Fine
polishing completed the specimen preparation using a wet-polishing agent and polycrystalline
diamond paste. Prior to imaging, specimens were placed in an oven at 140 °F (60 °C) for 24
hours to remove moisture produced during polishing. Samples were properly cleaned using an
air-blower which also saved the SEM chamber from being contaminated. Additionally, a
concrete sample was prepared following the mentioned procedure to monitor the concrete-GFRP
interface. Since GFRP is a non-conductive material, an ion sputtering device was used to coat the
samples with gold prior to SEM examination as shown in Figure 8. The specimens used in SEM
imaging were also employed in EDS analysis.



Figure 8: Prepared samples prior to SEM analysis: GFRP (left) and concrete-GFRP (right)

Two GFRP coupons were used for the interlaminar shear test as extracted. Coupons were 3 in
(76.2 mm) and 4 in (101.6 mm) long, respectively, for No. 5 and No. 6 GFRP bars. After the
shear test, the coupons were cut in appropriate sizes for Tq measurements. Finally, the same
samples were used to determine the fiber content of the GFRP bars.

5 CONCRETE TEST RESULTS

51 pH

The pH measurement was performed to provide a qualitative estimate of concrete alkalinity.
In this study, the pH measurement approach proposed by Grubb and coworkers [9] was followed
since this method provides a more precise assessment compared to the method of ASTM F710-
11 [10] which typically underestimates the pH due to excessive wetting of the concrete surface.
First, the concrete surface was ground using sand paper and diluted in distilled water with 1:1
ratio. Then, the pH strip was used to evaluate the alkalinity of the solution (Figure 9). pH values
between 11 and 12 were measured for the concrete cores which are in agreement with expected
values [9]. The procedure was performed in three different locations of the core and consistent
results were obtained.

Figure 9: Concrete pH measurement: ground concrete from extracted cores (left) and pH evaluation using
the pH strip (right)



5.2 Carbonation Depth

As a result of the carbonation, the initial high pH value of the cement paste drops to values

below 9, forming a low pH layer of concrete at the surface. Different factors affect the
carbonation rate including the mix design, cement chemical composition, concrete porosity,
temperature, CO> concentration, relative humidity and existing cracks [11]. It is assumed that the
corrosion of carbon steel reinforcement starts when the carbonation depth equals the concrete
cover.
The carbonation depth was measured by spraying the 1% solution of phenolphthalein in 70%
ethyl alcohol on freshly fractured concrete surfaces [12]. The colorless solution turned to
pink/purple when the pH was higher than 9 and stayed colorless otherwise. Figure 10 shows
extracted concrete samples where the concrete surface was chipped off at the edge and sprayed
with the phenolphthalein solution.

Figure 10: Carbonation depth measurement of the concrete cores

Irregular carbonation fronts were observed in all three tested samples with maximum depth
between 1 to 1.25 in (25.4 to 31.8 mm). The carbonation depth was an approximate range
sufficient to start the corrosion in carbon steel rebars.

6 GFRP TEST RESULTS

6.1 Scanning Electron Microscopy (SEM)

The full cross-sections of three samples were scanned at different levels of magnification and
images were taken at random locations (Figure 11 and 12). More attention was paid to the areas
in the vicinity of the bar edges since possible degradation due to chemical attack starts at GFRP-
concrete interface. The image of a single fiber is shown in Figure 13. Additional images are
available in Appendix 2.
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Figure 11: SEM images of the fibers at magnification levels of 300x (left) and 1400x (right)
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Figure 12: Crack at the edge of the bar at magnification levels of 40x (left) and 850x (right)
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Figuré 13: SEM iage of a single glass fiber at magnification of 3500x

SEM analysis confirmed that there was no sign of deterioration in the GFRP coupons. Glass
fibers were intact without loss of any cross-sectional areas. Fibers were surrounded by the resin
matrix and no gap nor sign indicating the loss of bond between resin and fibers, was observed.



