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Abstract

The requirements for using GFRP bars are growing as several researchers have shown the functionality of bars in
concrete columns. The demand to characterize the mechanical properties of GFRP bars is therefore rising,
although there is no standardized test method for evaluating the compressive behavior of these bars. This
experimental study presents the determination of the mechanical properties of GFRP composite bars in
compression, namely the stress-strain curves, compressive strength, ultimate crushing strain, and modulus of
elasticity. The compressive properties of these bars were calculated following ASTM D695-10 (Compression
Test) with some modifications. A total of 27 specimens were tested for the proposed test procedure. The diameter
of the GFRP tendon used in the test was 10, 12, and 14 mm, and the length to bar diameter ratio L./d, (4, 8, and
16) was investigated for the compressive strength of the bars. These two parameters were used to establish the
relationship between the length to diameter ratio and strength. Besides, two steel caps with a length of 50
mm each were installed to both ends of each specimen to avoid premature failure. It was observed that the test
method enables to successfully evaluate the compressive characteristics of the GFRP bars. Experimental
discussions were performed based on the test results from stress-strain curves, bar graphs, and scatter curves. The
results indicate the increase in length to diameter ratio decrease the buckling stress and the compressive to tensile
strength ratio for Le/d, ratio of 16 specimens in buckling failure mode. The failure mode transformed from
crushing to buckling and a combination of crushing and buckling between the two different failures modes with
an improvement in the L¢/dy ratio. It shows that there was no yield section on the test specimens during the entire
test loading process. The compressive GFRP bars present typical brittle failure.
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1. Introduction

Corrosion is possibly the biggest civil engineering problem that causes architects, governments, and contractors
to spend billions of dollars on the reconstruction of steel-enhanced concrete structures. The primary aspect of
using fiberglass bars as an internal reinforcement is that it allows concrete structures to achieve long service life
without significant maintenance [1]. The use of Fiber Reinforced Polymers (FRP) began in the building industry
in the 1970s. It was not until the 1990s, however, that non-metallic bars began replacing steel bars as internal
reinforcements in concrete structures. The primary reason for this reinforcement transformation was the
expensive problem of corrosion in steel-reinforced concrete structures. There has been a substantial increase in
the quality and quantity of composite reinforcement around the world over the last 20 years. The advance in
manufacturing technology leads to an increase in production volume, the cost of high-strength reinforcement of
FRP has decreased, and has become more readily available on the market. The use of Glass Fiber Reinforced
Polymer (GFRP), better known as fiberglass rebar, is a perfect way to fully eliminate the risk of corrosion in
building structures. This is an alternative material used in the building industry for steel. GFRP's features vary
from being corrosion-free, being lightweight, having a long product life to being stronger than steel itself [2].
Despite numerous studies on concrete members reinforced with GFRP bars, there is no standardized test method
for evaluating the compressive characteristics of GFRP bars. Due to the lack of such a test procedure, there are
some doubts and gaps in the compression behaviour of the GFRP bars which have led to a lack of awareness of
their compressive characteristics. For example, the current American guideline for the design of fiber-reinforced
polymer (FRP) bars in concrete structures [3] neglects the contribution of GFRP bars to compression and
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requires the designer to replace them with concrete for the design process. Also, the Canadian Guideline for the
Design and Construction of Building Structures with FRP [4] requires the use of GFRP bars in concentrically
loaded columns where their contribution to the strength of the column is ignored. Despite the limitations, recent
studies have shown that the neglect of the contribution of compressive GFRP bars in concrete columns is
conservative [5-9]. Recent studies have also adjusted the trend of the most recent design guidelines.

In recent years, there has been a rising demand for the use of GFRP bars as longitudinal reinforcements for
concrete columns. Several studies have demonstrated the efficacy of the use of GFRP bars for solid and hollow
concrete columns [4, 10-15]. These studies underscored the linear elastic response to the failure of the GFRP bars
as internal reinforcement in concrete columns. Some test standards [16-18] define the appropriate testing and
characterization of GFRP bars to ensure the consistency and performance of the product. On the other hand,
ASTM D695 [19] is generally referred to when determining the compressive properties of rigid plastics; however,
the criterion does not apply to round GFRP bars. Since there is still no standard method for measuring and
characterizing the compressive properties of GFRP bars due to the complex compression behavior and the
various failure modes, the contribution of GFRP bars is often overlooked in the design and analysis of reinforced
concrete columns. The key explanation for this is the non-homogeneity and anisotropic nature of GFRP
reinforcements, where shear and transverse tensile forces have a major effect on their compressive behavior [14].
In most cases, the compressive strength of GFRP bars is stated to be a fraction of their tensile strength. There is
therefore a need to establish a new method for testing and characterizing the compressive actions of GFRP bars
to advance their use as longitudinal reinforcements in concrete columns.

