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ABSTRACT: Fiber Reinforced Polymer (FRP) wrap stands as one of the most popular methods for retrofitting
deteriorated reinforced concrete structural elements. Among the available options, Glass Fiber Reinforced
Polymer (GFRP) presents itself as a cost-effective alternative, although with fewer technical advantages. While
GFRP wrapping is commonly applied to columns, the extent of its confinement effect on altering the
mechanical properties of concrete remains unclear. To address this gap, an experimental and numerical analysis
was conducted. Concrete cylinder specimens wrapped with GFRP layers were axially tested under compression
until failure. The resulting stress-strain relationship was used to validate numerical simulations carried out
using numerical simulation with finite elements method. The experimental findings suggest that concrete
confinement using only a low number of GFRP wraps may not be effective in providing adequate lateral
restraint for concrete under compression. GFRP for concrete confinement clearly transforms the material from
being brittle to becoming ductile, resulting in a deformation capacity that can be up to 2-5 times greater. A
numerical model of the confined concrete cylinder with GFRP specimens could show the confinement effect
to increase the ultimate stress and strain. In addition, the numerical model could investigate the failure pattern
with good agreement with the experimental results.

Keywords: GFRP retrofitting, Confined concrete, Concrete column, Deteriorated concrete building,
Compression test

1. INTRODUCTION possible replacement of steel in the RC beam and
reported a decrease in the strength of the beam with
Building structures deteriorate over time due to  the increase in GFRP percentage. The application of
various factors. To maintain the performance of a GFRP in columns improved the ductility of the
building, it is often necessary to retrofit its structural ~ concrete [13]. The application of FRP on critical
elements [1]. Concrete jacketing is acommon method  structural elements of buildings can enhance their
of retrofitting [2,3], while another popular approach  seismic capacity [7]. In an earlier study, Ronagh and
involves wrapping using Fiber Reinforced Polymer  Eslami [19] investigated the effect of CFRP/GFRP on
(FRP). Various types of fibers are used for flexural strengthening and yielded similar results.
retrofitting, including glass, carbon, and aramid [3], They further stated that CFRP provided twice the
[4]. FRP sheets have gained significant attention in  strength of GFRP, but the latter offered greater
the construction industry due to their economic, ductility.
efficient, and time-saving application on-site [5-8]. A study on the effect of GFRP confinement on the
There are two main types of FRP: Carbon Fiber mechanical properties of low-strength concrete
Reinforced Polymer (CFRP) and Glass Fiber indicatesthat compressive strength is a more effective
Reinforced Polymer (GFRP). CFRP is preferred over  criterion than the level of confinement [20].
GFRP for its higher moduli and lower density, as  Numerical simulations on the behavior of concrete
shown in Table 1 [5]. On the other hand, GFRP offers  confined with GFRP demonstrate an increase in
a more economical option for retrofitting [9]. strength due to confinement effect [21]. Another
Many researchers worked on the GFRP study shows that the effect of GFRP confinement
application for strengthening reinforced concrete  significantly increases the compressive strength and
(RC) beams [10-14] and columns [15,16]. GFRP  modulus of elasticity when applied in GFRP
confinement was reported to give better concrete  wrapping infill material [22]. The stress-strain
performance than CFRP in harsh environments [17].  behavior of a concrete cylinder confined by FRP was
Chiew et al. [18] carried out a test on RC beams proposed by the predecessor studies [23,24]. Despite
flexurally strengthened using GFRP layers where  numerous research efforts on GFRP applications,
significant increases in strength and stiffness were  many issues remain unknown and require further
observed. Sinha et al. [12] applied GFRP bars for the  investigation [12].
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Table 1 Properties of common fibers [5]

Densit Tensile  Tensile Max
Material (r/cm% Strength Modulus  Elongati

g (MPa)  (GPa)  on (%)
E-Glass 2.57 3400 72.5 2.5
S-Glass 2.47 4600 88.0 2.5
Carbon
(High 1.90 3000 500.0 0.5
modulus)

2800-

Aramid 1.40 4100 70-190 0.2

2. RESEARCH SIGNIFICANCE

Glass Fiber Reinforced Polymer (GFRP) is
emerging as a cost-effective option for retrofitting
concrete columns. However, the impact of GFRP
confinement on concrete mechanical properties
remains uncertain, with conflicting reports on
improvement. Considering the relatively low elastic
moduli of GFRP, a thorough investigation into the
effects of confinement is crucial. This study
specifically explores changes in the mechanical
properties of GFRP confined concrete under
compression. A numerical analysis has been devised
to simulate the alterations in the mechanical
characteristics of concrete with GFRP confinement.

