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ABSTRACT: The behaviour of a structure against different sets of loading is mainly dependent
on the structural performance of its supporting columns. Due to poor design, change of usage of
a structure and deficiency caused due to accidental loading in structural members and as a result
in the structure these columns can potentially be subjected to loads which have higher
magnitude compared to its design loads. As a result, columns are retrofitted and/or strengthened
in order to ensure that the structure is able to provide a certain level of resilience under different
loading conditions during its design life. The present study aims to investigate the effect of
various parameters on the response exhibited by Carbon Fiber Reinforced Polymer (CFRP)
wrapped concrete columns under uniaxial compressive loading.
The experimental investigation carried out to study the behaviour of CFRP wrapped concrete
columns is characterized by significant difficulties associated with the actual geometry and
length of the specimen, the actual support condition and the high intensity of the applied load. In
most of the experimental studies usually scaled concrete specimens, with smaller lengths and
cross-sections as compared to actual columns used in structures are investigated. In this study, a
critical analysis of the available published experimental studies is conducted which focuses on
certain important aspects of the response exhibited by the CFRP wrapped concrete columns.
These aspects include the load carrying capacity, failure modes, strain at failure etc. under
uniaxial compressive loading in combination with the effect of various parameters such as
unconfined concrete strength, geometry of columns, percentage of reinforcement, thickness,
orientation and mechanical properties of CFRP wraps.
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INTRODUCTION

The stability of a structure subjected to different types of loading which may include selfweight, live loads, forces generated due to the action of earthquake, impact and blast is mainly
attributed to the structural performance of its supporting columns. The structural design flaws,
increased in applied loading due to the change of usage of a structure, damage caused to the
structure due to accidental loading (for example earthquake, impact) can potentially cause
structural members and ultimately columns of a structure to resist loads which have higher
magnitude compared to its design loads. As a result, columns are retrofitted and/or strengthened
in order to ensure that the structure is able to provide a certain level of resilience under different
loading conditions during its design life. Number of experimental studies [Benzaid et al. (2010),
Hadi & Widiarsa (2012), Chikh et al. (2012), Abdel-Hay (2014), Saljoughian & Mostofinejad

(2016), Kamiński & Trapko (2006), Hadi et al. (2012), Hajsadeghi et al. (2011), Kabashi et al.
(2014), Turgay et al. (2010), Hassan et al. (2016), Etman (2002), Moshiri et al. (2015), Pan et
al. (2007), Wang et al. (2011), Matthys et al. (2006), Farghal (2016), Chaallal et al. (2003),
Toutanji & Balaguru (1998), Shrive et al. (2003), Khan & Fareed (2013)] have been conducted
to investigate the behavior of Carbon Fiber Reinforced Polymer (CFRP) wrapped concrete
columns under uniaxial compressive loading which focus on studying the certain important
aspects such as: (1) the load carrying capacity, (2) failure modes, (3) strain at failure.
Test data describing the behaviour of CFRP wrapped plain and reinforced concrete circular
columns under uniaxial compressive loading were reported by Benzaid et al. (2010). The latter
study describes the test data obtained from 30 circular specimens with varying concrete
compressive strengths, percentage of reinforcement and number of CFRP wraps. It was
observed that with the increase in number of layers of the CFRP wraps, the compressive
strength of both plain and reinforced concrete specimens also increased. Furthermore, increase
in the axial and lateral strains were also observed with increasing layers of CFRP wraps.
The behaviour of high strength concrete columns wrapped with CFRP under uniaxial
compressive loading was studied by Chikh et al. (2012). The study aims to investigate the
behaviour of both circular and square specimens with varying slenderness ratio’s and number of
CFRP layers. It was observed that circular specimens exhibited higher values of compressive
strength as compared to square specimens irrespective of slender ratio and number of CFRP
layers.
Hadi et al. (2012) investigated the behavior of columns wrapped with CFRP under eccentric
compressive loading. The study focus on investigating the behaviour of rectangular concrete
specimens with different CFRP layers, patterns and thicknesses. It was observed that CFRP
specimens show a ductile behaviour as higher load carrying capacity and displacement was
exhibited compared to unconfined specimens.
This study aims to investigate the behavior exhibited by CFRP wrapped concrete columns under
uniaxial compressive loading. For this purpose, the data obtained from the experimental studies
carried out to date have been presently used to compile a database consisting of test data
conducted on both plain and reinforced concrete columns with and without CFRP wraps. Based
on the experimental studies a parametric investigation is carried out to study the effect of a
range of parameters on the exhibited behaviour. The latter parameters are associated with the
concrete compressive strength, the geometry of the column, the properties of CFRP wraps as
well as the number of CFRP wraps.
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EXPERIMENTAL STUDIES