Many studies have been performed on the characterization of GFRP bars in compression. E. Bruun (2014) [20],
explores an experimental program consisting of 34 specimens of 25M GFRP bars examined under direct
compression; the length of the specimens varied to determine the relationship between length and strength. Pure
crushing failure within the ultimate compressive strength of 730 MPa was observed for all specimens with a
nominal unbraced length of 230 mm. Longer specimens failed due to the global buckling of the bar, with the
ultimate compressive strength reducing with increasing bar length. The average compressive elastic modulus was
estimated to be 60 GPa.

Q.S. Khan, M.N. Sheikh, and M.N. Hadi (2015) [21] tested five GFRP and five (CFRP) bars. The GFRP bars
were 80 mm long with a diameter of 15.9 mm and were tested using ASTM D695-10 [19] the standard procedure
for the compressive properties of rigid plastics. The experiments included the use of parallel steel plates at the
ends of the GFRP bars and the use of a displacement control method at a rate of 1.0 to 1.3 mm/min. The
specimens were located directly between the steel plates to simplify ASTM D695-10 [19] by replacing the
hardened end blocks with smooth and high-strength steel plates. Failure has been stated to have occurred due to
the separation of the fibers that may be the result of resin failure. The modulus of elasticity and strength of the
GFRP bars in tension was found to be 65 percent and 35 percent higher than their compressive counterparts,
respectively.

Alajarmeh, O. S. et al. (2019) [22], has introduced a novel test method for the determination and characterization
of the compressive properties of high modulus FRP bars. During the preparation of the test specimens, hollow
steel caps filled with cement grout were used to contain the top and bottom ends of the GFRP bars. The effects of
the bar diameter (9.5, 15.9, and 19.1 mm) and the unbraced length-to-bar diameter ratio of L,/ds (2, 4, 8, and 16)
on the compressive strength of the bars were investigated. The findings showed that the increase in bar diameter
increased the micro-fiber buckling and decreased the compressive to tensile strength ratio. Similarly, the failure
mode changed from crushing to buckling with an improvement in the L/dp ratio. Simplified theoretical equations
have been proposed to accurately explain the compressive behavior of GFRP bars with various bar diameters and
L./dp ratios.

Overall, different test fixtures were used to classify GFRP bars in compression by researchers [10, 21-22].
However, different observations have been made on the compressive strength and elasticity modulus of these
proposed test methods, as stated earlier. The free length to diameter ratio varied from test to test, and the failure
modes were either the buckling of the bar, the buckling of the fibers after separation of the resin, or the crushing
of the end. The latter may trigger observations that showed less compressive strength for GFRP bars due to
buckling (high free length to diameter ratios) or due to biaxial stress (very small free length to diameter ratios).
Also, for some of the proposed test methods, there was space for a final rotation that allowed the GFRP
compressive coupon to experience a combination of flexural and axial loading which in turn, resulted in a lower
compressive strength. The other concern will be the crushing at the end of the GFRP bars, the impact of these
should be examined. Also, it should be noted that in addition to the test methods, the consistency of the FRP bar
output and the evolution of the FRP bars may be important parameters in the diversity of the values recorded for
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the strength and elasticity of bars at different dates.

