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Abstract 

Purpose - Advanced fibre reinforced polymer (FRP) composites have been increasingly used over 

the last two decades for strengthening, upgrading, and restoring degraded civil engineering 

infrastructure. Substantial experimental investigations have been conducted in recent years to 

understand the compressive behaviour of FRP-confined concrete columns. A considerable number of 

confinement models to predict the compressive behaviour of FRP strengthened concrete columns 

have been developed from the results of these experimental investigations. The purpose of this paper 

is to present a comprehensive review of experimental investigations and theoretical models of 

circular and non-circular concrete columns confined with FRP reinforcement. 

Design/methodology/approach – The paper reviews previous experimental test results on circular 

and non-circular concrete columns confined with FRP reinforcement under concentric and eccentric 

loading conditions and highlights the behaviour and mechanics of FRP confinement in these 

columns. The paper also reviews existing confinement models for concrete columns confined with 

FRP composites in both circular and non-circular sections. 

Findings - This paper demonstrates that the performance and effectiveness of FRP confinement in 

concrete columns have been extensively investigated and proven effective in enhancing the structural 

performance and ductility of strengthened columns. The strength and ductility enhancement depend 

on the number of FRP layers, concrete compressive strength, corner radius for non-circular columns, 

and intensity of load eccentricity for eccentrically loaded columns. The impact of existing theoretical 

models and directions for future research are also presented. 

Originality/value – Potential researchers will gain insight into existing experimental and theoretical 

studies and future research directions. 

Keywords FRP composites, circular and non-circular columns, confinement, stress-strain model 

Paper type Literature review  

1. INTRODUCTION 

Over the last three decades, the application of advanced composite materials as external 

reinforcement for strengthening and retrofitting existing civil engineering infrastructure has received 

significant research attention. Conventional retrofitting techniques, including concrete and steel 

jacketing, have been used extensively for the repair and rehabilitation of reinforced concrete (RC) 

structures. Several researchers have investigated the influence of these jacketing methods on the 

compressive behaviour of RC columns and found that they are useful in enhancing the performance of 
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these columns (Bousias et al., 2006; Julio and Branco, 2008; Bousias et al., 2007; Vandoros and 

Dritsos, 2006; Choi et al., 2013; Xiao and Wu, 2003; Campione, 2012; Kaish et al., 2012; Garzón-

Roca et al., 2011; Lai and Ho, 2015; Vandoros and Dritsos, 2008; Kaish et al., 2013). Bousias et al. 

(2006) investigated the seismic behaviour of rectangular concrete columns retrofitted with RC 

jacketing and fibre reinforced polymer (FRP) wrapping under cyclic loadings. The results of the 

investigation show that concrete columns retrofitted with RC external jacketing experience better 

performance in cyclic deformation capacity than FRP-wrapped concrete columns. Vandoros and 

Dritsos (2006) studied the influence of interface treatment methods of concrete jacketing, such as 

roughening the surface of the original column, using steel dowels, and roughening the surface 

combined with steel dowels, on the behaviour of strengthened concrete columns under displacement-

controlled earthquake simulation loading. The results confirm that the different interface treatment 

procedures for connecting the jacket to the original column could significantly affect the modes of 

failure and crack patterns of strengthened columns. The results also show that strengthened RC 

columns with combined roughening and dowels experience the best performance in strength, 

deformation capacity, and energy dissipation capacity. Choi et al. (2013) investigated the effects of 

steel jacketing on the bond strength of concrete and the lateral effectiveness of circular RC columns. 

Their study indicated that steel jacketing could convert splitting bond failure to pull-out bond failure 

as well as enhancing concrete bond strength. Moreover, they found that the steel jackets can delay 

yielding of longitudinal steel reinforcement, hence preventing spalling of concrete, which resulted in 

increased ultimate drift and displacement ductility of the confined RC columns.  Regardless of their 

significant advantages in regard to strength and ductility enhancement, these jacketing systems also 

have some inherent shortcomings, including that they are labour intensive and time-consuming and 

could possibly increase the cross-sectional area of structural members. FRP composites have been 

used effectively in recent years as alternative materials for rehabilitating, strengthening, and upgrading 

damaged RC structures due to their superior tensile strength, corrosion resistance, durability, and light 

weight compared to steel jacketing (Hollaway and Teng, 2008; Teng et al., 2002; Hollaway, 2010). 

Several experimental studies have proven that FRP wrapping of RC columns is an effective means of 

enhancing their strength and ductility as it provides confinement to the concrete core (Ozbakkaloglu 

and Oehlers, 2008; Moshiri et al., 2015; Vincent and Ozbakkaloglu, 2014; Mirmiran et al., 1998; 

Pessiki et al., 2001; Chaallal et al., 2003; Chaallal et al., 2000; Sezen and Miller, 2011; Ilki et al., 

2008; Alecci et al., 2014; Ilki and Kumbasar, 2003; Wang et al., 2017; Sheikh et al., 2007; Silva and 

Rodrigues, 2006; Rodrigues and Silva, 2001; Rodrigues and Silva, 2001; Cui and Sheikh, 2010b; 

Masia et al., 2004; Lam and Teng, 2004; Matthys, 2000; Parghi and Alam, 2018). 

This paper presents a comprehensive review of previous experimental investigations into and 

confinement models of FRP-confined concrete columns in both circular and non-circular cross-
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sections subjected to a concentric and eccentric load. The study begins by reviewing the available 

experimental research studies on such columns and subsequently highlights the behaviour and 

mechanics of FRP confinement in circular and non-circular concrete columns. Finally, the paper 

reviews stress-strain models that have been proposed to predict the strength and axial strain of 

concrete columns confined by FRP composites in circular and non-circular cross-sections. 

2. EXPERIMENTAL INVESTIGATIONS 

2.1 Axially Loaded FRP-Confined Circular Concrete Columns 

Researchers have conducted numerous empirical studies to assess the performance of circular 

concrete columns confined by FRP composites under axial loads. Mirmiran et al. (1998) investigated 

the influence of different test parameters on the behaviour of FRP-confined concrete columns 

subjected to axial loading. These test parameters included the type of concrete cross-section, length-to-

diameter ratio, and adhesive bond. To examine the influence of concrete cross-sectional shape, the 

researchers tested a series of 12 square concrete columns with a 152.5mm × 152.5mm cross-section 

and height of 305mm, and thirty 152.5mm × 305mm cylindrical specimens. The square columns had a 

corner radius of 6.35mm. Unidirectional E-glass fibre tubes and polyester resin were used to confine 

all the concrete column specimens. The FRP tubes had a varying thickness of 1.45, 2.21, and 2.97mm. 

The results showed that the glass fibre reinforced polymer (GFRP) confinement in the non-circular 

section was insufficient in restraining the concrete in the core compared to the uniformly confined 

circular concrete columns. Concerning the effect of GFRP confinement in non-circular concrete 

columns, the authors introduced a modified confinement ratio (MCR) given by: 

��� = ���� 	

�

��

        (1a) 

�� =
�
�������

�          (1b) 

where D is the internal dimension of the tube, R is the corner radius, fl is the confinement pressure, ffrp 

and tfrp are the hoop strength of FRP tube and jacket thickness, and 	 
�
�� 		is the confinement ratio for the 

equivalent circular section. Moreover, the results confirmed that no strengthening is expected for an 

MCR<15% because of the insufficient FRP confinement of the concrete core in non-circular sections. 

The authors suggested that rounding sharp corners could improve the effectiveness of the GFRP jacket 

and concluded that the gain in axial stress and strain of the strengthened columns depends on FRP 

jacket strength and stiffness. 

Berthet et al. (2005) investigated the compressive behaviour of axially loaded short cylindrical 

concrete columns confined with carbon and glass fabrics. The parameters investigated include 

compressive strength of concrete, number of FRP layers, and type of FRP reinforcement. In this study, 

five grades of concrete were used to prepare the concrete cylinders (20MPa, 40MPa, 50MPa, 100MPa, 
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and 200MPa). Three concrete grade specimens were 160mm in diameter and 320mm in height, and 

two were 70mm in diameter and 140mm in height. The cylindrical concrete columns were wrapped 

with high tensile strength carbon fibre reinforced polymer (CFRP) and GFRP reinforcements. The 

results demonstrated a significant increase in ultimate axial strength and strain due to an increased 

number of FRP layers. The ultimate capacity of strengthened concrete cylinders was also found to be 

dependent on confinement pressure and concrete strength. Furthermore, the study concluded that the 

mechanical confinement efficiency of FRP wraps decreased to about 15% and 25% due to the increase 

in the strength of the concrete core. 

Matthys et al. (2006) studied the behaviour of large-scale FRP-confined cylindrical concrete 

columns subjected to axial loads. They prepared a series of six large-scale RC cylinders with a 

diameter of 400mm, height of 2000mm, and a concrete compressive strength of 36.1MPa. The RC 

columns were strengthened with CFRP sheets, GFRP fabrics, and hybrid fibre reinforced polymer 

(HFRP) fabrics. The results showed that FRP confinement is an efficient means of enhancing the 

strength and ductility of RC columns. However, strength and ductility gain depend on the stiffness and 

tensile strength of the FRP fabric material. The authors also reported that the tensile strain of FRP 

reinforcement was much higher than the effective hoop failure strain considering the linear elastic 

behaviour of the FRP composites. Figure-1 illustrates the mechanism of FRP rupture experienced by 

the strengthened columns. 

Almusallam (2007) studied the performance of axially loaded concrete cylinders confined with 

E-glass fabrics material having a tensile strength of 540MPa and elastic modulus of 27GPa. The plain 

concrete columns had a dimension of 150mm × 300mm and concrete strength ranging from 40 to 

100MPa. The findings show that GFRP laminates, when used as external reinforcement to concrete 

cylinders, could enhance the axial and lateral strength of concrete cylinders up to 110% and provide 

ductility enhancement. Moreover, the author confirmed that the strengthened cylindrical columns with 

normal concrete strength experienced a significant percentage gain in ultimate strength compared to 

the wrapped cylinders with high-strength concrete, as shown in Figure-2. 

Sheikh et al. (2007) investigated the behaviour of large-scale concrete-filled prefabricated glass 

FRP shells subjected to a concentric load. A series of 17 cylindrical concrete columns with a diameter 

of 356mm and height of 1524mm were fabricated and tested. The column specimens were prepared 

with concrete cured for 28 days and compressive strength of 30MPa. The effect of test variables, 

including number of GFRP layers, fibre orientation, and amount of longitudinal and lateral steel 

hoops, was examined. It was found that the prefabricated GFRP shells could be used as permanent 

formwork as well as an effective confinement reinforcement for concrete columns. Moreover, the 

results also revealed that the cylindrical columns with inclined GFRP shells experienced more ductile 

behaviour compared to columns with longitudinal or lateral GFRP shells.  
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Sezen and Miller (2011) investigated the effects of jacketing systems, including FRP wrap, 

steel jackets, concrete jackets with welded wire fabric, concrete jackets strengthened with rebar, and 

concrete jackets with prefabricated cage system (PCS) reinforcement (see Figures-3 and 4), on the 

behaviour of RC circular columns. They cast a series of 15 RC columns with a height of 762mm and a 

diameter of 152mm and subjected to axial loading. The results demonstrate that RC columns confined 

by concrete jackets reinforced with rebar sustained significant axial load before failure and 

experienced a sudden decline in load-carrying capacity after the collapse. The results of the 

investigation also confirm that FRP wrapping was very efficient, improving the axial strength of the 

RC cylinders by 140% without an increase in section size as with other jacketing systems. 

Toutanji and Balaguru (1998) conducted durability tests to investigate the behaviour of FRP-

wrapped concrete cylinders exposed to wet-dry and freeze-thaw conditions and subjected to uniaxial 

compressive loading to failure. The parameters studied include type of FRP and environmental 

exposure conditions. The specimens consisted of 24 concrete cylinders measuring 76mm in diameter 

and 305mm in height and grouped into three groups with six specimens each, with two specimens 

confined with CFRP reinforcement, two confined with GFRP reinforcement, and two samples used as 

control specimens. Prior to compression testing, the specimens in the first group were subjected to 

room temperature, specimens in the second group were subjected to wet-dry cycling, and the 

remaining specimens were subjected to freeze-thaw cycling. The results show that exposure to wet-dry 

cycling had no significant effect on strength and ductility gains of the CFRP-confined columns but led 

to an up to 10% decrease in strength and ductility of GFRP-confined concrete cylinders without 

influencing the stiffness. The experimental investigation also indicated that freeze-thaw exposure 

could result in a significant decrease in both strength and ductility of CFRP and GFRP strengthened 

columns. Moreover, the results show that the stiffness of concrete cylinders wrapped with CFRP and 

GFRP reinforcements is not affected by freeze-thaw environmental conditions.  

El-Hacha et al. (2010) studied the influence of extreme temperature variations on the behaviour 

of axially loaded plain concrete cylinders confined with FRP reinforcement. The authors tested 36 

plain concrete cylinders measuring 150mm in diameter and 300mm in height. Nine of the concrete 

cylinders were used as control specimens, and the remaining columns were strengthened with two 

layers of CFRP wrap. The strengthened concrete columns were exposed to three different temperature 

conditions, namely elevated temperatures (45°C), heating and cooling cycles (23-45
°
C) and prolong 

heating (45°C). However, the strengthened concrete columns exposed to heating and cooling cycles 

were further exposed to freezing and thawing cycles, and the remaining columns were immersed in 

pure or salt water for 23 days. It was found that the strength of the CFRP-confined concrete columns is 

not affected by extreme exposure to elevated temperatures of about 45
°
C. 
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Cui and Sheikh (2010b) conducted an experimental investigation to evaluate the influence of 

various parameters, including concrete strength, type of FRP, number of FRP layers, and concrete 

condition before FRP bonding, on the behaviour of axially loaded normal, medium, and high-strength 

concrete confined with FRP reinforcement. The authors tested 112 cylindrical columns of which 88 

were wrapped with FRP and the remaining 24 were unwrapped. The cylindrical specimens had a 

diameter of 152mm and a height of 305mm with carbon and glass fabrics as the externally bonded 

reinforcement. The results of the findings show that the strength enhancement provided by the 

confining FRP is independent of the amount of FRP when high-modulus FRP is used. However, a 

minimum number of FRP layers are required to achieve strength enhancement when FRP with a low 

modulus is used. This minimum requirement increases with increasing unconfined concrete strength 

and decreases with FRP stiffness. The increase in the load-carrying capacity of the strengthened 

columns increases proportionally with the number of FRP layers and is more prominent in columns 

with low-grade concrete. 