The experimental investigation carried out to study the behaviour of CFRP wrapped concrete
columns is characterized by significant difficulties associated with the actual geometry and
length of the specimen, the actual support condition and the high intensity of the applied load. In
most of the experimental studies usually scaled concrete specimens, with smaller lengths and
cross-sections as compared to actual columns used in practice are investigated. The available
published experimental studies focuses on certain important aspects of the response exhibited by
the CFRP wrapped concrete columns. These aspects include the load carrying capacity, failure
modes, strain at failure etc. under uniaxial compressive loading in combination with the effect
of various parameters such as unconfined concrete strength, geometry of columns, percentage of
reinforcement, thickness, orientation and mechanical properties of CFRP wraps.

The data obtained from the experimental studies [Benzaid et al. (2010), Hadi & Widiarsa
(2012), Chikh et al. (2012), Abdel-Hay (2014), Saljoughian & Mostofinejad (2016), Kamiński
& Trapko (2006), Hadi et al. (2012), Hajsadeghi et al. (2011), Kabashi et al. (2014), Turgay et
al. (2010), Hassan et al. (2016), Etman (2002), Moshiri et al. (2015), Pan et al. (2007), Wang et
al. (2011), Matthys et al. (2006), Farghal (2016), Chaallal et al. (2003), Toutanji & Balaguru
(1998), Shrive et al. (2003), Khan & Fareed (2013)] carried out to date have been presently used
to compile a database consisting of test data of 181 specimens obtained from tests conducted on
both plain and reinforced concrete columns with and without CFRP wraps. The data base
comprises of 94 circular shape, 23 rectangular shape and 64 square shape specimens. The test
results presented consist of 48 plain concrete specimens and 39 specimens without wrapping.
The experimental data is characterized by considerable scatter which is owed to a number of
parameters (e.g. the shape and size of the specimens, the percentage of steel used, number of
CFRP layers etc.) which vary from experiment to experiment. The available data is analysed in
respect to the above parameters in an attempt to assess their contribution to the overall scatter
that characterizes the relevant experimental data.
Figure 1 presents the test data expressing relationship between the confined and unconfined
compressive stress (fco / funcon) and maximum shear strain (εco / εuncon) ratio’s. It can be observed
that with the increase in the confined compressive stress of concrete the maximum shear strain
attained also increases. Furthermore, a linear relationship can be used to describe the behaviour
of concrete confined compressive stress and the maximum shear strain exhibited.
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Figure 1. Test data expressing relationship between the confined and unconfined compressive

stress (fco / funcon) and maximum shear strain (εco / εuncon) ratio’s.
Figure 2 presents the test data expressing the relationship between the confined and unconfined
compressive stress (fco / funcon) ratio and CFRP thickness. In general, it was observed that with
the increase in the CFRP thickness the confined compressive stress of the concrete specimen
also increases [see Figure 2 (a & b)]. It can be also observed that the increase in the confined
compressive stress is higher for the case of circular specimens as compared to square and
rectangular specimens, however, no obvious relationship can be formed as the data is
characterized by considerable scatter and is very limited [see Figure 2 (b)].
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Figure 2. Test data expressing relationship between the confined and unconfined compressive stress (fco /
funcon) ratio and CFRP thickness for the case of different (a) nominal compressive strength and (b) cross
sectional shape.