3. EXPERIMENTAL PROGRAM
3.1 Characteristics of Samples

A total of 7 cylindrical concrete samples of 150
mm in diameter and 300 mm in height were cast and
tested for compression. The samples originated with
target strengths of 25 MPa. Other 7 data of concrete
cylindrical specimens from the earlier study [25] were
also discussed as the comparator. For each strength
level, control samples or unconfined concrete (UC)
and wrapped specimens or confined concrete (CC)
were prepared. The labels CC-1 and CC-2 represent
the number of GFRP layers applied to the samples,
with CC-1 indicating one layer and CC-2 indicating
two layers of GFRP. The GFRP layer was applied to
form confined concrete samples approximately one
week before testing.

3.2 GFRP wraps and epoxy resin

Glass Fiber Reinforced Polymer (GFRP) is a
composite material of woven E-glass fibers and
polyester material bonded together. The woven
plastic is hardened using thermosetting polymers
such as epoxy resin or thermoplastics [26]. In this
study, the epoxy polymer used was bisphenol A
epichlorohydrin resin. The hardener was EPH 555
cycloaliphatic amine, with a mixture ratio of 3:1. The
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GFRP wrap was applied using the wet lay-up method
with tangential orientation (Fig. 1). The GFRP used
in the experiment was a unidirectional fiber sheet
with a thickness of 0.5 mm that has orthotropic
behavior. The properties of the GFRP wrapping were
obtained from a previous study [27], as outlined in
Table 2. These GFRP properties were also utilized in
the development of numerical analysis.

Table 2 Mechanical properties of GFRP [27]

Property Magnitude
Youpg s_modu_lus in the 28 GPa
longitudinal direction
In-plane shear modulus 0.946 GPa
Through-thickness shear 1.2 GPa
modulus
Longitudinal tensile strength 750 MPa
Density 1500 kg/m?®

3.3 Instrumentation and Test Setup

A compressive strength test of concrete cylinders
was conducted in accordance with ASTM C39. For
confined concrete samples, the GFRP was applied
about one week before testing. Axial loading was
performed on both unconfined and confined concrete
samples using a Universal Testing Machine (UTM)
with a capacity of 2000 kN at a loading rate of 265
kN/min until failure. Concrete capping with layers of
sulfur was applied at both ends of the cylinder (Figure
1) to ensure an evenly distributed load. Prior to
placing the wrapped concrete samples into the UTM,
a set of rings and a dial gauge were installed in the
cylinder samples to monitor the strain development
under the applied load. It was crucial to position the
wrapped concrete cylinder sample precisely at the
center of the loaded base of the UTM. The final
compression test setup is depicted in Figure 1 (d).

4. DISCUSSION OF THE TEST RESULTS
AND DEVELOPMENT OF NUMERICAL
SIMULATION

4.1 Behavior of unconfined and confined concrete
under compression

The results of the compressive strength test for the
unconfined concrete samples of 25 MPa and 40 MPa
[13] are presented in Figure 2. These findings
confirm the theory that the elastic modulus of
concrete is influenced by its density, and lower-
strength concrete exhibits greater ultimate strain [13].

Figures 3 and 4 present the compressive test
results for concrete samples confined with one and
two layers of GFRP, respectively. For concrete
specimens with a compressive strength of 40 MPa,
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Fig. 2 Unconfined concrete compressive
strength test for samples of 20 MPa and 40 Ma.

several tests encountered setup issues [25]. The
displacement recording was stopped to prevent the
dial gauge damaged from the probable explosion
failure of the specimens. Despite these issues, the test
data are still utilized as the trend results demonstrate
certain validity.

Theoretically, when concrete is confined, its
lateral internal deformation is restricted. The test
results for both concrete strengths of 25 MPa and 40
MPa exhibit a similar pattern. Several behaviors can
be observed from the results as follows:

a) The initial trend of the stress-strain curve for all
the test results is close or even aligned with one
another. This suggests effective bonding
between the GFRP and concrete surfaces to
form a composite material (Figure 3). It
indicates that the elastic modulus for both
unconfined and confined concrete remain
unchanged. This suggests that the addition of
GFRP wrapping of one and two layers will not
yield significant effects on concrete elastic
modulus. Similar findings were observed by
previous researchers [9,13,23,24].