2. Test Procedures
2.1 Proposed Test Method

Generally, this test method suggests that the GFRP bar, which is embedded in adhesive anchors and steel caps at
both ends, should be checked in a mechanical test machine under monotonic compressive load up to failure
while monitoring load and longitudinal strain. This project aimed to assist researchers and designers in assessing
the stress-strain curve, compressive strength, crushing strain, and modulus of elasticity of the GFRP bars for
the compression test. One of the characteristics of this test method is the gripping and alignment during the test
specimen preparation process instead of in the test machine. The steel cap and adhesive anchors act as a gripping
method by enclosing the ends of the GFRP bars to avoid premature failure and allow them to obtain their full
compressive capacity. Also, the alignment can be simply done when the adhesive anchors are mounted at a level
that can avoid unnecessary bending and premature failure and increase the accuracy of the test results, especially
longitudinal strains. This study recommends a total of 27 specimens for each test condition to record consistent
and accepted data sets. The schematic illustration of the test specimen is shown in Figure 1. Test fixture elements
include plastic cover, steel cap, electrical tape (insulating tape), and adhesive anchors. The diameter of the steel
cap was proposed to be considered twice the effective bar diameter, while the length recommended was the same
for all specimens with various effective length to bar diameter ratios as shown in Figure 3. The steel cap must be
thicker enough not to generate or distort the lateral pressure of the adhesive anchors. The GFRP bar should be 4,
8, and 16 times as long as its diameter to provide an effective length between the steel caps. For instrumentation,
it is recommended that two strain gauges be mounted on two opposite sides in the center of the bar to record
longitudinal strains. Strain gauges are the appropriate measuring instruments for this test configuration. The
average of two strain gauges is a good alignment indicator if properly mounted. If the difference between the
measured strains is not important, the mean value of the two strain gauges is assumed to be the longitudinal
strain, otherwise, the current misalignment contributes to the formation of bending in bars and the test results are
not accurate.

dy = bar diameter le = affoctive bar length
! !
. — Plastic cover v g~
le ol «- Oy stool cap Electrical Adhesives
X » Anchors
S0mm u X . tape
o p
GERP bar m
Assombled Components

Figure 1. Proposed test fixture.

Once the preparation and instrumentation have been completed, the specimens are examined by applying a
uniform and monotonous compression force. To spread the load more equally to the steel caps. It is
recommended that the tests are carried out using the displacement control method at a test rate that results in the
completion of the test in 30 minutes. The test results are considered appropriate if no premature failure of the
caps or the effective length of the buckling is observed. In other words, tests are carried out successfully when
the crushing of GFRP bars happens at the free length of the specimen.

2.1 Test Materials
2.2.1 GFRP Bars

In this study, three GFRP bars with a diameter of 10, 12, and 14 mm were considered. The bars contain glass
fibers that have been impregnated with epoxy resin using a pultrusion process. The rebars are ribbed in a
comparable way to the deformed steel rebars. The GFRP bars used in this test study were manufactured at the
same time and produced by the same company as Shandong Stifford Industrial Co., Ltd. In this study, these bars
are explicitly chosen to meet the standard specifications for structural compression members
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Figure 2. Considered GFRP bars

2.2.2 Steel Cap

In this research, the test method involves the preparation of GFRP bar samples with top and bottom end caps
allowing the positioning of the specimens inside the test machine and the application of concentric loads. Besides,
the use of two heavy steel plates, which if present, could affect the measured bar strength, was removed. In this
test approach, the top and bottom ends of the thick composite laminates were steel-capped to reduce stress
concentration in the load application zones and to facilitate failure within the effective length. In the preparation
of the test specimens, the diameter and thickness of the steel tubes for the end caps are based on the
recommendation of ASTM D7205/D7205M-06 [23] for the tensile testing of the GFRP bars shown in Tablel.

05010 0.0 (o 0

AL

Figure 3. Front and top view of the steel cap.

Table 1. Dimensions of steel caps

Bar Diameter, d» 10 12 14
(mm)
Outer Diameter, 25 27 29
(mm)
~ ‘Wall thickness, ¢ 3 4 4
= (1rumn)
Height, /1 (mm) 50 50 50

2.2.3 Adhesive

The main objective of the anchoring system was to allow the adhesive material (504 AB) to be spread inside the
thick-walled steel cap to clamp the rebar into an anchor with the appropriate length for load transfer. It was used
to regulate the lateral expansion of the upper and lower ends of the GFRP bars under the compression load. Due
to the higher stiffness of the steel cap, the adhesive material exerts pressure on the rebar specimen, which
preserves the specimen location inside the steel tube. It was used to prevent the lateral expansion of the upper
and lower ends of the GFRP bars under the compression load.