Other investigations include Vincent and Ozbakkaloglu (2014), who studied the behaviour of 

high-strength concrete (HSC) circular columns confined by prestressed aramid FRP tubes under axial 

loading. The researchers concluded that prestressed AFRP confinement could improve the toughness 

of strengthened concrete cylinders, leading to a significant enhancement in ductility and energy 

absorption. Silva and Rodrigues (2006) studied the influence of size and relative stiffness on the 

compressive failure of cylindrical concrete columns wrapped with GFRP reinforcement. The authors 

concluded that increasing the section diameter of the concrete cylinders resulted in a significant 

reduction in the compressive strength of the GFRP-wrapped columns if the thickness of the GFRP 

shell is not increased. 

2.2 Axially Loaded FRP-Confined Non-Circular Concrete Columns 

Chaallal et al. (2003) studied the behaviour of small rectangular and square concrete columns 

confined with CFRP wraps under axial loads and found a significant increase in strength and ductility 

of the strengthened columns. However, the strength and ductility enhancement depends on stiffness of 

the FRP reinforcement and is more significant in columns with lower unconfined concrete 

compressive strength. 

Al-Salloum (2007) conducted an experimental investigation on the performance of CFRP-

jacketed square concrete columns under axial loading. The concrete section was varied from square to 

circular to determine the effect of the corner radius of a section. The results show that concrete 

cylinders confined with CFRP exhibited better performance, followed by CFRP-confined concrete 

columns with a square cross-section and corner radius of 50mm, 38mm, 25mm, and 5mm. The 

strengthened square concrete columns failed at or near section corners. Other researchers (Wang and 
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Wu, 2008; Triantafyllou et al., 2015; Hosseinpour and Abbasnia, 2014) have also reported a similar 

failure mechanism. 

Ozbakkaloglu and Oehlers (2008) investigated the behaviour of square and rectangular 

concrete columns confined by CFRP tubes under concentric loading. The results show that CFRP 

confinement substantially improved the strength and ductility of both square and rectangular concrete 

columns, with higher performance in square columns. The results also confirm that the effectiveness 

of CFRP jackets decreased with increasing unconfined concrete strength. 

Wang and Wu (2008) investigated the performance of normal and HSC columns confined with 

CFRP reinforcement under axial loading. The concrete columns had a concrete compressive strength 

of 30MPa and 50MPa. The tested specimens include 108 short square concrete columns with a 

150mm × 150mm cross-section and height of 300mm. The columns had varying corner radii of 0, 15, 

30, 45, 60, and 75mm and were wrapped with zero, one and two layers of CFRP wrap. The parameters 

investigated included the corner radius of specimens, thickness of the CFRP jacket, and strength of 

concrete. It was found that strength enhancement in CFRP-confined square concrete columns depends 

on the corner radius of the cross-section. The results also indicate that CFRP confinement in square 

columns with sharp corners is insignificant in improving column strength but significant in enhancing 

ductility. Similarly, Benzaid and Mesbah (2014) investigated the behaviour of short CFRP-wrapped 

circular and square RC columns under axial loading. The column specimens had different degrees of 

CFRP wrapping and concrete strength of 26MPa (normal strength), 50MPa (medium strength), or 

62MPa (high strength). The researchers observed that the strengthened columns experienced a decline 

in confinement effectiveness due to increased unconfined concrete strength. Furthermore, it was found 

that CFRP confinement in circular concrete columns resulted in better efficiency compared to that of 

square concrete columns. 

2.3 Eccentrically Loaded FRP-Confined Circular Columns 

Some researchers have investigated the behaviour of concrete columns confined by FRP 

reinforcement under eccentric loading. However, most of these investigations have focused 

predominantly on circular concrete columns (Ghali et al., 2003; Li and Hadi, 2003; Hadi and Li, 2004; 

Hadi, 2009; Wu and Jiang, 2013; Siddiqui et al., 2014), with only limited studies available on 

eccentrically loaded FRP-confined non-circular concrete columns. Li and Hadi (2003) studied the 

behaviour of eccentrically loaded CFRP and GFRP wrapped circular concrete columns. To achieve a 

load eccentricity of 42.5mm and prevent premature failure, the authors introduced large end corbels in 

the column specimens. The results show that FRP wrapping slightly improves the performance of 

eccentrically loaded strengthened columns because eccentric loading results in axial and bending 

effects. Subsequently, Ghali et al. (2003) conducted a comprehensive experimental study on small-

scale CFRP-confined cylindrical concrete columns subjected to eccentric loading. The circular 
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concrete columns had a cross-sectional diameter of 150mm with heights of 610mm, 915mm, and 

1220mm. The column specimens were tested with load eccentricities of 0, 7.5, and 15mm. The results 

show that an increase in load eccentricity resulted in a significant decrease in ultimate load-carrying 

capacity of the strengthened concrete columns, namely 26% and 70% for CFRP-confined concrete 

columns with height to diameter (H/D) ratios of 4 and 8. From Figure-5, it is evident that the load-

carrying capacity of the strengthened columns is very sensitive to the magnitude of the load 

eccentricity. 

Hadi and Li (2004) investigated the effect of galvanised steel straps and FRP wrapping on the 

performance of concentrically and eccentrically loaded circular concrete columns. The tested columns 

had concrete compressive strength of 73.62MPa for columns subjected to concentric loading and 

51MPa for columns subjected to eccentric loading. The authors concluded that external strengthening 

of columns by FRP composites provides the highest amount of confinement and that benefit can be 

enhanced by applying multiple layers of FRP composite. Hadi (2009) continued the investigation on 

12 RC columns with circular cross-sections strengthened with different degrees of CFRP confinement 

(zero, one, or three layers). The strengthened columns were tested under varying load eccentricities of 

0mm, 25mm, and 50mm and assigned to one of four groups according to the strengthening scheme. 

The first group consisted of RC columns without CFRP confinement. The second group had three 

layers of CFRP reinforcement used to confine the columns. The third group columns were made of RC 

incorporated with steel fibres with no CFRP wrapping. Lastly, the fourth group specimens were 

similar to the specimens in the third group but were confined with three layers of CFRP reinforcement. 

The results show that the eccentrically loaded RC columns experienced a decrease in ultimate capacity 

due to the increase in load eccentricity. The results also confirm that the presence of steel fibre in 

concrete did not significantly strengthen the columns confined with CFRP jackets. Furthermore, 

according to the author, both steel fibre and CFRP confinement were effective in improving the 

ductility of the CFRP-confined RC columns. Figure-6 shows typical loading caps for applying 

eccentric loads. 

Wu and Jiang (2013) investigated the stress-strain behaviour of eccentrically loaded cylindrical 

concrete columns confined by CFRP jackets. A total of 36 circular concrete columns measuring 

150mm in diameter and 300mm in height were cast. The circular columns were wrapped with CFRP 

jackets using zero, one, and two layers. The strengthened columns were subjected to load 

eccentricities of 0, 10, 20, 30, 40, and 50mm. An increase in load eccentricity led to a decrease in the 

ultimate strength of the strengthened columns. It was also found that the stress distribution across the 

section was non-uniform due to the presence of eccentric loading. Consequently, the authors argue 

that it is inappropriate to use the stress-strain relationship for axially loaded columns for developing 

the relationship for eccentrically loaded columns because it underestimates the stiffness and strength 
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of columns under eccentric loading. They also found that the strain at failure of the strengthened 

columns was higher in columns under eccentric load than in axially loaded columns of the same level 

of confinement. 

Siddiqui et al. (2014) investigated the influence of hoop and longitudinal FRP confinement on 

the performance of circular RC columns under eccentric loading. A series of 12 cylindrical RC 

columns specimens measuring 150mm in diameter with varying heights of 600mm, 900mm, and 

1200mm. Each group consisted of four circular RC columns; one was considered a control specimen 

and the remaining three had different degrees of FRP confinement. One layer of hoop CFRP sheet was 

used to confine one column specimen, and the remaining two columns were confined with two and 

four layers of longitudinal CFRP reinforcements, respectively, and one layer of hoop CFRP sheet. All 

the columns were subjected to eccentric loadings using 25mm load eccentricity. The experimental 

results show that the hoop CFRP wraps substantially increased the strength and ductility of the 

strengthened RC columns because they confined the concrete and provided lateral support to the 

longitudinal fibres.  

2.4 Eccentrically Loaded FRP-Confined Non-Circular Concrete Columns 

Parvin and Wang (2001) conducted experimental and numerical studies on the influence of 

strain gradient in small-scale eccentrically loaded FRP-wrapped square concrete columns. The square 

concrete columns had a concrete cube strength of approximately 21.4MPa and rounded corners at the 

sharp edges with a radius of 8.26mm. A unidirectional CFRP was used to wrap the concrete columns 

using zero, one, and two layers. The study also investigated the influence of three different load 

eccentricities (0, 7.50, and 15.20mm). The authors report that CFRP wrapping could substantially 

improve the strength and ductility of strengthened columns under eccentric loading. However, axial 

strain gradient due to the presence of load eccentricity resulted in a 20% decrease in CFRP retrofitting 

capability. 

Sadeghian et al. (2010) conducted an experimental investigation of CFRP-confined rectangular 

RC columns subjected to eccentric loading. A series of seven large-scale RC rectangular columns with 

a cross-section of 200mm × 300mm, height of 1500mm, and end corbels 600mm in height were cast. 

The rectangular concrete columns had an overall height of 2700mm, and corners of the sections had a 

radius of 15mm. The various test parameters investigated include the number of FRP layers (i.e. two, 

three, or five layers), fibre orientation (i.e. 0
°
, 90

°
, +45

°
 and -45

°
), and magnitude of load eccentricities 

of 200mm and 300mm. The results show that the strengthened columns exhibited a significant 

improvement in performance compared with the unconfined columns. The application of longitudinal 

CFRP wrap led to bending stiffness and moment capacity enhancement but no significant 

improvement in curvature capabilities. Moreover, the study found that strengthened specimens with 
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angle orientation exhibited a significant increase in bending stiffness, moment capacity, and deflection 

capacity. 

Similarly, Hadi and Widiarsa (2012) investigated the influence of CFRP wrapping and 

different load eccentricities on the behaviour of square RC columns. They cast 16 square RC columns 

with a section corner radius of 34mm. The columns had a cross-section measuring 200mm × 200mm 

and a height of 800mm. Twelve columns were tested under compressive loading using 0, 25, and 

50mm load eccentricities, and the remaining four columns were tested as beams. The columns were 

divided into four groups according to the wrapping scheme. The first group consisted of unwrapped 

RC columns, and the second group had one layer of CFRP wrap to strengthen columns. The columns 

in the third group were confined with three layers of CFRP reinforcement, and the columns in the 

fourth group had one CFRP strap in the vertical direction and two CFRP wraps in the horizontal 

direction. The experimental results indicate that CFRP wraps significantly improved the strength and 

ductility of the strengthened RC columns. Moreover, the presence of vertical CFRP straps in the 

strengthened RC columns significantly improved the performance of the columns. 

Following Hadi and Widiarsa (2012), other similar investigations include Daugevičius et al. 

(2013), who studied the effects of load eccentricity on CFRP-confined rectangular RC columns. The 

authors tested a series of 14 rectangular RC columns with six of the column specimens strengthened 

with one layer of CFRP wrap. The rectangular RC columns had a cross-section of 150mm × 150mm 

and height of 625mm. The specimens were tested eccentrically to failure using eccentricities of 0, 

30mm, and 45mm and with eccentricity/height ratios of 0.2 and 0.3. The results show that the ultimate 

capacity of the strengthened columns directly depends on the load eccentricity because an increase in 

load eccentricity from 0mm to 45mm led to an approximately 64% decrease in the ultimate capacity of 

the strengthened columns, as shown in Figure-7. 

3. MECHANICS OF FRP CONFINEMENT 

3.1 FRP Confinement in Circular Concrete Columns 

In FRP-confined concrete, the externally bonded FRP reinforcement provides a passive type of 

confinement to the concrete core. This usually occurs due to the lateral dilation of the concrete when 

subjected to concentric loadings. FRP reinforcement produces tensile hoop stress because of the 

increasing axial stress and lateral strain. However, this tensile hoop stress is counterbalanced by a 

similar radial pressure, which resists the lateral dilation of the concrete (Lorenzis and Tepfers, 2003). 