The confinement effect of one layer of GFRP
significantly increases the ultimate strain of
concrete, leading to a two to fivefold increase in
the absorption energy of the material compared
to the unconfined sample (Figures 3 and 4).
With two layers of GFRP wrapping, the increase

b)
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(d)
Fig. 1. Concrete cylinder sample of specimens: (a) unconfined, (b) single wrap, (c) double
wrap and (d) instrumentation set up during compression test.

in ultimate strain becomes even more
pronounced [13]. It appears that the increase in
ductility corresponds to the addition of GFRP
wrapping layers, as reported from the
predecessor studies [23,24].

Close examination of the stress-strain curve
shows that while unconfined concrete exhibits a
certain peak (e, fc) and then descends constantly
till crushing (ecu, fou), confined concrete, after
reaching the unconfined compressive strength
(&, fy), deviates and continues with a slightly
positive slope, finally dropped when fracture of
the GFRP layers occurred (ecuc, feuc) (Figures 3
and 4). In contrast to unconfined concrete which
has peak stress before crushing occurs (ultimate
state), the confining effect of GFRP creates the
peak stress of the concrete at a large strain which
is before the rapture of GFRP (ultimate
condition). It appears that the post-compression
strength slope tends to increase with the addition
of each GFRP layer. This finding differs slightly
from that of [11], where for low confinement
(one layer of GFRP), the curve starts to deviate
and then has a descending branch with a
relatively small slope. However, for more than
one layer of GFRP, the pattern of this finding
aligns with the results of previous researchers
[11,29].

The difference in compressive stress resistance
magnitude for unconfined concrete and the
stress level at which the curve starts to deviate
for confined concrete is relatively small (Figures
3 and 4). For the single layer of GFRP, the stress
difference is nearly zero. This result confirms
the other findings from previous researchers
[9,22], providing further confirmation of the
observed trend.

This result suggests that GFRP confinement may
not have a significant impact on concrete unconfined
compressive strength improvement. The confinement
provided by a single layer of GFRP wrapping appears
ineffective in restraining the lateral deformation of
concrete under compressive loading. The findings

d)
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Fig. 3. The results of compressive strength test of 25 MPa (left) and 40 MPa (right) for both
unconfined concrete and confined concrete with one layer of GFRP
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Fig. 4. The results of compressive strength test: (a) 25 MPa and (b) 40 MPa for unconfined
concrete and confined concrete with two layers of GFRP.

indicate that the strength and stiffness of confined
concrete remain relatively unchanged, suggesting that
with only one layer of GFRP wrapping, lateral
deformation of concrete under compression may still
fully occur within the concrete. This finding aligns
with the results of previous researchers [9,16]. While
their study investigated the combined effect of adding
GFRP layers for lateral confinement and CFRP layers
for longitudinal strengthening, one of their key
findings indicates that two layers of GFRP may not
be sufficient to provide adequate lateral confinement.

The lack of stiffness improvement in confined
concrete using limited GFRP layers deserves further
consideration. Referring to Table 1 [5], although the
tensile strength of glass fiber is comparable to carbon,
the elastic modulus of glass fiber-based materials (83

GPa) is markedly lower than that of carbon (500 GPa).

Consequently, glass fiber-based materials experience
greater deformation under similar stress conditions. It
was evident from the significant deformation
observed in GFRP-confined concrete under
compression. This finding appears to contradict the
results reported in previous study [10]. Another study
reported a significant increase in strength and
stiffness based on the results of flexural tests
conducted on reinforced concrete beams strengthened
with GFRP layers [18]. However, it is crucial to note
that GFRP fibers possess very high tensile strength,
with type E glass fiber having a strength of 3400 MPa
and type S glass fiber having a strength of 4600 MPa
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[5]. In the experiments conducted by Chiew et al. [18],
the GFRP layers were applied to the tension zone of
the beam, allowing the GFRP fibers to work in
tension effectively. This difference in application
method likely contributes to the disparity in results
compared to the findings of this study.