Figure 4. Adhesive anchor glue.
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2.3 Test Matrix and Specimen Fabrication

The GFRP bar specimens for compressive tests were developed and prepared to have various effective lengths.
Three Le/dy ratios of (4, 8, and 16) were considered in this test, where dy is the bar diameter and L. (effective bar
length) is the clear length between two steel caps as shown in Figure 4. Three number (N) replicates (A, B, and C)
were prepared for each L¢/dy ratio. Therefore, in this study, nine specimens were prepared for each bar diameter
of 10, 12, and 14mm with a total of 27 specimens of GFRP bars. Table 2 provides the effective length (L¢) and
the total length (L1) in mm of the test specimens. Figure 5 shows the schematic diagram of a test specimen. The
samples were named by “G” as in GFRP followed by the Le /dy ratio, in the middle the bar diameter was
designated and then the sample number. For example, G 4d-10-A is a GFRP bar of (10 mm diameter) with Lc/dy
ratio of 4 and a test piece of label A.

—
I ’lvl: ]
l Steel cap
Ly | - — GFRP
— Adbesive

Figure 5. Schematic Diagram of the Specimen

Table 2. Sample design matrix

dhy ddv Sds 16

{mm) L. Lr L. Lr L. Ly
10 40 140 80 180 160 260
12 48 148 96 196 192 292
14 56 156 112 212 224 324

The same fabrication and testing procedures were used for each specimen. The only variable parameter in this
study was the effective length of the specimen. All the specimens were cut and manufactured in the same batch
to ensure uniform material properties.

GFRP bars were prepared following these steps before the fabrication of specimens:
1. Individual specimen lengths were measured and marked.
2. Specimens were cut to size using a fiber saw blade.
3. Ends were made perpendicular with a rotating lathe.
4. For the placement of the strain gauge, the surface of the GFRP bar at mid-height was shallowly
machined, in other words, the surface was flattened using a milling machine on the opposite sides of the
bar (which gives a depth of around 1 to 2 mm to the machined area).
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Step 3 Step 4
Figure 6. Preparation steps of GFRP tendon before fabrication

The preparation of the specimens is directly related to the consistency of the test results, as the alignment and
capping criteria must be achieved during the preparation process. Figure 7 presents the fabrication process for
compressive GFRP bar specimens.

. b
(@) Insulating both ends  (b) GFRP inserted into steel cap (c) applying adhesives to bottom ends

Figure 7. Fabrication of GFRP Specimen

First, on both ends of the GFRP bar, the electrical tape (insulating tape) was used to maintain the position of the
bar at the center when inserted into the steel tube. The adhesive anchor was then used to fill the gap between the
steel tubes and the bars. When passing the top of the steel cap, the excess adhesive was removed. According to
the specifications provided by the manufacturers of adhesive anchors, the total setting time for both specimen
anchors were 72 hours in typical indoor laboratory conditions. Following the specification, the first anchor was
turned upside down after 72 hours and the same process was repeated for the second anchor of the bar to have
both steel caps appropriately mounted at the ends of the GFRP bar shown in Figure 8.

2.3.1 Test equipment and loading scheme

It is noted that each specimen is prepared according to the test preparation referenced in the proposed test
method section. The schematic test setup and the instrumentation are shown in Figure 9. Before starting the test,
two strain gauges (namely SG1 and SG2) with a length of 3 mm on the opposite sides of the GFRP bar tested
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were mounted on the mid-height of the machined area to record the stress-strain behavior shown in Figure 8.

(a) (b)
Figure 8. Specimens for testing

All samples were under concentric compressive load until failure using the test machine (Shaoxing university
600 kN hydraulic servo universal) as shown in Figure 9. The applied load and strain data were reported using the
TST3827E dynamic and static strain gauge data logger. It should be noted that the upper loading steel platen
allowed the sample to have some rotation suggesting a pinned-end attachment, which is the ideal behavior for
reinforcing bars under compression, as indicated by other researchers. The adopted displacement rate was 5
mm/min for failure to occur within 1-30 min, except for premature failure.

SG = strain gauge

loading
machine

steel
cap

GFRP bar
sSG1

steel plate

Figure 9. Set-up of Compression test
2.4 Designed tensile bars

In this study, tension testing was designed to investigate the action of the compressive to tensile strength and the
modulus ratio. All GFRP bars were produced at the same time and arrived from the same company for both
tension and compression tests. The total length of the test piece was 1000 mm, the effective length of the middle
segment was 400 mm, and the two ends were anchored by a smooth steel pipe with a length of 300 mm. In this
test, the tensile properties of the GFRP bars with three different diameters were evaluated and the effect of the
diameter and length of the test bars on the tensile properties of the GFRP bars was analyzed. It is worth noting
that the CSA S807-10 [16] recommends only 5 duplications for the tensile test of GFRP bars. To ensure the
reliability of the test results, a total of 3 groups of 5 test pieces per group with a total of 15 test pieces were
prepared. The mechanical properties of GFRP tensile bars are shown in Table 3. The standard deviation of the
results is given in the parenthesis.