External FRP reinforcement resists the lateral dilation of the concrete core in FRP-confined circular 

columns due to axial compressive stress. Figure-8 shows a typical confining action by FRP 

confinement in circular concrete columns. Furthermore, the circular concrete columns confined with 
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FRP reinforcement under axial compression achieved uniform confinement over the concrete cross-

section. The maximum confining pressure fl in FRP is given by: 

�� =
������������

� = ����
���
�        (2a) 

where Efrp is the elastic modulus of FRP, 	�
�	 is the ultimate tensile strain of FRP composites, ffrp is 

the ultimate tensile strength of the FRP jacket, tfrp is the thickness of FRP wrap, ‘d’ is the diameter of 

circular concrete section, and ρfrp is the volumetric ratio of FRP for the fully wrapped circular concrete 

cross-section, which can be evaluated as: 

�
�� =
 �����
 �! "⁄ = "����

�         (2b) 

3.2 FRP Confinement in Non-Circular Concrete Columns  

In non-circular FRP-confined concrete columns, the FRP confining stress varies over the 

column cross-section, and only a portion of the concrete is adequately confined. These variations in 

confining pressure result in an excessive decrease in confinement efficiency (Mirmiran et al., 1998). 

Moreover, failure of FRP-confined rectangular and square concrete columns always commences at or 

near one of the corners and generally occurs by rupture of the FRP jacket (Al-Salloum, 2007; Benzaid 

and Mesbah, 2014; Youssef et al., 2007). The efficiency of FRP reinforcement can be enhanced by 

rounding the sharp edges of the concrete column. However, the rounded corners of the concrete cross-

section are limited to small values due to the presence of inner steel rebar. Prior investigations of steel-

confined concrete columns (Park and Paulay, 1975; Mander et al., 1988; Cusson and Paultre, 1995) 

have led to the simple suggestion that the transverse reinforcement encloses the concrete in a 

rectangular section by arching effects. From Figure-9(a), it is evident that only the concrete enclosed 

by the four second-degree parabolas is sufficiently restrained while the remaining concrete has 

negligible confinement. Though there are discrepancies among steel and FRP in confining concrete, it 

has been observed that only part of the section is adequately confined. This has also been confirmed 

for FRP confinement (Lam and Teng, 2003b). 

The adequacy of the confinement provided by FRP in square or rectangular concrete columns 

depends on the radius of the rounded corners. Al-Salloum (2007) reported that the behaviour of the 

FRP-confined square concrete columns gradually becomes similar to that of FRP-confined circular 

concrete columns with increasing corner radius, as illustrated in Figure-10. In Equation (2a), the 

diagonal length of the non-circular section of the concrete is substituted for the diameter of circular 

concrete section d. However, for a non-circular concrete section with rounded corner radius Rc, the 

diagonal length of the section ‘d’ is given by:  

$ = √2' − 2�)*√2 − 1,       (2c) 
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4. THEORETICAL MODELS FOR CIRCULAR AND NON-CIRCULAR CONCRETE 

COLUMNS CONFINED BY FRP COMPOSITES 

Researchers have developed numerous confinement models to predict the compressive strength 

and ultimate strain of circular, rectangular, and square concrete columns confined by FRP 

reinforcement. While most of these models were developed on axially loaded FRP-confined 

unreinforced concrete columns, a limited number of models was developed on RC columns confined 

by FRP composites. The majority of these models are empirical and can be classified into two 

categories (Lam and Teng, 2003a): design-oriented models, in which closed-form equations obtained 

through regression analysis of the experimental results are used to predict the compressive strength, 

the ultimate strain, and stress-strain response of the strengthened concrete column (Lam and Teng, 

2003a; Toutanji, 1999; Samaan et al., 1998), and analysis-oriented models, in which an incremental 

numerical method is employed to generate the stress-strain response of the concrete columns confined 

by FRP reinforcement (Spoelstra and Monti, 1999). Figure-11 illustrates a typical stress-strain model 

for concrete confined by FRP reinforcement (Lam and Teng, 2003a; Lam and Teng, 2003b). Most of 

these models assume the idea of Richart et al. (1928) and Mander et al. (1988) of defining the 

behaviour of concrete confined by FRP composites. 

In Richart et al.'s (1928) model, the confinement strength and ultimate strain of concrete 

confined by hydrostatic fluid pressure are given by: 

���� = ���� + ��. �
 .        (3a) 

��� = ���(1 + �� ������ )        (3b) 

where 	���	�  and 	����  are confined and unconfined concrete compressive strength; fl is the lateral 

confining pressure; 	���	 and 	���	 are the strains of confined and unconfined concrete; k1 and k2 are the 

confinement effectiveness coefficients; and k1 is taken as 4.1 and k2=5k1. 

Mander et al.'s (1988) model used a combined stress-strain procedure to define the 

compressive behaviour of circular and non-circular RC columns confined by transverse steel 

reinforcement. Figure-12 illustrates the stress-strain model, which is based on the axial compression 

test of concrete with slow (quasi-static) strain rate and monotonic loading. The compressive strength 	���� 	 and ultimate axial strain εcc of the strengthened concrete are given as: 

���� = ���� �−1.254 + 2.254�1 + �.��������� − 2 ������� �    (3c) 

��� = ���  1 + 5 !�����ç�� − 1#$       (3d) 

The compressive strain of the unconfined concrete εco usually assumes a value of 0.002. 
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The following section summarises a review of some of the existing theoretical models for 

circular and non-circular concrete confined by FRP reinforcement. 

4.1 Confinement Models for Axially Loaded FRP-Confined Circular Concrete Columns. 

4.1.1 Saadatmanesh et al. (1994) 

Saadatmanesh et al. (1994) conducted an analytical investigation to examine the strength and 

ductility of circular RC columns wrapped with FRP composite straps. They adopted Mander et al. 

(1988) model for steel confined concrete to develop the analytical equations for the compressive 

strength and ultimate axial strain of CFRP and GFRP-confined concrete in circular and rectangular 

section. In Mander et al. (1988) model, the effective lateral confining pressure 	�
�	 provided by the 

transverse reinforcement is uniform over the surface of the concrete core, and it is given by: 

�
� = �
�%         (4a) 

where fl is the lateral confining pressure from transverse steel reinforcement and ke is the confinement 

effectiveness coefficient given by: 

�% = &'&��         (4b) 

where Acc is the effective area of concrete enclosed by FRP strap and Ae is the area of effectively 

confined concrete core: 

(�� = (�(1 − )��)        (4c) 

A+ = ,-./
� 01 − 1�

�-.2�
        (4d) 

Being Ac the area of concrete confined by the FRP strap, s' the perpendicular distance between FRP 

straps, ρcc the ratio of area of longitudinal reinforcement to gross area of concrete, and ds the diameter 

of column. Therefore, the confinement effectiveness coefficient ke becomes: 

�% = !�3 4�/54#
/

�36��          (4e) 

However, for FRP confinement, the lateral confining pressure is given by: 

�
 = ��78&49:4;          (5a) 

where Ast is the cross-sectional area of FRP strip, ds is the diameter of column, ffu is the ultimate 

strength of FRP strap, and s is the width of FRP strap. The volumetric ratio ρs of confining FRP to 

concrete core is given by: 

); = &49<:4=>:4/; = �&49:4;         (5b) 
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Therefore, fl becomes: 

�
 = �� );��?         (5c) 

Saadatmanesh et al. (1994) proposed the following equations to predict the compressive strength and 

ultimate axial strain of FRP-confine concrete confined by changing the effective lateral confining 

pressure fl in Mander et al. (1988) equation with the lateral confining pressure of FRP strip placed in 

the circumferential tension: 

�������� = 2.254�1 + 7.94 ������ − 2 ������ − 1.254     (6a) 

B��B�� = 1 + 5 C�������� − 1D        (6b) 

4.1.2 Mirmiran and Shahawy (1997) 

This model was developed based on experimental results of 30 axially loaded cylindrical 

concrete columns, which include 24 concrete filled E-glass FRP tubes and 6 plain concrete cylinders. 

The authors reviewed and assessed previous models (Mander et al., 1988; Samaan et al., 1998) and 

then combined them with test results obtained from their experimental investigation. Based on a 

regression analysis carried out on the combined test data (Figure-13.), the following strength equation 

was proposed for the compressive strength of circular concrete columns confined by FRP 

reinforcement. 

�������� = 1 + 4.269 0��F.GHI
���� 2       (7) 

4.1.3 Karbhari and Gao (1997) 

This model was developed based on an analytical study carried out on three data sets. The first 

data set consisted of test results from Howie and Karbhari (1995) in which the wet-layup method was 

used to wrap carbon fibre-weaved fabric onto the concrete surface. The second data set was extracted 

using a similar technique, but incorporating adequate layers of resin for the purpose of environmental 

shield and to serve as a protective cover against moisture. The third data set was obtained from an 

experimental investigation conducted by Nanni and Bradford (1995) in which glass-aramid performed 

shells and epoxy-impregnated braided aramid tape was used in fabricating the test specimens. The 

datasets consisted of 15 axially loaded circular concrete columns confined by FRP composites and 

measuring 152mm in diameter and 305mm in height. The authors assumed a bilinear response of the 

stress-strain curve, as shown in Figure 14. 

An effort has been exerted to motivate the application of simple design equations, and two 

models were proposed for concrete confined by FRP composites. The first model was developed from 

a simple composite analysis, while the second model was obtained by revising the original equations 
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developed by previous researchers (Cusson and Paultre, 1995) using the test data from Howie and 

Karbhari (1995), and Karbhari and Eckel II (1994). 

The first equation assumes non-linear response of the strengthened concrete. From Figure-14, 

the stress at point ‘A’ can be determined using the equation below: 

J& = ���� + 4.1���� K� �L: M7NOM�        (8a) 

where Ec and vc are concrete tangent modulus and Poisson's ratio, and Efrp is the FRP modulus in the 

hoop direction. After the non-linearity response, the FRP commences active confinement, and the 

inner concrete behaves like a thick material. The ultimate stress of FRP-confined concrete at failure is 

given by:  

���� = J& + �
��         (8b) 

where 	�
��	 is the stress increment due to the confining action of FRP, which is defined as a function of 

the effective confining pressure and stress level at which failure initiates in concrete. 

�
�� = ��7NOL: − ���� K� �L: M7NOM�        (8c) 

Therefore, the ultimate stress at failure becomes: 

���� 	= ���� + 3.1���� K� �L: M7NOM� + ��7NOL:       (9a) 

The proposed equation for the ultimate axial strain is given by; 

��� = 1 − �.QQ���3 7���R'773�.����� S� /9R7NO5R�R'77�T�3B7NOU/      (9b) 

where Eeff is the effective elastic modulus of the system, which can be obtained using the rule of 

mixture method. 

In the second model, the empirical equations were developed by regressing the data set using 

the least absolute deviation method. The ultimate stress equation takes the form similar to Cusson and 

Paultre's (1995) model, nonetheless differs in the coefficients. The proposed equations for the 

compressive strength and ultimate axial strain are given by: 

�������� = 1 + 2.1 0 ������� 2        (9c) 

���� = ��� + 0.01 0 ������� 2       (9d) 

4.1.4 Samaan et al. (1998) 

In this model, a series of 30 cylindrical concrete columns measuring 152.5mm in diameter and 

305mm in length were tested under uniaxial compression. The cylindrical columns were encased with 
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GFRP tubes having a thickness of six, ten and fourteen plies. Based on the bi-linear response of the 

stress-strain curve of FRP-confined concrete cylinders, simple design equations were proposed to 

predict the compressive strength and ultimate axial strain of the columns. The rate at which the 

concrete dilates, and the hoop stiffness of FRP confinement were correlated, and an expression for the 

confinement effectiveness coefficient k1 is obtained: 

�� = 6.0�
3Q.�         (10a) 

Substituting k1 into Richart et al. (1928) equation, the stress-strain equation for FRP-confined concrete 

is given by: 

���� = ���� + 6.0�
3Q.�        (10b) 

��� = ���� 3��M/          (10c) 

Being 	W� the second slope of the axial stress-strain curve and fo the reference plastic stress at intercept 

of the second slope with the stress axis. 

4.1.5 Saafi et al. (1999) 

Saafi et al. (1999) investigated the behaviour of uniaxially loaded short concrete columns confined by 

FRP tubes. The test specimens consisted of 18 FRP-confined concrete cylinders and 12 plain circular 

concrete columns without FRP jacketing. The tested columns had a diameter of 152.4mm and a height 

of 432mm. All the concrete cylinders had compressive strength of 38MPa and modulus of elasticity of 

30GPa. The selected FRP tubes were prepared from CFRP (i.e. thickness of 0.8, 1.6 and 2.4mm) and 

GFRP (i.e. thickness of 0.11, 0.23 and 0.55mm). Based on experimental results, Saafi et al. (1999) 

reported that CFRP and GFRP-confined concrete cylinders demonstrated a significant increase in 

strength, ductility, and energy absorption. The failure of concrete cylinders confined with FRP tubes 

was rupture of the FRP tubes, which commence with a cracking noise during the early and middle 

stage of loading. They also confirmed that the confinement coefficient �� is a function of confining 

pressure and can be quantified by regressing the test results:  

�� = 2.2 0 ������ 23Q.�X
        (11a) 

Substituting k1 into Richart et al. (1928) equation, the expression for the  compressive strength given 

by: 

�������� = 1 + 2.2 0 ������ 2Q.Y�
        (11b) 

The regression analysis of the test results also yield equation for the effectiveness coefficient k2:  

�� = 537�� + 2.6        (11c) 
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Based on Mander et al. (1988) equation, the ultimate axial strain is given by: 

Z[\Z[] = 1 + (537ε_ + 2.6) 0_[[�_[]� − 12      (11d) 

4.1.6 Toutanji (1999) 

Toutanji (1999) tested 18 plain concrete cylindrical specimens, in which, 12 were wrapped 

with CFRP and GFRP sheets and subjected to uniaxial loading. All the cylindrical concrete columns 

are measuring 76mm in diameter and 305mm in height. The results show that FRP wrapping can 

improve the strength and ductility of the concrete columns to about 200% as well as enhancing energy 

absorption. The author proposed an analytical model to predict the entire stress-strain relationship for 

FRP-confined concrete specimens by revising the model developed by Richart et al. (1928). 