Additionally, GFRP to concrete interfacial bond was maintained properly and no sign of bond
degradation nor loss of contact was observed as presented in Figure 14. The visible interfacial
damage may be the result of sample preparation and drying in the SEM chamber [4].

Concrete

Concrete

GFRP ' _GFRP

SEl 3kV . WD19mmSS60 : SEl 3kV  WD20mm SS60

Figure 14: SEM images of the concrete-GFRP interface at magnification levels of 27x (left) and 50x (right)

6.2 Energy Dispersive X-Ray Spectroscopy (EDS)

EDS was performed at seven selected locations with a focus on the edge of the bar to identify
existing chemical elements in GFRP bars. The results were compared with pristine samples
produced in 2015 from the same manufacturer. The results are shown in Figure 15 and 16 where
the vertical axis corresponds to the counts (number of X-rays received and processed by the
detector) and the horizontal axis presents the energy level of those counts.

3.0 Si-K

Counts[x1.E+3]

u-L. Au-l

0.00 2.00 4.00 6.00 8.00 10.

keV
Figure 15: Result of the EDS analysis performed on GFRP bars after 15-years of service
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Figure 16: Result of the EDS analysis performed on control GFRP samples

Si, Al, Ca (from glass fibers) and C (from the matrix) were the predominant chemical
elements in the extracted samples which were also identical to the control samples. Although,
there is a variation in fiber/resin constituents for GFRP bars produced in 2015 compared to the
ones manufactured in 2000 (as provided in Table 1), the only difference in detected elements was
the presence of Mg in control samples which was not found in extracted ones. Additionally, the
presence of Na in the extracted samples was not a sign of degradation or alkaline attack since Na
was observed in both control and extracted samples. It may be due to contamination during
sample preparation.

Backscattered electron images are provided at different magnification levels to display
compositional contrast of existing chemical elements and their distribution in fibers and resin

matrix. The images were taken at the edge of the GFRP bars and results are shown in Figure 17
and 18.
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Figure 17: Elemental scatter in GFRP bars after 15 years of service at magnification level of 300x: SEM
image of GFRP (a) and elemental distributions of: Ca (b), Si (c), Al (d), C (e), and O (f)
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Figure 18: Elemental scatter in GFRP bars after 15 years of service in magnification level of 1800x: SEM
image of GFRP (a) and elemental distributions of Ca (b), Si (c), Al (d), C (e), and O (f)

Comparing the result of EDS analysis performed on the in-service and control samples
confirmed that no change in chemical composition of fiber and matrix occurred after 15 years of
service and the silica was not dissolved in the alkaline environment of concrete. Additional EDS
result performed on a different location of GFRP cross section is available in Appendix 2.

6.3 Interlaminar Shear Strength

The interlaminar horizontal shear strength of the extracted GFRP segments was determined
following ASTM D4475 as a useful parameter for durability evaluation [13]. The test was
performed on two GFRP coupons extracted from concrete cores: i) one No. 5 GFRP bar with the
total length of 3.5 in (88.9 mm), and ii) one skewed end No. 6 GFRP bar with the total non-
skewed length of 3 in (76.2 mm) as shown in Figure 19.

13



Figure 19: No. 6 (left) and No. 5 (right) GFRP bars tested for horizontal shear strength

The same test was performed by the bar manufacturer prior to construction in 2000 on 3.5 in
(88.9 mm) long No. 5 GFRP and 4 in (101.6 mm) long No. 6 GFRP samples and their results
were used as a benchmark for comparison.

Specimens were tested with the span to diameter ratio equal to 3, according to standard and
compared with control samples. The test was performed in displacement control using a screw-
driven testing machine with the rate of 0.05 in/min (1.27 mm/min) of the cross head as shown in
Figure 20.