Table 3. Tensile properties of the GFRP bars.

Sample Ultimate Tensile Ultimate

diameter tensile modulus of tensile strain,

(mum) strength, fy elasticity, Eac £u )
(MPa) (CilPa)

10 1312.6 60.836 0.0214
(177.63) (0.526) (0.003)

12 1289.6 53.832 0.983 (1.31)
(65.87) (1.23)

14 12904 52.812 2.44 (0.052)
(26.34) (0.36)
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3. Test Results and Analysis

3.1 Failure modes

Three modes of failure such as crushing, buckling, and shearing along with cracking and splitting thread in few
specimens was observed in the GFRP bars tested in compression, which were highly influenced by the L./d, ratio
for every bar diameter More details of the observed mode of failure are described below:

3.1.1 Crushing failure

Crushing failure mode was observed for bars with L¢/dy ratio = 4, regardless of bar diameters. It was also
followed by cracks as shown on the surface of the bar in Figure 10. In this mode of failure, the shear effect was
not observed. Some bars suffered from localized crushing either at the top or bottom end heads. This localized
crushing is caused by the damage in the matrix due to the high-stress concentration at the top and bottom ends of
the bars. This phenomenon can be related to the weak strength of the GFRP bars in the transverse direction
where the lateral expansion resistance is provided only by the matrix.

(c) #14 (d) Premature failure (e) Splitting thread & surface crack
Figure 10. Mode of failure for bars with 4 L./d, ratios for GFRP bars.

3.1.2 Combination of Crushing and Buckling

The second mode of failure was a combination of crushing and buckling of GFRP bars with surface cracks
shown in Figure 11. This mode of failure was observed for all bars with L./d, = 8. Besides, it shows higher E
and Eg, values for 10 mm and 14 mm tested GFRP specimens. It was also observed that the severity of the
damage increased due to the larger bar diameters.
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(a) #10 (b) #12 (c) #14
Figure 11. Mode of failure for bars with 8 Le/dy ratios for GFRP bars.

3.1.3 Buckling Failure

Buckling failure of the whole effective length was observed for all samples with L./dy ratio = 16 regardless of the
bar diameter shown in Figure 12. After the applied load was removed, the failed samples returned to their
original straightened positions but with the longitudinal cracks occurring on the outer surface. As shown in
Figure 12 (d) eventually all the specimens failed by shear at about 45° axes on the weakest spot of the rib length.
The longitudinal cracks were caused between the fibers and the matrix due to the huge curvature under load.

(a) #10 (b) #12 (c) #14 (d) Shear failure

~e

-

Figure 13. Tested GFRP bars with various Le/dp.
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3.2 Determination of Compressive Characteristics
3.2.1 Stress-Strain Behavior

This section presents the typical stress-strain behavior of GFRP bars with different L/d, ratios. A linear elastic
stress-strain behavior was found in GFRP bars with Le/dy ratio = 4 regardless of the bar diameter shown in Figure
14 (a, b, and c¢). Moreover, an almost similar strain reading was measured by the strain gauges attached on both
sides of the bars indicating that the load was applied concentrically and there was no bar buckling until failure.
This stress-strain stability was observed up to the failure of the bars that exhibited localized crushing shown in
Figure 10. On the other hand, GFRP bars with L¢/dy ratio = 8 shown in Figure 14 (d, e, and f) exhibited linear
elastic stress and strain behavior but not elastic as Le/d, ratio = 4. A different stress-strain behavior was exhibited.
by the GFRP bars with Le/d, = 16 shown in Figure 14 (from g to 0). For both attached strain gauges, stress-strain
behavior was linear up to a strain of around -5000e, this is then followed by a nonlinear stress-strain behavior,
where one gauge shows significantly increasing compressive strain with a minor increase in the stress while the
other gauge starts to shift from compressive to tensile strain. The compressive strength of the buckling failure
decreased with the increase in bar diameter from 196.40 MPa to 147.9 MPa for bar diameter 10 mm and 12 mm,
respectively. Meanwhile, it attained a maximum fi; value of 215.22 MPa for a bar diameter of 14 mm. The
maximum measured axial strain in compression (ec) is 0.0066 for the tested GFRP bars. As shown on the
stress-strain curve below analytical and experimental results have been analyzed on the graph using the average
test results values with various L/dy ratio.
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Figure 14. Typical stress-strain behavior of the tested GFRP bars with different Le=d, ratios.
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3.2.2 Compressive Strength (ft)