Regression analysis carried out on the test results yield a confinement effectiveness coefficient k1: 

�� = 3.5 0 ������ 23Q.�`
        (12a) 

Substituting k1 in Richart et al.'s (1928) equation, the axial compressive strength of the FRP-confined 

concrete is given by: 

�������� = 1 + 3.5 0 ������ 2Q.Y`
        (12b) 

Similarly, the author proposed equation for the ultimate axial strain of FRP-confined concrete columns 

by introducing a strain coefficient k2 in Mander et al.'s (1988) equation. The value of k2 is obtained by 

regressing the test results: 

�� = 310.57�
 + 1.90       (12c) 

where 	�
 	 is the lateral strain of strengthened column. Therefore, the ultimate axial strain becomes: 

B��B�� = 1 + (310.57�� + 1.90) 0 ������ − 12     (12d) 

4.1.7 Lam and Teng (2002) 

This model was developed from a statistical analysis carried out on an extensive database 

comprising of over 200 tests results from a comprehensive review of existing studies on circular 

unreinforced concrete columns confined by FRP. Based on analysis of the test results, the authors 

found that a direct correlation exist between the confined concrete strength and lateral confining 

pressure produced by externally bonded FRP. Statistical analysis was carried out on the test data, and 

the following equation was proposed to predict the compressive strength of FRP-confined concrete; 

�������� = 1 + 2 �����         (12e) 
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4.1.8 Lam and Teng (2003a) 

This model is a design-oriented stress-strain model for FRP-confined concrete developed from 

analysis of an extensive test database from 76 circular concrete columns confined by FRP composites. 

The analysis results of the test database show that all the specimens exhibited the mechanism of FRP 

rupture due to hoop tension. The results of the analysis also indicate that externally bonded FRP 

composites ruptured before achieving its material tensile strength. Accordingly, the actual confining 

pressure fla was used in developing the model rather than the normal confining pressure value fl. The 

ultimate compressive strength and ultimate strain of FRP-confined concrete are given by: 

�������� = 1 + 3.3 ��,b����         (13a) 

B�8B�� = 1.75 + 12 0��,b���� 2 0Bc,N8OB�� 2Q.�`
      (13b) 

�
,d = �M7NOLBc,N8O:         (13c) 

Being fla the actual confining pressure, Efrp the elastic modulus of FRP material, and 	�e,f?g	 the FRP 

hoop strain at rupture. 

However, the authors proposed an efficiency factor (
Bc,7NOB7NO ) of 0.586 for CFRP composites. 

Therefore, the ultimate strain of CFRP-confined concrete becomes; 

B�8B�� = 1.75 + 5.53 0��,b���� 2 0B7NOB�� 2Q.�`
      (13d) 

4.1.9 Xiao and Wu (2003) 

Xiao and Wu (2003) tested 243 standard circular concrete columns wrapped with CFRP and 

GFRP jackets, and measuring 152mm in diameter and 300mm in height under uniaxial compressive 

loading. The results obtained from compressive testing of concrete cylinders wrapped with CFRP 

jacket was used in developing the model. The results of the work show that initial part of the stress-

strain curve (Figure-15.) for CFRP-confined concrete resembled that of unconfined concrete before 

reaching maximum stress. After exceeding maximum stress, the stress-strain curves of the 

strengthened columns showed a linear behaviour until rupture of the CFRP. Considering the linear 

elastic behaviour of CFRP jackets, a constant confinement modulus Cf was introduced, which was 

defined as a function of FRP jacket thickness tf, column diameter D and FRP jacket modulus Ef: 

h� = �L7i W�         (14a) 

The linear portion of the axial and confinement stress relationship is given by: 

�������� = j + � ������          (14b) 
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where α and k are the intersections with vertical and slope of linear portion of the stress-strain curve, 

respectively. The value of α was averagely taken as 1.1 for all the specimens and k was obtained from 

regression analysis of the test results: 

� = 4.1 − 0.45  ����/k7 $�.�
       (14c) 

Therefore, the axial stress and confinement stress relationship becomes: 

�������� = 1.1 + l4.1 − 0.45 !����/k7#�.�m ∙ ������       (14d) 

However, a linear relationship was proposed for the axial transverse strain response of linear portion 

of the curve: 

��? = �fQ� − K����        (14e) 

where 	�fQ	�  is the intersection of linear line at zero axial strain and had an average value of -0.00047, 

and 	K�	 is the slope of the line, which increases for higher concrete strength 	���	�  and lower 

confinement modulus Cf and is given by:  

K� = 10 !����k7#Q.�
        (14f) 

Therefore, the axial-transverse strain relationship becomes: 

��� = B783Q.QQQ���Qo���� k7p qF.r         (14g) 

4.1.10 Matthys et al. (2006) 

This model was developed based on experimental investigation of six axially loaded large-

scale FRP-wrapped circular concrete columns. The authors observed a strong relationship between the 

ultimate strength of FRP-confined concrete and the strain of FRP jackets at failure. The 

circumferential strain at failure was less than the ultimate strain obtained from the standard FRP 

coupons tensile testing. Based on these observations, previous model developed by Toutanji (1999) 

was revised by introducing an effective FRP strain coefficient β (β = 0.6), which accounts for the 

decrease in lateral confining stress. Therefore, the ultimate lateral confining pressure is given by: 

�
 = �L7M7B��8i          (15a)  

��
? = s��?         (15b) 

where 	��?	 is the ultimate strain of FRP, and 	��
?	 is the ultimate circumferential failure strain of FRP. 

The revised Toutanji (1999) equation for the ultimate compressive strength of FRP-confined concrete 

is given by: 
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�������� = 1 + 2.3 0 ������ 2Q.Y`
        (15c) 

4.1.11 Cui and Sheikh (2010a) 

 Cui and Sheikh (2010a) proposed an iterative, incremental procedure to predict the 

compressive stress-strain behaviour of normal and high strength concrete confined with FRP 

composites. The constitutive model was developed based on the compressive behaviour of concrete, 

the tensile properties of FRP as well as the interaction between concrete and FRP using four quadrants 

of relationships (Figure-16). The stress-strain model developed by Attard and Setunge (1996) for 

confined concrete was used to generate the models due to its wide range of applicability. Cui and 

Sheikh (2010a) reported that the expressions developed by Attard and Setunge (1996) for peak stress 

and strain of confined concrete failed to give accurate predictions of the test results. Consequently, the 

authors proposed the following analytical expressions for the peak stress and strain of normal and high 

strength concrete confined with FRP using test results from Laine (2004). 

�������� = 01 + 10 ���t���� 2Q.X
  for ���� < 60 MPa    (16a) 

�������� = 01 + 14 ���t���� 2Q.`
  for ���� ≥ 60 MPa    (16b) 

B���B��� = 1 + w70 − 13 xy(���� )z ∙ 0���t���� 2      (16c) 

where fcon is the confining stress given by: 

���{ = �{7NO�7i = �{7NOM7NOB7NOi       (16d) 

Being Efrp the elastic modulus of FRP, ff and Ԑfrp the tensile stress and tensile strain of FRP, and nfrp the 

number of FRP layers. 

However, Cui and Sheikh (2010a) modelled the dilation of confined concrete regarding the 

volumetric strain 	�S	 by revising the equations developed by (lmran and Pantazopoulou, 1996) based 

on the test data from Laine (2004). 

�S = (1 − 2K�)  ����tM� + ��S� ! B�B�|� − } C〈B�3B����〉B�|�3B����D�#$    (16e) 

where 	�S	 is the volumetric strain of concrete given by; �S = �� + 2���{        (16f) 

The lateral cracking strain of concrete 	��
��	 is given by: 

��
�� = �3S�S�M� ∙ ���{ − B�NS�        (16g) 

where vo is the Poisson’s ratio of concrete and Ԑcr is the strain corresponding to the concrete splitting at 

stress fcr and is given by (Arιoglu et al. 2006): 

��f = ��NM� = 0.387 T���� UF.��
M�        (16h) 
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The axial strain at zero volumetric strain is taken as 	��S� = ����,� 	 and the McCauley brackets 	〈 〉	 are 

defined as 	〈�〉 = 0.5w� + �}�(�)z.	 The factors b and c are parameters accounting for the effect of 

confinement ratio on the curve shape, which are given by: 

0.65 ≤ � = ����〈���� 3`Q〉��Q − 0.1 ≤ 1.1      (16i) 

} = 1 − ���t���� ≥ 0.7        (16j) 

� = ���� 3���t�Q ≥ 2.0        (16k) 

4.1.12 Chastre and Silva (2010) 

 Chastre and Silva (2010) investigated the behaviour of circular RC columns confined with 

CFRP composites under monotonic axial loading. The authors proposed a constitutive stress-strain 

model for CFRP-confined circular column under compressive loading. The proposed model adapted 

the Richart et al.'s (1928) model and considers the combined lateral confinement provided by FRP and 

steel hoops. The compressive strength of FRP confined concrete is given by: 

��� = �i + 5.29�
?        (17a) 

where flu is the lateral confining pressure, and fD is the compressive strength of concrete given by: 

�i = j���         (17b) 

j = ��.`���� �         (17c)  

where D and H are diameter and height of the column. The combined lateral confining pressure flu is 

given by: 

�
? = ��? + �;e?        (17d) 

��? = �Li W��
?         (17e) 

�;e? = �&4�:�; �;�        (17f) 

Being t and Ef the thickness and Young’s modulus of FRP jacket, 	�
?	 the lateral rupture strain of FRP 

jacket, Asw and dw the cross-sectional area and diameter of steel hoops, and s the spacing between steel 

hoops. The tensile strength of steel hoops is given by: 

�;� = �W; × :�i �
?						���		�
? < i:� �
?��																						���		�
? ≥ i:� �
?      (17g) 
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It was revealed that the lateral failure strain �
? of CFRP jacket is less than the rupture strain 	��?	 as 

confirmed by previous studies (Lam and Teng, 2004; Matthys, 2000; Samaan et al., 1998). Therefore, 

the lateral failure strain of CFRP is given by: 

�
? = 0.6��?         (17h) 

Chastre and Silva (2010) proposed the following equation to predict the peak axial strain of FRP 

confined circular concrete columns under compressive load: 

��� = 17.65��� 0��8��2Q.�
       (17i) 

where 	���	 is given by (BS EN 1992-1-1 2004): 

��� = Q.��QQQ (���)Q.��        (17j) 

4.1.13 Ozbakkaloglu and Lim (2013) 

In this model, an extensive database of test results from 832 FRP-confined circular concrete 

column subjected to axial loading was analysed. Based on statistical analysis of the test data, a hoop 

strain reduction factor kԐf was introduced to account for the decrease in the hoop rupture strain of FRP 

composite resulting from increased in either compressive strength of concrete or elastic modulus of 

FRP jackets. This reduction factor is given by: �B� = 0.9 − 2.3���� × 103� − 0.75W� × 103X    (18a) 

However, the authors reported that Equation (18a) can predict the FRP strain reduction factor with a 

concrete strength up to 120MPa, and confined by any FRP types (CFRP, AFRP and GFRP). The 

proposed equation for the compressive strength of FRP-confined concrete is given by:  

���� = 01 + 0.0058 ������ 2 ���� + ��(�
?d − �
�)     (18b) 

�� = �M7L7i          (18c) 

�
� = �� 00.43 + 0.009 ������ 2 ���      (18d) 

where k1 is the axial strength enhancement coefficient (�� ≥ ����	�.X`), and flo is the threshold confining 

pressure. 

The proposed equation for the ultimate axial strain (��?) of FRP-confined concrete is expressed 

as a non-linear function of confinement stiffness (��), hoop rupture strain (�e,f?g) and unconfined 

concrete strength (���� ) using the equation developed by previous researchers (Tasdemir et al., 1998). 

��? = ����� + 0.27 0������ 2 �e,f?g�.�`       (18e) 
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The normalised ultimate coefficient ��	is statistically evaluated:    

�� = 2 − 0���� 3�Q�QQ 2,  and �� ≥ 1     (18f) 

4.1.14 Wu and Wei (2014) 

The model of Wu and Wei (2014) was developed based on analytical study and data regression 

of large database from 706 test results having concrete strength range of 6.2-111.8MPa. Through 

careful regression analysis using the tests data, the authors proposed the following stress-strain 

equations to predict the compressive strength and ultimate axial strain of FRP-confined concrete. 

��8��� = 0.75 + 2.7 0 �����2Q.�
       (19a) 

B�8B�� = 1.75 + 140 0 �����2 ��?Q.X       (19b) 

where 	��?	 is the FRP rupture strain. 

4.2 Confinement Models for Axially Loaded FRP-Confined Non-Circular Concrete Columns 

4.2.1 Lam and Teng (2003b) 

This model is an extension of the design-oriented stress-strain model developed by the same 

researchers (Lam and Teng, 2003a) for axially loaded circular concrete columns confined by FRP 

composites. A database from existing test results and experimental results obtained by the authors 

were used in developing the equations. In this model, two shape factors were introduced due to the 

increase in the section aspect ratio which has led to the decrease in the compressive strength and 

increase in the ultimate axial strain. These shape factors are strength enhancement factor ks1 and strain 

enhancement factor ks2. The proposed expressions for the compressive strength and ultimate axial 

strain are given by:  

�������� = 1 + ���;� ������         (20a) 

B�8B�� = 1.75 + ���;� ������ 0Bc,N8OB�� 2Q.�`
      (20b) 

�;� = 0�e2� &'&�         (20c) 

�;� = 0e�2Q.` &'&�        (20d) 

where, b and h are the shorter and longer sides of the rectangular section, Ac is the total area of 

concrete, Ae is the area of efficiently confined concrete, k1 and k2 are the constant values obtained from 

regression analysis and were taken as 3.3 and 12 as defined in the previous study (Lam and Teng, 
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2003a) for uniformly confined concrete.  The term 	&'&�	 is the effective confinement area ratio defined 

as: 

&'&� = �30T� ep U(e3���)/�Te �p U(�3���)//(�&�)2364��364�     (20e) 

(� = }ℎ − (4 −  )¡��       (20f) 

where Ag is the gross section area of the column with rounded corners, and ρsc is the cross-sectional 

area ratio of longitudinal steel reinforcement. 