2.1

Effect of concrete nominal strength and reinforcement

Figure 3 presents the test data expressing relationship between the confined and unconfined
compressive stress (fco / funcon) ratio and CFRP thickness for the case of circular specimens with
and without reinforcement and having nominal concrete strength of (a) 26MPa (b) 50MPa and
(c) 62MPa. In general, it can be observed that with the increase in the thickness of the CFRP
wraps the confined compressive strength of the specimen also increased. The increase in
compressive strength is found to be more prominent for the case of specimens having lower
concrete compressive strength [see Figure 3 (a)] as compare to higher strength concrete [see
Figure 3 (b) & (c)]. It can be also observed that with the increase in the thickness of the CFRP
wraps the difference in the compressive strength of plain and reinforced concrete specimens
became lesser and for the case of specimens with CFRP wrap having thickness of approximately
0.4, the compressive strength is found to be similar for both plain and reinforced concrete
specimens (see Figure 3). Furthermore, it can be also observed that for the case of specimen
having lower compressive strength approximately a linear relationship can be observed between
confined compressive strength and CFRP wrap thickness for both plain and reinforced concrete
specimens [see Figure 3 (a)], however, this relationship became some scatter for high strength
plain concrete specimens [see Figure 3 (b) & (c)].

2.2

Effect of CFRP Young’s modulus

Figure 4 presents the test data expressing the relationship between confined and unconfined
compressive stress (fco / funcon) ratio and CFRP wrap thickness for the case of circular specimens
having CFRP Young’s modulus of elasticity of (a) 198MPa (b)200MPa and (c) 480MPa. As can
be seen from Figure 4 that due to limited amount of test data no obvious relationship can be
formed, however, it can be observed that specimens wrapped with CFRP having lower value of
Young’s modulus exhibited higher compressive strength even with lower thickness of CFRP
wraps.
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Figure 3. Test data expressing relationship between the confined and unconfined compressive stress (fco /
funcon) ratio and CFRP thickness for the case of circular specimens having different percentage of steel
(Rho) and nominal concrete compressive strenght of (a) 26MPa (b)50MPa and (c) 62MPa.

2.3

Effect of cross sectional shape and dimensions

Figure 5 presents the test data expressing the relationship between the confined and unconfined
compressive stress (fco / funcon) ratio and CFRP wrap thickness for the case of (a) circular and (b)
rectangular shape specimens. As can be seen from Figure 5 that due to limited amount of test
data no obvious relationship can be formed, however, it can be observed that circular specimens
having similar diameter (D =155mm &160mm) and with different lengths of 320mm and
1000mm exhibit similar response in terms of the confined compressive strength both for the
case of CFRP wrapped and unwrapped specimens [see Figure 5(a)]. Similar trend is also
observed for the case of square specimens [see Figure 5(b)]. The comparison of circular and
square shape specimens with similar cross sectional areas and lengths revealed that the CFRP
wrapped circular specimen exhibited higher confined compressive strength compare to the
square specimen (see Figure 5).
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Figure 4. Test data expressing relationship between the confined and unconfined compressive stress (fco /
funcon) ratio and CFRP thickness for the case of CFRP wrapped circular specimens having CFRP Young’s
modulus of elasticity of (a) 198MPa (b)200MPa and (c) 480MPa.
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Figure 5. Test data expressing relationship between the confined and unconfined compressive stress (fco /
funcon) ratio and CFRP thickness for the case of (a) Circular and (b) rectangular shape specimens.
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CONCLUSIONS

The experimental data carried out to study the behaviour of CFRP wrapped concrete columns
is characterized by considerable scatter. This scatter is owed to number of parameters (e.g.
the shape and size of the specimens, the percentage of steel used, number of CFRP layers
etc.) which vary from experiment to experiment. The available data is analysed in respect to
the above parameters in an attempt to assess their contribution to the overall scatter that
characterizes the relevant experimental data. Based on the analysis of the test data the effect
of two parameters can be clearly identified; that (i) of concrete compressive strength and (ii)

of the cross-sectional shape. Furthermore, more specifically following conclusions can be
drawn:
1. A linear relationship can be used to describe the behaviour of concrete confined
compressive stress and the maximum shear strain exhibited.
2. A linear relationship can be observed between the confined compressive strength and CFRP
thickness for both plain and reinforced concrete circular specimens.
3. Circular specimens wrapped with CFRP having lower Young’s modulus exhibited higher
compressive strength even with lower thickness of the CFRP wraps.
4. The comparison of circular and square shape specimens with similar cross sectional areas
and lengths revealed that the CFRP wrapped circular specimen exhibited higher
compressive strength compare to the square specimens.
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