The fic was calculated by dividing the maximum load (F¢) with the cross-sectional area of the GFRP bars shown
in equation (1). However, there was no difference between the specimens with different modes of failure in terms
of determining their compressive strength and modulus of elasticity.

F. 4F
i P 1
fre A nd? @

Where fr. is compressive strength in MPa; F. is compressive ultimate load value of the test piece in N; d is the
diameter of the test piece in mm.

Table 4 summarizes the test results of the compressive strength (fr) for all tested GFRP bars. The test results
generally show higher fi. values for bar diameter 10 mm compared to 12 and 14 mm. The maximum average ft
value recorded for bar diameter 10 mm is 323.36 MPa, while it is 276 MPa and 280 MPa for 12 and 14 mm bar
diameters, respectively. It can be noticed in Table 4 that fi. values for bar diameter 10 and 14 mm are higher with
Le/dp ratio = 8, while it is significantly lower than that for bar diameter 14 mm. Furthermore, a significant drop in
fic values was measured for all bar diameters at L./dy, ratio = 16. On the other hand, the average fi. values for bar
diameter 10 and 14 mm increase as the Le/dy ratio increases from 4 to 8. On the contrary, a consistent and
convergent fi; average values were observed for bar diameter 12 and 14 mm. As shown on Table 4, the standard
deviation (SD) and coefficient of variation values (CoV) are not consistent when compared with each other.

Table 4. Compressive Strength (fz) (MPa) of the tested GFRP bars with vanous L.J/d.

Sample no 10 mm bar Lo/ dv mtio 12 mm bar L/ du mtio 14 mm bar LJ/ & matio

< 8 16 -+ 8 16 - 8 16
A 200.53 4133 192.38 274.90 219.71 118,45 237.07 263.59 21592
B - 10738 186.81 - 234.06 173.88 249.62 296 40 225.66
C 20598 - 210,02 278.2 22048 149,85 - - 204.07
Average 203.26 32336 196.40 276.55 224.75 147.39 24335 280 21522
SD 385 24 12,12 233 8.07 27.79 8.87 2320 10.81
CoV (%a) 1.894 74 617 0.543 3.59 18.86 364 8.28 5.02
(fadfs) *100 1549 24.71 14.96 2144 £7.42 11.43 18.85 21.70 16.60

3.2.3 The Comprehensive Modules of Elasticity (Exc)

The compressive modulus of elasticity (E«) was calculated and reported in Table 5. Similar to the approach
suggested by CSA S806 [16] and ASTM D7205/D7205M [23] to determine the tensile modulus of elasticity of
GFRP bars, the E¢ values of GFRP bars were measured from the slope between 0.001 and 0.003 mm/mm. The
average result, standard deviation (SD), and coefficient of variation (CoV) of 3 identical specimens in each L¢/dy
ratio for different bar diameters were obtained. As reported in Table 5, very close Ei and Eg values were
obtained for a bar diameter of 12 and 14 mm. Ez, values for 10, 12, and 14 mm are higher than Es values for all
diameters by 13.32%, 14.36%, and 14.6%, respectively. Moreover, L./d, ratio = 8 for all bars diameter showed a
higher Eg, and also higher standard deviation (SD), and coefficient of variation (CoV) of the test results
compared to L¢/dy ratio = 4 and 16 GFRP bars.

Table §. Compressive elastic modulus (Es) (GPa) of the tested GFRP bars with vanous LJ/ds ratios.