4.2.2 Shehata et al. (2001) 

Shehata et al. (2001) tested 54 plain concrete short columns wrapped with CFRP 

reinforcements under axial compression. The parameters of the study were the type of cross-section 

(i.e. circular, square and rectangular) and amount of FRP sheets (one and two layers). The specimens 

were grouped into three, with each group having 18 specimens according to the cross-section shape. 

All the three groups were subdivided into three subgroups with six samples in each subgroup 

according to the degree of FRP confinement (i.e. unconfined and confined with one or two layers of 

the FRP). All the concrete columns have an unconfined concrete strength of around 25-30MPa. The 

circular concrete columns are measuring 150mm in diameter, the square concrete columns had a cross-

section of 150mm × 150mm, and the rectangular specimens had a cross-section of 94mm × 188mm. 

All the specimens maintained the same height of 300mm and sharp corners of the square and 

rectangular specimens were rounded with a corner radius of 10mm. The results indicate that the 

efficiency of FRP confinement was sensitive to the geometry of cross-section and the degree of 

confinement. The authors also reported that the coefficient k1 depends on level of FRP confinement 

and concrete strength. Based on these observations, the researchers proposed design equations for 

FRP-confined concrete in circular, square and rectangular cross-sections. The proposed equations 

were developed through regression analysis using the test results. 

a. Circular cross-section 

The compressive strength of FRP confined concrete is calculated using the following equations: 

������ = 1 + 2.0 �����        (21a) 

�
 = ��7NOL7NOi          (21b) 

where D is the diameter of confined concrete. However, the ultimate axial strain of FRP-confined 

concrete is given by: 

B��B�� = 1 + 632 ! ����� ∙ ���M7NO#Q.`
       (21c) 
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a. Square cross-section 

The average compressive strength of FRP-confined concrete of square cross-section is given by: ������ = 1 + 0.85 �����        (21d) 

Moreover, the average ultimate axial strain is calculated as: ������ = 1 + 13.5 �����        (21e) 

b. Rectangular cross-section 

The average compressive strength of FRP-confined concrete of rectangular column cross-section is 

calculated as follows: ������ = 1 + 0.7 �����        (21f) 

Moreover, the ultimate strain is given by: 

������ = 1 + 12.4 �����        (21g) 

4.2.3 Kumutha et al. (2007) 

 Kumutha et al. (2007) performed an experimental study on behaviour of 9 rectangular RC 

columns confined with GFRP wraps under axial compressive loading. The parameters investigated 

include aspect ratio of the cross-section (i.e. a/b = 1, a/b = 1.25, and a/b = 1.66) and number of GFRP 

layers (i.e. zero, one, and two layers). The specimens had a cross-sectional area of 15625mm
2
 and a 

height of 750mm, with a concrete compressive strength of approximately 27.45MPa. The failure 

pattern of GFRP-confined concrete columns was concrete crushing at or near the column ends 

followed by rupture of FRP in the circumferential direction. Because of high-stress concentration at 

sharp edges, the failure initiates at or near the edges of columns. The authors concluded that strength 

gain in all the GFRP-confined columns is directly related to aspect ratio of the cross-section because it 

decreases with increase in aspect ratio. The authors proposed a simple analytical strength model by 

analyzing the experimental results. The model adapted Richart et al.'s (1928) model, nevertheless 

differs in the lateral confining pressure fl. The authors suggested that the effective confining pressure 

should replace the lateral confining pressure, because FRP confinement in rectangular concrete cross-

section is non-uniform. The effective confining pressure is given by: ��� = ����         (22a) 

where ks is a shape factor accounting for the influence of column cross-section. The revised Richart et 

al.'s (1928) model becomes: 

   ���� = ���� + ������        (22b) 

The term k1ks is obtained by regression analysis of experimental test results and it was found to be 

0.93. The proposed equation for the compressive strength of FRP confined concrete is given by: 
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�������� = 1 + 0.93 ������         (22c) 

The authors further commented that a good correlation exists between experimental and 

analytical results with a maximum error of 7%. The model can be applied to RC square and 

rectangular columns confined with FRP. 

4.2.4 Wu et al. (2007) 

The model of Wu et al. (2007) is a design-oriented stress-strain model developed based on 

analytical investigation of a database containing more than 100 test results from previous studies. The 

database covered an extensive range of parameters that affect the mechanism of FRP confinement. 

The test results consisted of FRP-confined plain concrete columns of the square and rectangular cross-

section and having concrete compressive strength range from 23.6 to 75.4MPa. The columns had 

cross-section dimensions of the range between 100mm and 500mm, and height range of 150mm and 

1500mm, respectively. The specimens had a corner radius ranges between 5mm and 50mm, 

respectively. The selected specimens were those confined with CFRP, GFRP and AFRP composites in 

the form of FRP tube or FRP sheet. The FRP composites had a varying thickness between 0.11mm 

and 8.0mm, with a tensile strength varied between 230 and 4433MPa. The FRP composites selected in 

the study also have varying modulus in the range of 13.6-640MPa. Analytical investigation of the 

database showed that the stress-strain behaviour of FRP-confined concrete prism exhibited either a 

strain-hardening or a strain softening response, which depends on the strength of FRP confinement, 

corner radius, concrete strength, and column cross-section. The authors also reported that transitional 

stress and strain of FRP-confined concrete prism are significantly affected by the ratio of confining 

FRP modulus to concrete modulus. Based on these observations, a factor λ0 was introduced to predict 

the transitional stress and strain of FRP-confined concrete prisms:  

�� = ����         (23a) 

where Ec is the elastic modulus of unconfined concrete and E1 is the FRP lateral confinement stiffness 

given by: 

�� = � !��� ,         (23b) 

where Ef is the modulus of elasticity of FRP and ρf is the volumetric ratio of FRP to concrete, which 

can be calculated as follows: 

• For fully wrapped concrete prisms 

!� =  #$%&'()$&          (23c) 

• For partially wrapped concrete prisms 
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!� =  #$%&'()$)$&*$)%�)+         (23d) 

where bf is the width of FRP strips and sf is the net space of each FRP strip. For unification, λ0 is 

modified to λ1: 

�� = ,)�)-����          (23e) 

where 	���� 	 is the uniaxial compressive strength of concrete cylinders. However, another factor α is 

introduced to account for the influence of unconfined concrete strength on transitional stress and strain 

of FRP-confined concrete, and it is given by:  

/ = 0�����           (23f) 

The influence of modulus of elasticity of FRP on confinement effectiveness was also taken into 

consideration, and a coefficient k1 was introduced to account for the gain in FRP confinement 

efficiency due to increased modulus of elasticity of FRP reinforcement.  

�� = 11, 																				�� ≤ 250#345'
- �) 6� , 												�� > 250#345'       (23g) 

The regression equation for the transitional stress of FRP-confined concrete prism is given by: 

8�9��� = 1 + 0.0008/����       (23h) 

Similarly, the transitional strain of FRP-confined concrete prisms was proposed by introducing 

a factor k2 to account for the influence of FRP modulus on transitional strain of FRP-confined concrete 

prisms. The transitional strain was expressed as a function of FRP confinement stiffness, unconfined 

concrete strength and modulus of elasticity of FRP.  

� = :1	, 												�� ≤ 250#345' 6��) 	,					 				�� > 250#345'      (23i) 

Based on regression analysis, the transitional strain of FRP confined concrete is given by: 

��9��� = 1 + 0.0034/� ��       (23j) 

where 	;��	 is the peak strength of unconfined concrete, and was taken as 0.002; 

Moreover, the ultimate strength and strain of FRP-confined concrete prism are approximated 

by reducing the ultimate strength, and ultimate axial strain of equivalent FRP-confined concrete 

cylinders with reduction factors k3 for strength and k4 for the strain. The expressions for the ultimate 

strength and ultimate axial strain for FRP-confined concrete prisms are given by: 
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f=> = k0f=>�          (24a) 

ε=> = kAε=>�          (24b) 

where 	��B	�  and 	;�B� 	 are the ultimate strength and ultimate axial strain of equivalent FRP-confined 

concrete cylinders having the same degree of confinement as proposed in the previous model (Wu et 

al., 2006). The proposed equations for predicting the compressive strength of equivalent FRP-confined 

concrete cylinders are as follows: 

• For Common modulus FRP sheet 

��C����� = 1 + 2 D ������ E,  �� ���� ≥ �⁄        (24c) 

• For FRP tube 

��C����� = 1 + 2.5 D ������ E,         (24d) 

• For high modulus CFRP 

��C����� = 1 + 2.4 D ������ E        (24e) 

• For common modulus CFRP sheet 

��C����� = 0.75 + 2.5 D ������ E, �� ���� < �⁄      (24f) 

The strength reduction factor k3 is evaluated through regression analysis of experimental data. 

�0 = I#2 − /' K& + 0.5/,																																													�� ≤ 250#345'
L2 − - �) 6�/M K& + 0.5- �) 6�/, 																						�� > 250#345'   (24g) 

The strain reduction factor k4 and 	;�B	�  are calculated based on whether the stress-strain behaviour of 

the equivalent FRP-confined concrete cylinder is a strain-hardening or strain-softening response. 

• For strain-hardening response; 

�A = #2 − 1.6/' K& + 0.8/       (24h) 

;�B� = �)COC ,																							�� ����⁄ ≥ �      (24i) 

• For strain-softening response; 

Regression analysis of the experimental data yields the equations for k4 as: 

�A = I#2 − 1.6/' K& + 0.8/																																							�� ≤ 250#345'
L2 − 1.6- �) 6�/M K& + 0.8- �) 6�/, 															�� > 250#345'   (24j) 
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;�B� = ;�B D1.3 + 6.3 ������ E , 															�� ����⁄ < �    (24k) 

where h is the height of rectangular cross-section, r is the corner radius of the cross-section, and λ is 

the boundary value of strain-hardening and strain-softening for the FRP-confined equivalent concrete 

cylinder. 

4.2.5 Al-Salloum (2007) 

Al-Salloum (2007) conducted an experimental and analytical investigation on the influence of 

corner radius of cross-section on the strength of small-scale FRP-confined square concrete columns 

subjected to axial compression. The specimens consisted of 16 unreinforced square concrete columns 

having a cross-section of 150mm × 150mm and a height of 500mm. The column specimens were 

divided into four groups according to the size of corner radius (i.e. 5mm, 25mm, 38mm and 50mm). 

Two specimens from each group were wrapped with one layer of CFRP jacket, while the remaining 

specimens were taken as control. Four plain concrete cylinders measuring 150mm in diameter and 

300mm in height were also prepared, in which, two specimens were wrapped with one layer of CFRP 

sheet. Based on experimental results obtained, the author proposed a strength model to predict the 

compressive strength of FRP-confined concrete with circular or square cross-section by considering a 

shape factor ke, which is expressed as a function of cross-section dimension b and corner radius r: 

�P = 1 −  0L D�Q RSET�Q#AQU'DRSETM       (25a) 

For circular concrete columns, the maximum value of ke is 1 when r/b = 1/2. Furthermore, by 

considering the non-uniformity in the confinement effectiveness in square section, a modification 

factor b/D was introduced to account for non-uniformity in the confining pressure. The modification 

factor b/D assumes a maximum value of 1 for fully confined circular concrete section. The model 

adapted the general equation developed by Richart et al. (1928) for FRP-confined concrete, with 

k1=3.14 obtained by taking the average of 3.3 and 2.8 as proposed in the previous model (Lam and 

Teng, 2003a). The general model for the compressive strength of FRP-confined concrete in both 

circular and square sections is given by: 

�������� = 1 + 3.14 $V ������         (25b) 

�� =  �)R9(V �P         (25c) 

where the diagonal length of the square section D is defined as: 

W = √2Y − 2Z*√2 − 1+       (25d) 
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4.2.6 Youssef et al. (2007) 

This model was developed based on comprehensive analysis of experimental results of 87 

axially loaded CFRP and GFRP-confined large-scale circular, rectangular and square concrete 

columns having the unconfined concrete strength of 27.58 to 34.47MPa. The stress-strain curve of 

tested specimens exhibited a linear behaviour from the stage at which the FRP confinement is fully 

activated up to the rupture the FRP jacket, and this portion of the curve was observed to be either 

ascending or descending, depending on the cross-section of the column and the degree of FRP 

confinement. Based on regression analysis of the tests results, the authors suggested the following 

linear equations for FRP-confined concrete in circular and rectangular sections. 

a. For a circular cross-section with ascending stress-strain response: 

��C����� = 2.25 D��C����� E[\        (26a) 

;�B = 0.003368 + 0.2590 D��C����� E ]�)C�) ^�T     (26b) 

b. For a circular cross-section with descending stress-strain response the axial stress and strain are 

given by: 

�_���� = 1 + 3.0 D,)�)�)_���� E[\       (26c) 

;( = 0.002748 + 0.1169 D,)�)�)_���� Eà ]�)C�) ^�T     (26d) 

c. For a rectangular cross-section with ascending stress-strain response: 

   
�������� = 0.5 + 1.225 D��C����� Eb[       (26e) 

   ;�B = 0.004325 + 0.2625 D��C����� E D�)C���� E�T     (26f) 

d. For a rectangular cross-section with descending response, the axial stress and strain are given by: 

�_���� = 1.0 + 1.1350 D,)�)�)_���� E[\      (26g) 

;( = 0.002 + 0.0775 D,)�)�)_���� Eà D�)C���� E�T     (26h) 

where 	��B� 	 is the effective lateral confining pressure at ultimate condition, ke is the confinement 

effectiveness coefficient, 	;�( 	 is the strain of FRP jacket at the transition from first to the second 

region and is taken as 0.002, and ρf is the volumetric ratio of FRP. 