The notable contribution of adding GFRP
wrapping in RC structural elements is the significant
increase in concrete ultimate stress and strain
compared to unconfined concrete. Overall, the
addition of GFRP has significantly enhanced the
ultimate stress and strain of concrete, far surpassing
that of unconfined concrete by several orders of
magnitude (Figure 3). The addition of GFRP
wrapping  clearly  transforms the  concrete
characteristics from brittle to ductile material [13,20].

For both types of concrete strength, confined
concrete exhibits larger deformations (ultimate strain),
about 2-5 times greater than that of unconfined
concrete. However, for higher-strength types of
concrete, the results might be slightly lower due to
their inherent brittleness [9]. Confined concrete with
two layers of GFRP shows greater ultimate strain and
experiences larger strength gains compared to when
one layer of GFRP. The number of GFRP layers
appears to influence the confinement effect on
concrete, indicating that the quantity of GFRP layers
in concrete could impact its inelastic modulus.

In assessing the seismic performance of building
structures, it's frequently observed that certain
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structural elements, especially reinforced concrete
columns, fail to meet shear capacity requirements,
prompting the need for retrofitting. It makes the
building structure vulnerable to seismic events due to
the brittle nature of these structural elements, which
may lead to catastrophic failure. One effective
solution for enhancing column shear strength
involves utilizing FRP. By applying FRP, the column
gains restraint against lateral deformation when
subjected to compression [3]. This restraining effect
is expected to improve both the strength and stiffness
of the confined concrete. Consequently, with the
improvement in concrete strength and stiffness, the
shear capacity of the RC column is also enhanced.
However, this research indicates that the use of a low
number of GFRP layers may not be effective, as it
provides inadequate lateral restraint. Close
observation of the failed specimens reveals that the
GFRP layers tend to delaminate, with many of the
GFRP fibers being partially or fully fractured on the
surface of tested confined specimens (Figure 9).

4.2 Numerical Simulation

Numerical simulation was conducted to develop a
finite element model based on the data from
experimental results. The simulation process
involved the appropriate constitutive material model
of confined concrete and GFRP wrapping using finite
element analysis with Abaqus Software. The aim of
the numerical simulation was to create models that
closely resemble the characteristics stress-strain
relationship observed in the experimental results.
Based on the numerical model, the stress-strain
characteristics of the interaction between concrete
and GFRP can be described. It is widely
acknowledged that creating an accurate numerical
model requires a precise selection of element type,
boundary conditions, and meshing of the model.

4.2.1 Development of numerical model

Before the modeling of concrete confined with the
GFRP layer specimen, the constitutive material input
of the unconfined concrete specimen model needs to
be verified with the experimental results and also
theoretical constitutive model of concrete developed
by Pour et al. (2018) [30]. Therefore, the numerical
model of the unconfined concrete also need to be
developed.

In the development of numerical model, the
unconfined concrete constitutive material follows
previous study [13]. In achieving an appropriate
result for the confined concrete model, the modified
concrete damage plasticity constitutive model
developed by Teng et al. (2007) [30] was adopted.
The mechanical properties parameter input of GFRP
follows the predecessor study by Du et al (2017) [27].
All parameters of concrete constitutive models were
employed as input in Abaqus software as concrete

54

(a)
Fig. 5 Meshing of the specimen numerical model:
(a) concrete cylinder, (b) GFRP layer, and

(c) concrete cylinder with GFRP

(b) (©

damage plasticity model (CDP) [31].

The unconfined and confined models of the
concrete cylinder were configured with solid
elements (Fig. 5 (a)). The GFRP layers of wrapping
are to be idealized as shell elements (0.5 mm of
measured thickness), as shown in Fig. 5 (b). A mesh
convergence analysis was conducted to determine the
appropriate mesh size. After careful evaluation, a
mesh size of 5 mm was selected, yielding the best
results with only a 3.67% deviation from the
experimental results. Boundary conditions were
applied to the top and bottom surfaces of the concrete
cylinders. The bottom boundary condition was
assumed to be restrained for all translations, while the
top boundary condition was unrestricted for the
longitudinal Z direction as displacement control.

One of the important steps in developing the
numerical model was defining the interaction
between adjacent layers, particularly between the
GFRP layer and the concrete surface. The contact-
with-friction interaction was used in these finite
element models. The friction coefficient with a value
of 0.3 was used, according to the reference [29]. On
the normal interaction, hard contact was adopted.