Sample no. 10 mum bar L/ dy ratio 12 mun bar Lo/ dy ratio 14 mm bar L/ dy ratio

- 8 6 4 8 16 4 8 16
A 43,51 46.70 -45.9 42,10 -75.65% -31.25 -45.50 -43.55 -36,43
B - -76.55 -76.74 - 4747 -31 -52.32 -56.1 445
C -36.23 . -47.16 -43.37 -39.81 415 - . -28.75
Average A0 -61.71 56,60 42.73 6098 -34.57 4891 -49.83 -36.54
Average all -52.73 46.1 45.1
SD 3.652 14.34 1425 0.632 11.54 49 34 6.3 641
CoV (%) -6.93 -28.15 -27.03 -1.37 -25.02 -10.61 -7.56 -13.92 -14.23

(Ex/Exs) *100 -65.55 -101.4 -93.04 -79.38 -1133 -64.22 92.62 -94.34 692



http://www.iiste.org/

Civil and Environmental Research Www.iiste.org
ISSN 2224-5790 (Paper) ISSN 2225-0514 (Online) | LLNN |

Vol.13, No.5, 2021 Iﬁ!

3.2.4 The Ultimate Comprehensive strain (ec)

The ultimate crushing strains were derived by dividing the compressive strength by the compressive modulus of
elasticity, as presented in equation 2.

F
Ef.A

Where e is the compressive ultimate strain in mm/mm; F.is the compressive ultimate load value of the test piece
in N; Ex is the compressive elastic modulus in GPA; A is the cross-sectional of the test piece in mm?,

@

E =

Table 6. Ultimate compressive strain (<) (mm/'mm) of the tested GFRP bars with various Lo/ds ratios,

Sample no. 10 mm bar L/ & ratio 12 mm bar L./ dy ratio 14 mm bar L/ & ratio

4 8 16 R S 16 “ 8 16
A -0,0047 -0.0073 -0.0042 .0067 0003 00038 0.0053 -0.0061 0.006
B - -0.004] -0.0025 - £0.005 -0.0057 0,0048 0,0053 -0.0051
C -0.0057 - -0.0045 40.0065 0.004 00037 - - 0.0071
Average -0.0052 -0.0057 -0.0037 -0.0066 0.004 -0.0044 -0.0051 -0.0057 -0.0061

4. The factors of Compressive Characteristics
4.1 The influence of bar diameter

The bar diameter does not affect the failure mode of the GFRP bars with the same L./dy ratio. For bars with Le/dy
ratio = 4, all the bars failed by crushing while the bars with L¢/dy ratio = 16 failed by buckling, and those with
Le/dyratio = 8 failed by a combination of crushing and buckling. As often observed in GFRP bars under stress,
there is a non-uniform stress distribution across the cross-section of the bars, wherein higher stress is experienced
by the outer fibres compared to the fibers at the center of the bar. The figures below show the comparison of
GFRP specimens with various L¢/dy ratios.
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Figure 15. Average Comprehensive Strength versus diameter
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Figure 17. Average Ultimate strain versus Diameter.

4.2 Influence of slenderness ratio

The following Figures 18 and 19 illustrate the relationship between Elastic modulus/ Average elastic modulus
and the effective length of the GFRP bars. Maximum elastic modulus value (Er) of bar diameter 10 mm is
attained for Le/dp ratio = 8. When compared Eyc value increases from Le/dyratio = 4 to 8 and decreases from Le/dy
ratio = 8 to 16. So GFRP specimens have higher values of L¢/dy ratio = 8 for both elastic modulus versus
effective length graph and compressive to tensile strength ratio versus L./dy ratio graph shown in Figure 20.
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Figure 19. Average Elastic modulus versus for
Effective length for all specimens.
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Figure 20. Compressive strength to Tensile strength ratio vs L¢/dy ratio of the tested GFRP bars.

4.3 The mechanics of buckling failure

The Euler formula, shown in Equation (3) is the most common equation used for estimating the elastic buckling
load of homogeneous material. In this relation, Es is the compressive modulus of elasticity of the material and
is the slenderr[kﬂ ratio. This equation was modified to account for the non-homogenous nature of the GFRP bars.
It should be mentioned that GFRP bars with Le¢/d, =16 will have ratio of 32. The re{!;“}:s showed a high
variation between the experimental (f «.,) and theoretical (Fp.e) buckling stresses, as shown in Figure 21. Note
that the k factor is assumed to be 1.0. This assumption is supported by the ability of the upper load plate to allow

some rotation in the samples during testing.

112E;,

b—eu =

©)

Where, k is column effective length factor, k=1; fi.nc is experimental buckling stress in MPa; Frey is theoretical
buckling stress in MPa; r is the radius of the bar, mm.
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Figure 21. Comparison between Experimental and Theoretical Buckling Stress Results.