��B� = �P��B         (26i) 
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�P = �Qc#SdTR�'Te#fdTR�'TbSf gQ,��Q,�        (26j) 

4.2.7 ACI Committee 440 Report (2008) 

In this model, the compressive strength and ultimate axial strain of concrete confined by FRP 

reinforcement are predicted from the equations initially proposed by preceding researchers (Lam and 

Teng, 2003a; Lam and Teng, 2003b). An additional reduction factor 	h�		 is included in the proposed 

equation for the compressive strength 	���� . This reduction factor assumes a value of 0.95 based on the 

committee’s decision. In this model, the maximum confinement pressure is given by: 

�� =  �)i()�)jV          (27a) 

where D is the diagonal length of rectangular cross-section, and 	;�P	 is the effective strain level in 

FRP at failure. 

W = √Y + ℎ          (27b) 

;�P = ��;�B         (27c) 

where �� is the FRP strain efficiency factor taken as 0.586 for CFRP-confined concrete. The 

maximum compressive strength and ultimate axial strain are given by: 

���� = ���� + 3.3h��l��       (27d) 

;��� = ;��� c1.5 + 12�$ ������ D�)j���� E�.A6g      (27e) 

Being ka and kb the shape factors that depend on the cross-sectional area Ae of effectively confined 

concrete and the side aspect ratio h/b: 

�l = mjm� D$&E          (27f) 

�$ = mjm� D&$E�.6         (27g) 

The term 	mjm�	 is expressed as: 

mjm� = �Qn#S f⁄ '#fdTR�'Te#f S⁄ '#SdTR�'Tobpq Q,q�Q,q       (27h) 

4.2.8 Toutanji et al. (2010) 

Toutanji et al. (2010) studied the behaviour of large-scale rectangular RC columns confined 

with CFRP under axial loading. The rectangular RC columns had a concrete compressive strength of 

38.2MPa, with a cross-sectional area of 125000mm
2
 and a height of 2000mm. The study was part of 

previous study conducted by Matthys et al. (2005). The results indicate that the overall performance of 
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the CFRP-confined concrete columns decreases with increase in the aspect ratio, and the efficiency of 

FRP confinement directly depends on corner radius of the cross-section. Consequently, two 

coefficients kc2 and kc3.are included Richart et al. (1928) model to account for variations in the aspect 

ratio and corner radius of the cross-section. The proposed strength model that can predict the 

compressive strength of large-scale rectangular concrete columns confined with FRP jackets is given 

by: 

���� = ���� + ���� ��0���       (28a) 

��� = �P��         (28b) 

The confinement effectiveness coefficient ke is given by: 

�P = mjm� = 1 − #$Q K'T%#rQ K'T0mq*�Q,sq+       (28c) 

where k1 = 4.0, and the shape factors kc2 and kc3 are given by: 

�� = t KV u�.�         (28d) 

��0 = tr$u�.�0         (28e) 

For square concrete cross section, kc3 = 1 

4.2.9 Benzaid and Mesbah (2014) 

Benzaid and Mesbah (2014) studied the behaviour of 36 axially loaded FRP-confined plain 

concrete and RC columns of different cross-sections (i.e. circular and square) and different degree of 

FRP confinement (i.e. zero, one and three layers). The circular columns had a cross-section diameter 

of 160mm and a height of 320mm while the short square columns had a cross-section of 140mm × 

140mm and a height of 280mm, respectively. The column specimens had a concrete compressive 

strength of 26, 50 and 62MPa. The results indicate that the efficiency of FRP jackets depends on the 

cross-section geometry, number of FRP layers and unconfined concrete strength. The results also 

show that the FRP reinforcement ruptures before reaching its material tensile strength, pointing out 

that failure of FRP occurs prematurely. Based on these observations, the authors proposed design 

equations to predict the compressive strength and ultimate axial strain of FRP-confined concrete in 

circular and square cross-section. 

a. Circular Section 

The effective lateral confining pressure is given by: ��,P��� = v��         (29a) 

where η = 0.73 is the effective FRP strain coefficient obtained by taking the average of 

circumferential strain at FRP rupture and ultimate tensile strain of FRP reinforcement. The maximum 
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compressive strength and ultimate axial strain of FRP-confined concrete are obtained from a 

regression analysis of experimental test data and are given by: 

�������� = 1 + 1.60 ������         (29b) 

������ = 2 + 5.55 t ������ u        (29c) 

b. Square Section 

In regard to the square section, a confinement effectiveness factor ke is introduced in quantifying 

the effective lateral confining pressure as: 

��� = �P��         (29d) 

where fl is the equivalent lateral confining pressure for the square concrete section given by; 

• For normal square section 

�� =  ()R9�)R9w��)C√ ∙$         (29e) 

• For a square section with round corners 

�� =  ()R9�)R9w��)C√ ∙$Q y�*√ Q�+        (29f) 

where 	;�B	  is the ultimate tensile strain of FRP obtained from coupon test, and 	v�	is the effective FRP 

strain coefficient accounting for the degree of FRP participation, and the friction between concrete and 

the bonded FRP jacket. This effective FRP strain coefficient 	v� = 68%		 is defined as: v� = ;&,KB{ ;�B⁄         (29g) 

However, the confinement effectiveness coefficient ke is defined as the ratio of effective confinement 

area Ae to the total area of FRP-confined concrete Ac: �P = mjm� = 1 − mCmq#�Q,s�'       (29h) 

where Au is the area of unconfined concrete, 

• For normal square section 

�P = 1 −  $T0mq#�Q,s�'        (29i) 

• For a square section with round corner 

�P = 1 −  #$Q y�'T0mq#�Q,s�'        (29j) 

The compressive strength of FRP-confined concrete for a square section can be calculated by 

modifying the first strength equation developed by the authors for uniformly confined circular sections 

with an inclusion of a confinement effectiveness coefficient ke. The value of k1 is 1.6 and ke is obtained 
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from regression analysis of the test results, and it was averagely taken as 0.36. Therefore, the 

compressive strength of FRP-confined square concrete columns is given by:  

�������� = 1 + 0.58 t ������ u        (30a) 

Similarly, the ultimate axial strain equation for uniformly confined concrete columns was 

modified in predicting the ultimate axial strain of FRP-confined square concrete sections, although a 

different confinement coefficient ke2 = 0.72 was used. The ultimate axial strain is given by: 

;�� = ;�� t2 + 4 D ������ Eu       (30b) 

4.2.10 Lim and Ozbakkaloglu (2014) 

This model was developed based on the analytical investigation of axial compressive 

behaviour of FRP-confined normal and high strength concrete (NSC and HSC) in a square and 

rectangular cross-section. In this model, some existing theoretical models were first reviewed, and an 

extensive database containing 484 test results of FRP-confined concrete having square and rectangular 

cross-section was then collected and studied. The database was then combined with another database 

containing 1547 test results of axially loaded FRP-confined circular concrete columns. In this model, 

two sets of equations were proposed, depending on whether the test results exhibited a stress-strain 

curve in ascending or descending response as shown in Figure-17. Accordingly, a confinement 

stiffness threshold k1o was introduced to differentiate between ascending and descending response of 

stress-strain curve. However, the confinement stiffness threshold is defined as the minimum stiffness 

of FRP confinement required by the confined concrete to exhibit a stress-strain response with an 

ascending second branch. For FRP-confined circular sections, k1o is given by: 

K�} = 73.7e�.� �����         (31a) 

The authors proposed the following expressions to predict the ultimate conditions of FRP-confined 

concrete. 

a. For curves with ascending second branches (i.e. ks1k1/k1o ≥ 1), the compressive strength and 

ultimate axial strain are given by: 

���� = ���� + ��#����� − ���';&,KB{      (31b) 

;�B = � ;�� + � �� D������ E�.� ;&,KB{�.06       (31c) 

b. For the stress-strain curve with descending second branches (i.e. ks1k1/k1o ˂ 1), the ultimate axial 

stress and strain of FRP-confined concrete are given by:  

��B� = ���� − ��,rP�*��� − ���,rP���+;&,KB{     (31d) 
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;�B = � ;�� + � ,rP��� ,rP� D������ E�.� ;&,KB{�.06      (31e) 

� = 2 − t���� Q ���� u,  � ≥ 1      (31f) 

�� =  �)()rj          (31g) 

�P = �#ℎ + Y ' 2⁄         (31h) 

where c2 is the concrete strength factor; de is the equivalent cross-sectional dimension of square and 

rectangular sections; k1 is the confinement stiffness; k1 and k2 are the strength and strain enhancement 

coefficients and are taken as 4.1 and 0.27; k1,des and k2,des are the strength decay and strain 

enhancement coefficients for circular columns having a stress-strain curve with descending second 

branches and are averagely taken as 4.5 and 0.27; ks1 and ks2 are the strength and strain efficiency 

factors for a stress-strain curve with ascending second branches; ks1,des and ks2,des are the strength and 

strain efficiency factors for a stress-strain curve with descending second branches, and 	;&,KB{	 is the 

hoop rupture strain FRP. 

��� = D KrjE�.�� D&$EQ�.6        (31i) 

�� = D2 −  KrjE D KrjE D&$E�.         (31j) 

���,rP� = ���	   for 
 Krj ≥ 0.15    (31k) 

�� ,rP� = D KrjEQ�. � D&$E�.   for 
 Krj ≥ 0.15    (32a) 

;&,KB{ = ��,�;�        (32b) 

��,� = 0.9 − 2.3���� × 10Q0 − 0.75�� × 10Q�    (32c) 

where 	;�	 is the ultimate tensile strain of FRP, kԐ,f is the hoop strain reduction factor developed by 

Ozbakkaloglu and Lim (2013), and Ef is the elastic modulus of FRP. 

100	000�45 ≤ �� ≤ 640	000�45      (32d) 

The peak axial strain of unconfined concrete is evaluated using the equation proposed by Tasdemir et 

al. (1998). 

;�� = #−0.06���� + 29.9���� + 1053' × 10Q�    (32e) 
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4.2.11 Faustino et al. (2014) 

Faustino et al. (2014) investigated the compressive behaviour of square concrete columns 

wrapped with CFRP by adapting a model developed by Chastre and Silva (2010) for concrete columns 

with a circular section. According to Chastre and Silva (2010) model, the peak stress of FRP-confined 

concrete is expressed as a function of the unconfined concrete strength fco and the lateral confining 

pressure flu: ��� = ��� + ����B        (33a) 

Where, k1 is taken as 5.29 for circular columns. Accordingly, Faustino et al. (2014) modified the 

above equation for FRP-confined square concrete columns by considering the influence of the section 

corner radius and using the experimental results of CFRP-confined square concrete columns with 

k1=3.7: 

��� = ��� + 3.7 D y� E ��        (33b) 

In addition to FRP lateral confinement, the model also considers the lateral confinement provided by 

steel hoops. Therefore, the combined lateral confinement flu is given by: 

��B = ��B + ��&B        (33c) 

��B =  (� ��;�B         (33d) 

��&B =  ms�r�� ���        (33e) 

where t is the thickness of FRP, Ef is Young’s modulus of FRP, B is the diameter of an equivalent 

circular cross-section, Asw and dw are the cross-section area and diameter of steel hoops, s is the 

spacing between the steel hoops, and fsw is the tensile strength of steel hoops and is assumed to be 

constant after yielding of steel. The tensile strength of steel hoops is related to the column lateral strain ;�B	 and Young’s modulus Es by: 

��� = 1�� × r�� ;�B						��Z	;�B < �r� ;���																						��Z	;�B ≥ �r� ;�      (33f) 

 Faustino et al. (2014) proposed the following equation to predict the lateral strain 	;�B	 of 

square concrete columns confined with FRP by considering the effect of the corner radius of the 

column section (Mirmiran and Shahawy, 1997). 

;�B = 0.7 D y� E�. 0 ;�B        (33g) 

where 	;�B	 is the rupture strain of CFRP. 
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Based on the regression analysis of test data of square concrete columns confined with FRP, the 

authors propose the following equation to predict the peak axial strain 	;��	 of a column by revising the 

model proposed by Chastre and Silva (2010) for circular RC columns confined with FRP. 

;�� = 18.89;�� D��C���E        (33h) 

where 	;��	 is the axial strain of unconfined concrete at peak load given by (BS EN 1992-1-1, 2004): 

;�� = �.����� ������.0�        (33i) 

4.3 Confinement Models for Eccentrically Loaded FRP-Confined Circular Concrete Columns 

4.3.1 Fam et al. (2003) 

Fam et al. (2003) investigated the behaviour of concrete-filled GFRP circular tubes subjected 

to concentric and eccentric axial loads as well as pure bending. The results of the study demonstrate 

that increasing the load eccentricity can significantly reduce the level of confinement in FRP tubes due 

the strain gradient that subjects large part of the cross-section to tensile strains as shown in Figure-18. 

Based on this observation, the authors proposed a variable confinement model to predict the ultimate 

strength 	�������	 of FRP-confined concrete; 

������� = #���� − ����' t V�V�%Pu + ����      (34a) 

where Do is the outer diameter; e the load eccentricity, and fcco is the unconfined concrete stress at the 

ultimate strain corresponding to Ԑcco. For pure axial load (e=0), 	������� = ���� ,  for pure bending (e = ∞),  	������� = ����. 