Figure 20: Interlaminar horizontal shear test of GFRP éoupons after 15 years of service: No. 5 (left) and No. 6
(right) GFRP bars

Both specimens presented the horizontal shear mode of failure and the shear strengths were
determined as [13]:

S = 0'849d£2

Where S is the horizontal shear strength, P refers to the breaking load and d corresponds to
the nominal diameter of the specimen. Summary of the results is shown in Table 2 where S¢ and
Ss, respectively, refer to the shear strength of control and in-service samples. The same notation
is employed for the failure load.

14



Table 2: Results of the horizontal shear test on GFRP coupons

Pc Ps
Dlezmiter L?aﬂart]h No. of Ave. CoV No. of Ave. Se Ss (RSa;|So
(in% Samples (Ib) (%) Samples (Ib) (psi) (psi) ; ¢
5/8 1.875 10 3009.0 2.0 1 3143.7 6539.9 68327 1.04
6/8 2.25 10 4664.0 3.7 1 3552.0 7039.5  5361.2 0.76

Note: 1 in=25.4 mm; 1 Ib=4.448 N; 1 psi=0.0069 MPa

An increase of 4% in the inter-laminar shear strength of No. 5 GFRP bar was observed. Since
the interlaminar shear is dominated by the resin, the increase may be a result of resin
crosslinking over time. On the other hand, the inter-laminar shear strength of No. 6 GFRP bar
decreased by 23% compared to average results of control samples. In both instances, since only
one coupon was available for the in-service condition, additional testing is required to comment
on the change or no change of interlaminar shear property.

In order to investigate the effect of bar diameter, span length and the total length of the
specimen on horizontal shear strength, additional tests were performed on pristine GFRP bars
produced by the same manufacturer in 2016. It is observed that the interlaminar shear strength
strongly depends on the selected span length while it is independent of the total length of the
specimen. It is critical to choose consistent span to diameter ratio for comparison purposes.
Interlaminar shear strength slightly increases by the increase of bar diameter however due to
dependency on the chemical composition of fiber/resin, fiber-resin mixture ratio, and
manufacturing parameters; it may change to some extent for each production lot. Results are
shown in Appendix 3.

6.4 Glass Transition Temperature (Tg)

The changes in the glass transition temperature, Tq, of the polymer matrix was determined by
performing dynamic mechanical analysis (DMA) test on three specimens. The Tg is generally
desired to be higher than 212 °F (100 'C) as a critical parameter in load transfer capability of the
resin [14]. The rectangular specimens of 0.04x0.2x2.0 in (1x5x50mm) were extracted from
the outer core of the bars according to ASTM E1640 [15]. The DMA test was performed with a
three-point-bending fixture for a temperature ranging from 95 to 302 F (35 to 150 "C), and a
heating rate of 1.8 ‘F/min (1 ‘C/min). Due to lack of Ty test data on GFRP bars prior to
construction, Tq test was performed at University of Miami on samples produced in 2015 from
the same manufacturer, to serve as a benchmark for comparison. Table 3 provides the result
summary, where T, and T, respectively refer to glass transition temperature of the control and
in-service GFRP samples.
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Table 3: Result of Tg measurement

LLj T Ratio
No.of  Average  CoV No.of  Average CoV (Tl T¢d)
Samples 3 (%) Samples 3 (%)
3 177.9 16.9 3 238.8 7.1 1.41

Note: ‘F=1.8 "C+32

The Ty of the extracted samples were 40% higher than the control samples performed in 2015.
As provided in Table 1, due to changes in glass fibers, resin formulation, additive, and catalysts
of the bars manufactured in 2015 compared to the ones tested in 2000, the result of the tests
performed on these samples does not precisely represent the samples produced in 2000.
Additionally, similar to the interlaminar shear strength, Tq may increase to some extent over
time, due to cross-linking of the resin.