4.2.2 Numerical simulation results

According to the numerical simulation, the stress-
strain relation of the unconfined concrete specimens
model has a good agreement with the experimental
results and theoretical, as shown in Figure 6. Both
elastic modulus and compressive strength (peak
stress)  achieved coincidence results with the
experimental and theoretical. For specimen UC-40,
the numerical model shows a more gradual softening
curve than the experimental and theoretical.

The additional GFRP layer confinement exhibited
an enhancement of deformation capacity of the
numerical model as the experimental results and
theoretical (Figures 7 and 8) from the Pour et al. [29].
In two layers of GRP numerical model results showed
accordance result with the experimental and
theoretical in the terms elastic and inelastic
deformation state. However, in one layer of GFRP
confinement, the inelastic modulus of numerical
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Fig. 8 Stress-strain from experimental, theoretical, and numerical model for 2 GFRP layer confined
concrete with compression strength 25 MPa (left) and 40 MPa (right)

model (UC-25) showed flat trend, while the UC-40
showed softening trend. The limitation of the
parameter input properties of GFRP material model
might generate the different mechanical behavior of
confined concrete in the inelastic modulus.

4.3 Failure mode

The experimental results revealed that for
unconfined concrete, the samples suffered severe
tension and compression cracks. In contrast, for
confined concrete, the failure occurred due to the
breaking of GFRP fibers followed by compression
crushing of the concrete at the middle part of cylinder
specimens. The breakage of GFRP fibers indicates
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significant lateral deformation occurred when the
specimen was loaded close to its maximum load,
nearly resulting in collapse. The comparison of the
damage pattern of the specimens in the final state of
the testing is shown in Figure 9 (a).

Comparing the characteristics of failure from the
experiments to the numerical results, as indicated by
the outputs of compression damage (DAMAGEC)
and tension damage (DAMAGET), and fracture
damage of GFRP (HSNFTCRT), as shown in Figure
9 (b, c, d), reveals interesting insights. Examination
of the damage model of the unconfined concrete
reveals that tension and compression cracks
accumulated in the middle of the concrete cylinder.
The simulation of unconfined concrete, the crack
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Fig. 9 The failure mode of unconfined and confined concrete: (a) experimental, (b) compression damage of
concrete (numerical), (c) tension damage of concrete (numerical), and (d) tension damage of GFRP

(numerical)

initiation and the progressive tension crack
development can be easily monitored. The critical
characteristic of unconfined concrete failure mode is
the immense progressive cracks that took place within
the concrete before failure, and the sample failed only
in a few minutes. For confined concrete, tension crack
development could not be observed. Only when
loading reached close to the maximum stage were
some signs of fibers extension where noticeable.
More fiber deformation was observed, and suddenly,
some fibers were broken (high value of HSNFTCRT).
As the load gradually increased, more and more fibers
were finally broken (Figure 9 (a), (d)). The formation
of compression concrete crushing (DAMAGEC)
shows an increase in maximum stress, but this is not
critical stress where the curve starts to deviate; this is
the maximum stress achieved before it collapses
(Figures 7 and 8). Numerical analysis confirms that
unconfined and confined concrete are failures under
tension and compression damage, while the confined
concrete failure under breaking of the GFRP layer
than followed by the concrete compression crushing.

5. CONCLUSIONS

Concrete confinement using only a low number of
GFRP wraps may not be effective, as it provides
inadequate lateral restraint for concrete under
compression. Additionally, a limited number of
GFRP wraps yield only a slight increase in strength
development. Furthermore, the elastic modulus of
unconfined and confined concrete remains unchanged,
indicating that there is no improvement in elastic
moduli of confined concrete using GFRP. Hence, a
low number of GFRP wraps is not effective for
retrofitting shear deficiencies in RC structural
elements.

Using GFRP for concrete confinement clearly
transforms the material properties from being brittle
to becoming ductile, resulting in a deformation
capacity (ultimate strain) that can reach up to 2-5
times greater than that of unconfined concrete.

A numerical simulation could exhibit the
mechanical behavior of the unconfined and confined
concrete with GFRP under a compression load well.
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The damage pattern in the failure state of unconfined
concrete due to tension and compression cracks could
be visualized well. In addition, the numerical model
could also capture the damage pattern of confined
concrete in a failure state caused by the fracture of
GFRP layers and induce the compression crushing
damage.
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