Moreover, a strain model was also proposed to predict the ultimate axial strain  ;������,  which 

corresponds to the strength 	�������  based on Tsai-Wu bi-axial strength failure criteria for FRP materials 

(Fam and Rizkalla, 2001). The ultimate axial strain is given by: 

;������ = #;��� − ;��� '-1 − D	��������Q�������� Q����E + ;���      (34b) 

where Ԑcco is the ultimate axial compressive strain of concrete, which equals to the ultimate axial strain 

of FRP tube in compression, and 	;��	�  is the axial strain of concrete corresponding to 	���� . 

4.3.2 Cao et al. (2018) 

 Cao et al. (2018) investigated the influence of different load paths on the stress-strain 

behaviour of eccentrically loaded circular concrete columns confined with FRP composites. As 

illustrated in Figure-19, the typical load paths include: (I) increasing axial load N with a constant 

eccentricity of loading e, (II) constant axial force with increasing bending moment M or eccentricity of 

loading, and (III) constant bending moment with increasing axial force. The work reveals that the 
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post-peak slope of the stress-strain response of FRP-confined concrete columns under load path II 

increases with increasing axial force and decreases with increasing eccentricity of loading. The authors 

propose a stress-strain model for FRP-confined circular concrete columns under constant axial force 

and increasing bending moment (i.e., load path II). The model was developed based on the 

experimental test results from Wu and Cao (2017). However, a typical unified constitutive model 

(Equation (35a)) proposed by Zhou and Wu (2012) was used to develop the model (Figure-20). This 

model was selected due to its suitability for stress-strain modelling of FRP-confined concrete. 

�� = c#��;i − ��'�Q���� + �� + � ;�g ]1 − �Q����^    (35a) 

where σz is longitudinal stress corresponding to the longitudinal strain Ԑz, E1 is the initial tangent 

modulus of concrete, E2 is the slope of the asymptotic line of the second part of the stress-strain curve 

after the turning point, fo is the intercept of the asymptotic line on the y-axis, and  n is a parameter that 

accounts for the curvature of the transition zone, with Ԑn given by: ;i = � ����         (35b) 

Among the four parameters in Equation (35a), E1 was taken as the elastic modulus of concrete 

Ec, and n was obtained from the experimental stress-strain curves for concentrically loaded columns. 

However, the remaining two parameters, E2 and fo, are defined as functions of concrete strength, 

confinement stiffness, axial force, and load eccentricity: �T�T,� = � D���� , ����b� , ����m , ��KE       (35c) 

����,� = ∅D���� , ����b� , ����m , ��KE       (35d) 

�� =  �)()V          (35e) 

where E1 is the confinement stiffness as defined in Equation (35e), Ef  and tf are the stiffness and 

thickness of FRP jacket, fco is the unconfined concrete strength, f30 is the strength of grade 30 concrete 

(f30=30MPa), Ec is defined as 4730�0��.6, r is the radius of the concrete cross-section, and the 

parameters E2,0 and fo,0 are obtained from regression analysis of a stress-stress model proposed by Wei 

and Wu (2012) for concentrically loaded FRP-confined concrete columns. The expressions for E2 and 

fo are given by: 

�T�T,� = 1 − 0.58 D����EQ�. � D��KE�. ¡ D����b�E�.A� ]1 − D ��CE�.��^   (35f) 

����,� = 1 − 1.27 D����E�.0 D��KE�.�� D����b�E�.0 ]1 − D ��CE�. �^¢   (35g) 

/ = −10 ]t����b�uQ0 t����u�.� + 0.027^      (35h) 

where Nu is the load capacity of confined concrete given by; £B = ���¤ = ���¤��        (35i) 
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where A is the area of the column and fcc is the compressive strength of FRP-confined concrete 

estimated based on Wei and Wu's ( 2012) model; 

��� = ��� �1 + 2.2 
 �����
�.���       (35j) 

�� = 1 + 2.2 
 �����
�.��

        (35k) 

4.4 Confinement Models for Eccentrically Loaded FRP-Confined Non-Circular Concrete 

Columns 

4.4.1 Maaddawy (2009) 

Maaddawy (2009) studied the experimental and analytical behaviour of eccentrically loaded 

CFRP-wrapped square RC columns with end corbels and having a concrete compressive strength of 

28.5±2.5MPa. The parameters investigated include wrapping conditions (i.e. no-FRP-wrapping, partial 

FRP-wrapping and full FRP-wrapping) and eccentricity to height ratio e/h (i.e. 0.3, 0.43, 0.57 and 

0.86). The results show that the ultimate compressive strain enhancement caused by CFRP 

confinement was inversely proportional to the load eccentricity ratio, indicating that the level of FRP 

confinement has gradually reduced due to the increased load eccentricity ratio. The author suggested 

the following equations for the compressive strength and ultimate axial strain of CFRP-confined 

concrete under eccentric loading. 

���� = ���� + ������ − ���� � � �
��� �⁄ �      (36a) 

 �� =  �! + � ��! −  �!� � �
��� �⁄ �      (36b) 

where 	����� 	 and Ԑccu are the compressive strength and ultimate compressive strain of CFRP-confined 

concrete under concentric loading (Teng et al., 2002). 

����� = ���� �1 + 2 ����# �        (36c) 

 ��! =  �� �1.75 + 10 ����# �       (36d) 

The effective lateral confining pressure is given by: 

�' = �( )�*+,-*./0�1���         (36e) 

where tfe is the effective thickness of CFRP laminate and ks is a shape factor; 

2�� = 3 2� ,																									For	full	wrappingA*(* 2�																		For	Partial	wrapping     (36f) 

kE = F1 − �GH)IJ�0��KH)IJ�0LMN − ρEP ∕ �1 − ρE�    (36g) 
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5. FINITE ELEMENT ANALYSIS 

 In addition to experimental studies and confinement models, some researchers (Malvar et al., 

2004; Yu et al., 2010; Karabinis et al., 2008; Zeng et al., 2018; Parghi and Alam, 2017; Parghi and 

Alam, 2016; Chellapandian et al., 2018; Lin and Teng, 2017; Feng et al., 2002; Hajsadeghi et al., 

2011; Chakrabarti et al., 2008; Mostofinejad and Saadatmand, 2010; Wu et al., 2009; Hu et al., 2011; 

Mirmiran et al., 2000) have also performed numerical investigations to understand the overall 

behaviour of FRP-confined concrete columns using the finite element method (FEM). The FEM is a 

numerical method that solves the governing ordinary and partial differential equations of a system 

through the discretisation process. The method is increasingly gaining popularity as a tool in the 

modelling of both uniformly and non-uniformly confined concrete columns, as it is capable of 

capturing complex stress distribution in concrete section planes. Previous studies have revealed that 

finite element analysis (FEA) could efficiently simulate the behaviour of FRP-confined concrete 

columns when an accurate numerical model is used (Yu et al., 2010; Feng et al., 2002).  

 Mirmiran et al. (2000) used a non-linear FEM to simulate the cyclic response of circular and 

square concrete columns confined by FRP composites using ANSYS software. They adopted a non-

associative Drucker-Prager plasticity model, which accounts for the pressure sensitivity of concrete. 

The predicted stress-strain response of the columns indicates a positive correlation with the results 

obtained by the researchers in their experimental study (Figure-21). Nevertheless, the FEA results also 

reveal a similar stress concentration around the corners of the square concrete section, as determined 

in the experimental study. However, Feng et al. (2002) reported a similar observation.  

 Malvar et al. (2004) performed a numerical analysis on concrete cylinders and prisms confined 

with different FRP materials (aramid, carbon, and glass). The model was developed using an explicit 

finite element (FE) code from DYNA3D with a concrete material model initially developed for blast 

analysis. The FEA results agree favourably with the experimental test results regarding strength 

enhancement for specimens with various degrees of FRP confinement. The authors confirm that FRP 

wrapping is an effective measure to improve the structural integrity of columns subjected to seismic 

and blast loadings. 

 Karabinis et al. (2008) performed 3D-FEA to evaluate the influence of FRP sheet confinement 

on the elastic buckling of longitudinal steel bars in old-type square RC columns with deficient 

concrete strength and stirrup spacing subjected to compressive loading. The square RC columns had 

cross-sections measuring 200mm × 200mm with a rounded corner radius of 30mm. The specimens 

were reinforced with 14mm-diameter bars as longitudinal reinforcement and 6mm-diameter steel 

stirrups spaced at 200mm with CFRP as the external confining material. The 3D non-linear FEA was 

carried out in the ABAQUS (HKS 1997) FE program, and concrete behaviour was modelled with a 

Drucker-Prager-type material and non-associative flow rule. External CFRP confinement was found to 
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be effective in enhancing the mechanical behaviour of the RC columns by providing adequate lateral 

confinement and hence preventing buckling of the longitudinal steel bars. 

 Chakrabarti et al. (2008) developed an efficient non-linear FE model for the analysis of plain 

and RC columns in circular and square sections confined by FRP sheets under axial loading. The 

model was carried out using ANSYS FE software. They used SOLID65, SOLID46, and LINK8 

elements to model concrete, FRP composites, and steel reinforcements. Considering the symmetry and 

loading, only a quarter-section of the circular columns was modelled. The FEA results reveal that 

externally bonded FRP significantly enhances the strength and ductility of the columns, with greater 

enhancement as the number of FRP layers increases. The study also found that the efficiency of the 

FRP confinement was more effective for columns with low concrete grades. 

 Wu et al. (2009) performed a 3D non-linear FEA to simulate the behaviour of aramid FRP 

(AFRP)-confined HSC columns using ANSYS FE software. The specimens are 100mm in diameter 

and 300mm in height and were made with three concrete grades of 46.43, 78.50, and 101.18MPa. The 

concrete core was modelled with an eight-node SOLID65 element, which is capable of cracking under 

tension and crushing under compression and has excellent resistance to plastic deformation. A four-

node SHELL41 element was used to model the AFRP sheets. The results of the non-linear analysis 

show that columns with continuous AFRP wrapping experienced a significant increase in strength and 

ductility, whereas an increase in strength only was observed in columns with partial AFRP wrapping. 

 Hu et al. (2011) used the ANSYS FEA analysis to develop two non-linear FE models (FEM1 

and FEM2) that could simulate the behaviour of FRP-wrapped RC columns under eccentric loading. 

In these two models, the failure behaviour of confined concrete was simulated using the William-

Warnke failure criterion (Willam and Warnke, 1975). Two methods were employed to simulate the 

interfaces between concrete and the confining FRP composite for strength prediction. In the first 

method (FEM1), the contact elements TARGET170 and CONTA174 were used to connect concrete 

and FRP composite elements, whereas a perfect bond was assumed between concrete and FRP 

composite in the second method (FEM2). The numerical FEA results agreed with the experimental 

results for both FE models. The FEA results indicate that a perfect bond could efficiently simulate the 

interface between concrete and FRP as well as the interface elements. The authors concluded that the 

maximum concrete compressive stress and strain of the eccentrically loaded columns depends on the 

unconfined concrete strength as well as the level of confinement provided by external FRP 

composites. 

 Parghi and Alam (2016) performed a non-linear static pushover analysis on seven parameters 

that influenced the seismic behaviour of deficient circular RC bridge piers confined with CFRP 

composites using a three-level fractional factorial design method. These factors included the 
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compressive strength of concrete, yield strength of steel, longitudinal steel reinforcement ratios, 

spacing of stirrups, axial load, shear span-depth ratio, and number of FRP layers, as depicted in Table-

1. The authors used Seismostruct, a non-linear analysis program (SeismoStruct, 2015) to model the 

geometry of the bridge piers as a 2D FE frame. The results of the findings reveal that lateral load-

carrying capacity, ductility, and the failure mechanism of the strengthened columns are significantly 

influenced by the shear span-depth ratio, yield strength of steel, longitudinal reinforcement ratio, axial 

load, and confining FRP reinforcement. Subsequently, Parghi and Alam (2017) reported similar results 

in their vulnerability study of non-seismically designed circular RC bridge piers retrofitted with CFRP 

composites. 

 Chellapandian et al. (2018) carried out numerical and analytical investigations to evaluate the 

influence of hybrid strengthening on initial post-cracking stiffness, peak and post-peak behaviour, and 

the failure mechanism of square RC columns subjected to axial and eccentric loadings. The numerical 

model was developed using ABAQUS software and it was compared with the experimental test 

results. The results reveal that the non-linear FE model was able to capture the overall behaviour of the 

strengthened and unstrengthened RC columns under axial and eccentric loadings. The authors 

concluded that the hybrid FRP strengthening is effective in enhancing initial post-cracking stiffness, 

strength, and ductility of the strengthened RC columns under both loading conditions. 

 Zeng et al. (2018) studied the behaviour of cylindrical concrete columns partially wrapped 

with CFRP strips under concentric loading. They also proposed a three-dimensional FE approach for 

modelling circular concrete columns partially wrapped with FRP reinforcement. The model was 

developed in ABAQUS based on a constitutive concrete damage-plastic model (CDPM). The authors 

reported that trends of axial and hoop strain distributions observed in the FE approach are in 

accordance with the experimental observations. It was also revealed that axial and hoop strain are 

larger at the mid-plane of the two adjacent FRP strips than at the mid-plane of each FRP strip. 

6. DISCUSSION  

6.1 Previous Experimental Studies 

This review presents a significant number of empirical investigations to understand the 

influence of various test parameters on the behaviour and performance of axially and eccentrically 

loaded FRP-confined circular and non-circular concrete columns. These parameters include the 

number of FRP layers (FRP thickness), concrete compressive strength, presence of a corner radius, 

and magnitude of load eccentricity.  