6.5 Fiber Content

The fiber content of GFRP samples was determined following the ASTM D2584 test method
[16]. Three samples for each bar diameter were tested. Samples were first placed inside the
furnace for 40 minutes at 797 'F (425 ‘C) and then were left inside the furnace at 1292 F (700
°C) for 30 minutes to completely remove the resin. The change of mass was calculated after the
furnace exposure. The weight of sand particles and wrapping strand at the GFRP surface was
also eliminated to provide a precise estimation of fiber content. The result was compared with
the same test performed in 2000 prior to construction. Table 4 shows the summary of the result
where o and o respectively correspond to fiber ratio of control and in-service samples.

Table 4: Result of fiber content measurement

. ac Os Ratio
Diameter ——N5 "of Average CoV No.of  Average  CoV (asloc)
(in) Samples (%) (%) Samples (%) (%)
5/8 4 75.7 1.2 3 77.9 1.8 1.03
6/8 2 80.5 2.2 3 79.50 0.2 0.99

Note: 1 in=25.4 mm

The measured fiber content after 15 years of field exposure was in close agreement with the
original samples and still well above the minimum fiber content requirement of 70% by mass
[17]. The negligible change of measured fiber content compared to the control samples is an
additional data confirming that no loss in fiber content occurred after 15-years of field exposure.
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7 CONCLUSIONS

According to the results of the experimental tests performed on extracted GFRP rebars after
15 years of service as concrete reinforcement in Sierrita de la Cruz Creek Bridge, the following
observations can be made:

The carbonation depth in some sections of the cores had reached to an approximate
location of the witness bars.

Microscopic examination did not show any GFRP degradation. Fibers did not lose any
cross- sectional areas, the matrix was intact and no damage was observed at fiber-matrix
interface. Additionally, concrete-GFRP interface was maintained properly and no
interfacial bond loss was observed.

The interlaminar shear strength of the GFRP bars needs further analysis since the result
of different bar sizes were not consistent and additional data points are required. No. 5
GFRP demonstrated an increase of the interlaminar shear strength by 4% while No. 6
GFRP bar showed 24% of decrease compared to the average result of tests performed in
2000.

Glass transition temperature (Tg) of the in-service GFRP samples were 41% higher than
Ty of the control samples produced in 2015 by the same manufacturer.

The result of fiber content measurement of in-service GFRP bars was similar to the
pristine bars performed in 2000 confirming that there was no apparent loss of fiber
content in GFRP bars.

This study confirms that GFRP bars maintained their microstructural integrity after 15-years
of service in field application.

8 RECOMMENDATION FOR FUTURE WORKS

One of the major barriers in monitoring the samples from field applications is the difficulty in
extracting the samples from the site which leads to a limited number of available samples. For
future similar studies, more samples should be extracted in order to provide sufficient repetition
for each test.

Additionally, it is important to monitor the performance of GFRP bars implemented in other
existing structures preferably with different environmental exposure which can provide
additional data points in confirming the notion of GFRP long-term durability.
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APPENDIX 1

Botto matt epoxy coated steel rebars [5]

Top mat GFRP bars [5]
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APPENDIX 2

Additional SEM images and EDS analysis of GFRP bars after 15-years of service.

SEl. 15kV  WD16mm S540 x200 100pm

]

i Fo -
fa, )

SEILA5kV WD15mm SS40 X70 & 200pm —— LSEI 15kv  WD15mm SS540 x140 100 —

SEI 15kV  WD15mmSS540 X SEI 15kV  WD15mm 5540 x200 100pm

SEM images of GFRP bar at the edge at magnification level of 55x (left) and at the center at magnification
level of 200x (right)
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GFRP (a), and elemental distributions of Ca (b), Si (c), Al (d), C (e), and O (f)
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APPENDIX 3

Results of the horizontal shear test performed on different bar size of pristine GFRP bars in 2015

Interlaminar shear

Failure load
Sample Span Nominal No. of strength
Type Length (in) Diameter samples Average CoV Average CoV
(in) (Ib) (%) (psi) (%)
GFRP No. 4 1.5 4/8 5 1987.0 24 6747.9 24
GFRP No. 5 1.875 5/8 5 2785.6 2.5 6054.3 2.5
GFRP No.6 2.25 6/8 5 4607.2 3.6 6953.8 3.6

Note: 1 in=25.4 mm; 1 Ib=4.448 N; 1 psi=0.0069 MPa
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APPENDIX 4

Results of experimental tests performed on control GFRP bars at the time of construction in
2000.