The prediction showed a great agreement between experimental (f «.,) and theoretical (Fy-ey) buckling stresses as
presented by a red circular data point indicating that the modified Euler equation can provide an improved and
reliable estimation for the buckling stress of GFRP bars.

5. Reliability of the Compressive test Method for GFRP bars

The consistency of the compressive test method was tested by evaluating the test results and contrasting the test
results with those of previous studies using different test methods. The provision of steel caps filled with
adhesive anchors in the top and bottom portions of the GFRP bars permitted the specimen to be positioned
longitudinally upright in the equipment and facilitated the application of concentric compressive loads. There
were no signs of eccentricity caused bending moment effects suggesting the feasibility of the fabrication process
except for the improper fabrication of specimens. This can be shown by almost similar measurement strain
readings on gauges attached to two sides of the test specimens in the linear elastic region of the stress-strain
curve. Except for a misaligned single specimen with a bar diameter of 10 mm for L¢/dy ratio = 4, no premature
failure was found in the specimens tested due to high-stress levels at the top and bottom of the bars.

This result suggests that the compressive strength obtained from the crushing and buckling failure modes is
substantially affected by the testing procedure. Using this test method, any premature and undesirable failure due
to the impact of the test setup can be avoided to obtain test results that accurately and reliably characterize the
compressive behavior and the GFRP bar strength capability. Based on the test results and study using bar graphs
and scatter graphs, it was found that the bar diameter of 10 mm shows the most representative value for both the
compressive strength and the tensile strength of the GFRP bars. Moreover, the most representative value for the
compressive strength of the tested GFRP bar specimens is the one caused by the use of the L./d, ratio = 8.
Therefore, this Le/dp ratio is suggested for evaluating GFRP compression bars to obtain clear and accurate test
results. Consequently, these observations demonstrate the good reliability of the test results using the proposed
test methodology for the determination of the compressive actions of GFRP bars with different bar diameters and
Le/dp ratios.

6. Conclusions

This study examines the effect of bar diameter and the effective length to bar diameter ratio (Le/dp) on the
compressive behavior of GFRP bars. It is dedicated to the determination of the compressive stress-strain curve,
compressive strength, the ultimate strain, and compressive modulus of elasticity of the GFRP bars by proposing a
unique testing procedure. A total of 27 compressive GFRP bar specimens were tested, discussion and analysis
were provided to predict the compressive strength of the GFRP bars at different L./d; ratios.

Based on the results and observations, the following conclusions can be drawn:

e The proposed test method was successfully implemented to obtain the stress-strain curve, compressive
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strength, ultimate crushing strain, and modulus of elasticity of the GFRP bars.

e The experimental method of testing GFRP bars under compression provided reliable and consistent
compressive strength for the tested GFRP bars specimens. This method allowed the longitudinally upright
positioning of specimens and the concentric application of compressive loads without causing premature
failure in the bars examined.

e GFRP bars for L./dy, ratio = 8 gave the most representative value for both compressive strength and modulus
of elasticity of the tested specimens. It is recommended for testing GFRP bars in compression. The failure
behavior of GFRP bars with this Le/dy ratio represents closely the failure in compression of the longitudinal
bars in concrete columns.

e There was a statistically significant difference between the measured compressive strength groups of GFRP
bars with differing bar diameters. For GFRP bars with L¢/dy greater than 4, the average compressive strength
of the bar diameter of 10 mm is significantly higher than the bar diameters of 12 and 14 mm. This also shows
a higher compressive elastic modulus of 10 mm bar than the 12 and 14 mm GFRP bars.

e The slenderness ratio (Le/dy ratio) greatly affected the failure behavior and load capability of the GFRP bars
in compression but did not significantly affect the compressive modulus of elasticity. In general, the
compressive strength of GFRP bars is significantly higher for bars with a L¢/dy ratio of 4 to 8 than for bars
with a Le/dp ratio of 16. Whereas for GFRP bars with L¢/dy ratio = 8, the standard deviation and the
coefficient of variance of bar diameters 10 and 14 mm of the test results show a higher compressive strength.

e Also, a revised Euler equation, solving for the effective length to bar diameter ratio and the non-homogenous
properties of slender GFRP bars, was proposed to predict buckling strength.
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