The review shows that the rate at which the strength and ductility of the FRP-confined concrete 

columns increase primarily depends on the number of FRP layers (i.e., FRP stiffness), regardless of 

whether the column section is circular or non-circular and under axial or eccentric loading. Chaallal et 
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al. (2003) confined rectangular concrete columns with between zero and four layers of CFRP. A 

strength enhancement of 90% was observed in rectangular concrete columns confined with four layers 

of CFRP. Berthet et al. (2005) used between two and 12 layers of CFRP and GFRP wraps to 

strengthen concrete cylinders. The researchers observed a substantial enhancement in load-carrying 

capacity, and structural ductility of the FRP-confined concrete cylinders as the level of confinement 

increased. In their investigation, Wang and Wu (2008) and Parvin and Wang (2001) used similar 

confinement levels of one and two layers of CFRP to wrap square concrete column specimens. The 

authors observed a significant improvement in strength and ductility of the strengthened columns with 

an increase in the number of CFRP layers. The CFRP-confined concrete columns with two layers 

demonstrated a strength enhancement double that of CFRP-confined concrete columns with one layer. 

Furthermore, Almusallam (2007) wrapped concrete cylinders with one and three layers of GFRP 

laminates and observed a compressive strength gain of up to 110% in GFRP-confined concrete 

cylinders with three layers. Other researchers (Matthys et al., 2006; Li and Hadi, 2003; Hadi and Li, 

2004; Sadeghian et al., 2010; Kumutha et al., 2007) have also confirmed that the efficiency of FRP 

confinement can be improved by increasing the stiffness (layers) of FRP jackets.  

The compressive strength of concrete is one of the fundamental parameters investigated by 

previous studies on FRP-confined concrete. Most of the studies reported in this review confirm that 

the effectiveness of confining FRP is essentially influenced by the compressive strength of concrete in 

the inner core. However, this phenomenon is yet to be investigated in detail by researchers. For both 

circular and non-circular concrete sections, the efficiency of the confining FRP decreases with an 

increase in concrete compressive strength. Chaallal et al. (2003) observed a 90% gain in strength and 

ductility for wrapped columns with concrete compressive strength of 20.7MPa compared to a 30% 

increase in performance for FRP-wrapped columns with concrete compressive strength of 41.4MPa. 

Furthermore, Almusallam (2007) reported a strength and ductility enhancement of 78.7% for wrapped 

columns with three layers and concrete compressive strength of 50.8MPa while a 16.1% gain was 

recorded for columns with a similar level of confinement but concrete compressive strength of 

107.8MPa. The experimental investigation conducted by Berthet et al. (2005) shows that the 

efficiency of FRP confinement tends to diminish with an increase in concrete core strength. The 

authors observed a 15% decrease in confinement efficiency for FRP-confined concrete with 100MPa 

compressive strength and a 25% decrease for FRP-confined concrete with compressive strength of 

200MPa. Furthermore, Benzaid and Mesbah (2014) observed 46% and 24% enhancement in the 

ultimate strength of normal and HSC wrapped columns with three layers of CFRP. 

Regarding the influence of corner radius in non-circular concrete sections, research (Mirmiran 

et al., 1998; Ozbakkaloglu and Oehlers, 2008; Al-Salloum, 2007; Wang and Wu, 2008) has shown that 

the presence of sharp edges can lead to the variation in the confining pressure produced by FRP to the 
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concrete core from a maximum at the corners to a minimum along the edges of a section. These 

variations in confining pressure result in premature failure of the confining FRP, which mostly 

commences at or near the corners of a section due to the concentration of stress in the region. 

Consequently, FRP confining pressure is insufficient to improve the strength and ductility of columns. 

However, to improve strength and ductility and prevent premature failure of FRP, researchers have 

recommended that the sharp edges should be rounded. Accordingly, further investigation should be 

conducted to better understand the significance of rounded corners on the performance of eccentrically 

loaded FRP-confined concrete columns. 

In regard to the effect of load eccentricity, the behaviour of eccentrically loaded FRP-confined 

concrete columns is different from that of axially loaded columns because the eccentricity of loading 

causes variation across a section in the confining pressure provided by the FRP. Further, significant 

experimental results involving eccentrically loaded FRP-confined concrete columns are also reported 

in the review (Ghali et al., 2003; Hadi, 2009; Wu and Jiang, 2013; Parvin and Wang, 2001; Hadi and 

Widiarsa, 2012; Widiarsa and Hadi, 2013; Fam et al., 2003; Maaddawy, 2009). The results show that 

eccentricity of loading could lead to a decrease in the strength of FRP-confined concrete columns in 

both circular and non-circular sections. 

6.2 Previous Confinement Models  

It is apparent that a substantial number of experimental studies presented in the review 

involving axially and eccentrically loaded FRP-confined columns in circular and non-circular sections 

have resulted in numerous confinement models. Some of the models were developed based directly on 

the experimentally observed stress-strain response of FRP-confined concrete columns (Matthys et al., 

2006; Al-Salloum, 2007; Benzaid and Mesbah, 2014; Youssef et al., 2007; Toutanji, 1999; Samaan et 

al., 1998; Mirmiran and Shahawy, 1997; Saafi et al., 1999; Shehata et al., 2001; Kumutha et al., 2007; 

Toutanji et al., 2010; Fam et al., 2003). Conversely, other models were developed based on analysis of 

databases containing extensive test results from previous experimental investigations (Lam and Teng, 

2003a; Lam and Teng, 2003b; Saadatmanesh et al., 1994; Karbhari and Gao, 1997; Lam and Teng, 

2002; Ozbakkaloglu and Lim, 2013; Wu and Wei, 2014; Wu et al., 2007; Lim and Ozbakkaloglu, 

2014). Most of these models have adopted the general expressions proposed by Richart et al. (1928) 

for the determination of the strength enhancement ratio (���� ����⁄ ) and the strain enhancement ratio 

( ��  ��⁄ ) of FRP-confined concrete. These expressions are given as a linear or non-linear function of 

the effective confinement ratio (�' ����⁄ ). 

Researchers have assessed the performance of these confinement models for reliable prediction 

of ultimate strength and strain of FRP-confined concrete (Wu and Jiang, 2013; Lam and Teng, 2003b; 

Ozbakkaloglu et al., 2013). However, the performance assessment of existing confinement models has 
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shown that most of the models either underestimate or overestimate the compressive strength and 

ultimate strain of FRP-confined concrete. Among the confinement models assessed by Marques and 

Chastre (2012), Chastre and Silva (2010) model was found to be the most accurate predictive model 

for load-strain relations as well as dilation behaviour. Moreover, Faustino and Chastre (2015) 

conducted a comparative analysis of six confinement models with seven experimental results of 

axially loaded FRP-confined square RC columns. The authors found that among the six confinement 

models, Faustino et al.'s (2014) model provided the best correlation with the experimental results for 

columns with a larger cross-section. However, for columns with a small cross-section, none of the 

models provided an accurate prediction. Furthermore, Ozbakkaloglu et al. (2013) pointed out that 

confinement models developed using the actual FRP hoop rupture strain ( �,R!S) performed 

significantly better than those predicted using the ultimate tensile strain of fibres ( �). 

It is apparent that there are extensive investigations on the stress-strain behaviour of 

concentrically loaded FRP-confined concrete columns and is better understood compared to the same 

for eccentrically loaded columns. For this reason, further investigation of the stress-strain behaviour of 

eccentrically loaded FRP-confined concrete columns should be conducted to better understand the 

variation in sufficient FRP confinement over the column section. 

7. CONCLUSIONS 

This paper presents a general review of experimental and analytical studies on the behaviour 

and performance of FRP-confined concrete columns in both circular and non-circular cross-sections 

subjected to concentric and eccentric compressive loadings. At the outset, the behaviour and 

mechanics of FRP confinement in circular and non-circular concrete sections are reviewed. Then, 

existing theoretical models developed based on experimental studies conducted by various researchers 

to predict the compressive strength and ultimate axial strain of FRP-confined concrete are reviewed. 

The review demonstrates that the performance and effectiveness of FRP confinement in concrete 

columns have been extensively investigated and the technique has been proven effective in enhancing 

the structural performance and ductility of strengthened column structures, as it provides confinement 

to the concrete core. The following conclusions can be drawn from the review. 

� The review shows that the failure of FRP-confined concrete columns occurs suddenly and 

violently, resulting in the rupture of FRP composites. The rupture of FRP in cylindrical column 

sections usually commences at or near mid-height and then propagates towards the other ends of 

the column.  However, unlike circular concrete columns, FRP rupture in non-circular column 

sections initiates at or near the corners of the section. This is attributed to the concentration of 

strain at the corners of the section. 
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� FRP confinement effectiveness is uniform in circular columns subjected to axial loads. However, 

in non-circular (square/rectangular) columns, the confining pressure provided by the FRP jacket 

varies over the cross-section, and only part of the concrete is adequately confined. This variation in 

confining pressure results in excessive reduction in confinement efficiency. 

� The confinement effectiveness provided by FRP depends on the number of FRP layers and 

concrete compressive strength. The higher the number of FRP layers, the greater the increase in 

confinement effectiveness. Likewise, the confinement efficiency is greater in columns with lower 

or normal concrete compressive strength. 

� For eccentrically loaded FRP-confined concrete columns, the ultimate load-carrying capacity 

depends on the magnitude of load eccentricity. An increase in the load eccentricity results in a 

decrease in the ultimate capacity of the column.  

� The reviewed experimental studies show that the confining FRP in FRP-confined concrete 

ruptures at tensile strain lower than the original FRP material tensile strain. By this observation, 

the effective confining pressure in confinement models should be preferably based on the hoop 

rupture strain of FRP than the FRP material tensile strain. 

� From the reviewed confinement models, it is evident that the stress-strain curve of axially loaded 

FRP-confined concrete columns explicitly demonstrated a bi-linear response. However, the 

presence of eccentricity in eccentrically loaded FRP-confined concrete columns affects the stress-

strain relationship because load eccentricity could lead to variation in the effective confinement 

pressure across the column section. Consequently, the stress-strain relationship adopted for axially 

loaded FRP-confined concrete is not directly applicable to eccentrically loaded FRP-confined 

concrete. 

� Ultimately, the accuracy of FRP confinement models still needs to be investigated because the 

performance of most confinement models results in either underestimating or overestimating the 

compressive strength and ultimate strain of FRP-confined concrete. 
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Table-1. Level of factors for nonlinear pushover analysis (Parghi and Alam, 2016) 

S/N Factors/parameters Level 

Low (-1) Medium (0) High (+1) 

1. Compressive strength of concrete, 	��
�	 (MPa) 25 30 35 

2. Yield strength of steel, fy (MPa) 250 300 350 

3. Longitudinal steel reinforcement ratio, ρl (%) 1.5 2 2.5 

4. Spacing of stirrups, s (mm) 300 250 200 

5. Axial load, P (%) 5 10 15 

6. Shear span-depth ratio (H/d) 3 5 7 

7. CFRP layers (n) 1 2 3 
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Figure-1. Failure of GFRP and HFRP fully wrapped column (Matthys et al., 2006) 

 

Figure-2. Variation of compressive strength gain with number of FRP layers (Almusallam, 2007) 

 

Figure-3. Columns strengthened using (a) CFRP strips (b) CFRP sheet (c) GFRP sheet (Sezen and 

Miller, 2011) 
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Figure-4. (a) Specimen jacketed with PCS reinforcement (b) PCS used for reinforcing concrete 

jackets (Sezen and Miller, 2011) 

 

Figure-5. Influence of load eccentricity on ultimate load for confined and unconfined concrete 

cylinders (Ghali et al., 2003). 

 

Figure-6. Loading caps for eccentric loads (Hadi, 2009) 
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Figure-7. Variation of load carrying capacity with eccentricity (Daugevičius et al., 2013) 

 

Figure-8. Confining action of FRP composites in circular concrete section 

 

Figure-9. Confinement of concrete column with FRP jacket (a) Effectively confined concrete in 

rectangular column (Lam and Teng 2003b) (b) Dilated square column confined with carbon/epoxy 

jacket (Youssef et al., 2007) 
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Figure-10. Effect of corner radius on confined concrete in square and cylindrical columns (Al-

Salloum, 2007) 

 

Figure-11. Lam and Teng’s stress-strain model for FRP confined concrete (Lam and Teng, 2003b) 

 

 

Figure-12. Stress-Strain Model for Monotonic Loading of Confined and Unconfined Concrete 

(Mander et al., 1988) 
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Figure-13. Confinement Effectiveness versus Confinement Ration (Mirmiran and Shahawy, 1997) 

 

Figure-14. Characteristic Stress-Strain Response of Composite Jacketed Concrete under Uniaxial 

Compression (Karbhari and Gao, 1997) 
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Figure-15. Axial stress-strain relationships for concrete with carbon fibre composite jackets (Xiao and 

Wu, 2003) 

 

Figure-16. Four quadrants of relationships for developing a constitutive model (Cui & Sheikh 2010a) 
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Figure-17. Axial stress-strain curve of unconfined concrete and FRP-confined concrete with 

ascending and descending second branches (Lim and Ozbakkaloglu, 2014) 

 

Figure-18. Stress-strain curve for FRP confined concrete under various load eccentricities (Fam et al., 

2003) 

 

Figure-19. Definition of load paths for concrete columns (Cao et al. 2018) 
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Figure-20. Stress-strain model for eccentrically loaded circular concrete columns confined with FRP 

(Cao et al. 2018) 

 

 

Figure-21. Comparison of predicted and experimental cyclic response of the columns (Mirmiran et al. 

2000) 
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