1) Horizontal Shear Test

Horizontal shear test performed in 2000 on No. 5 GFRP bars following ASTM D4475

Sample Span Fiber Failure Load
Date Length Length Content No. of Average CoV
(in) (in) (%) Samples (Ib) (%)
4/11/2000 76.4 10 3004 33
5/16/2000 3.5 1.875 76.4 10 3141 3.6
7/19/2000 76.4 10 3009 2.0

Note: 1 in=25.4mm; 1 1b=4.448 N

Horizontal shear test performed in 2000 on No. 6 GFRP bars following ASTM D4475

Fiber :
Date Sample Span Content Failure Load

Length Length (%) No. of Average CoV

(in) (in) Samples (Ib) (%)

5/15/2000 77.4 10 4664 3.7
8/7/2000 76.9 10 5157 3.9

_ 4 225

8/7/2000 76.9 10 5157 3.9

Note: 1 in=25.4 mm; 1 Ib=4.448 N
2) Transverse Shear Test

Transverse shear test performed in 2000 on No. 5 GFRP bars following ASTM D7617

Fiber Failure Load
Date Lepgth Content No. of Average  CoV Failure _Stress
(in) (%) Samples kip) (%) (ksi)
6/1/2000 75.9 8 13.88 3.2 22.63
10/4/2000 10 75.6 4 16.81 4.7 27.40
7/19/2000 75.7 8 13.98 15 22.76

Note: 1 in= 25.4 mm; 1 kip= 4.448 kN; 1 ksi=0.0069 GPa
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3) Tensile Strength Measurement

Tensile test performed on GFRP bars following ASTM D7205

Ultimate Load (Kips)

Date Diameter Ultimate
(in) No.of  Average CoV Tensile Stress
Samples (kip) (%) (ksi)
2/1/2000 5/8 4 34.95 21 113.92
8/10/2000 5/8 4 35.67 5.2 116.27
6/14/2000 5/8 7 33.23 4.4 108.31
8/17/2000 6/8 4 47.05 5.4 106.49
5/12/2000 6/8 6 39.86 3.9 90.22

Note: 1 in=25.4 mm; 1 kip= 4.448 kN; 1 ksi=0.0069 GPa

4) Dye Penetration Test

Result of dye wicked test performed on GFRP bars following ASTM D5117

. No. of
Date D'a!“eter Lepgth Samples Results
(in) (in)
7/19/2000 5/8 8 Small voids or hollow fibers observed in two samples
4/13/2000 5/8 1 8 Small voids or hollow fibers observed in one sample
5/9/2000 6/8 6 Small voids or hollow fibers observed but not in line and

not continuous in all six samples

Note: 1 in=25.4 mm

27



	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	1 INTRODUCTION
	2  FIELD STRUCTURE
	3 SAMPLE EXTRACTION
	4 GFRP SAMPLE PREPARATION AT UM
	5 CONCRETE TEST RESULTS
	5.1 pH
	5.2 Carbonation Depth

	6 GFRP TEST RESULTS
	6.1 Scanning Electron Microscopy (SEM)
	6.2  Energy Dispersive X-Ray Spectroscopy (EDS)
	6.3  Interlaminar Shear Strength
	6.4 Glass Transition Temperature (Tg)
	6.5  Fiber Content

	7  CONCLUSIONS
	8 RECOMMENDATION FOR FUTURE WORKS
	9  REFERENCES
	APPENDIX 1
	APPENDIX 2
	APPENDIX 3
	APPENDIX 4

