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Abstract
Concrete columns externally confined with carbon fibre-reinforced polymer (CFRP) composites have demonstrated con-
siderable improvements in the axial stress–strain behaviour. In some cases, the CFRP partial or discontinuous wrapping 
strengthening technique tends to be at an advantage over the full wrapping strengthening method. Discontinuous or partial 
confinement of circular concrete columns employing CFRP laminates strips or wraps can be an efficient method of structural 
rehabilitation and strengthening. A series of axial compression tests on standard cylindrical concrete specimens confined with 
different arrangements of strips of CFRP laminates were used to verify the finite element (FE) model. A three-dimensional 
nonlinear FE approach for concrete subjected to monotonic loading was employed. Comparison between the axial stress–
strain behaviour of partially or discontinuously confined concrete cylinders with the same ratio of bonding area of CFRP 
laminates and that of fully CFRP-wrapped as well as unwrapped cylinders has been drawn. It was concluded that different 
arrangements of discontinuous CFRP laminates strips did not have any noticeable effect on the axial stress–strain behaviour 
of concrete specimens, while the change in the position and width of partial CFRP wraps significantly affected the axial 
stress–strain behaviour of concrete specimens. Finally, the failure pattern of discontinuously CFRP-wrapped concrete cyl-
inders has been examined.

Keywords  CFRP arrangement · Experimental · Finite element · Concrete cylinder · Discontinuously wrapped · Partially 
wrapped

1  Introduction

Rarely have the vast majority of concrete structures met new 
regulations due to human factors such as faulty construction 
practices, computational errors, use of sub-standard quality 

of construction material, and an increase in the load capac-
ity of structures for carrying additional loads. Furthermore, 
extreme weather conditions play a major part in ageing and 
structural deterioration. Above all, massive earthquakes can 
cause severe damage to concrete structures, being responsi-
ble for insufficient lateral strength and a rapid reduction in 
structural resistance. In many cases, restoring and renovating 
structural elements should be taken into consideration in 
order to minimize potential damage.

Reinforced concrete columns, the load-bearing ele-
ments of every structure, bearing pure axial load or bending 
moment along with axial load simultaneously, are one of 
the most critical parts of buildings and bridges (Zaki 2011). 
These vertical elements should be designed in such a way 
that they exhibit ductile behaviour. The confinement of con-
crete using fibre-reinforced polymer (FRP) composites has 
been considered as one of the most tried-and-tested methods 
for providing ductility, as well as strengthening and increas-
ing the bearing capacity of concrete columns amongst civil 
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engineers. There are several advantages to utilizing FRP 
composites as confining materials. Firstly, such compos-
ite materials restrict the radial expansion of columns; sub-
sequently, the detachment of concrete crust is postponed, 
preventing the buckling of longitudinal reinforcement of 
columns and finally avoid column destruction (Saadatmand 
2003).

Ongoing developments in science in recent years, espe-
cially in civil engineering, have led to researchers taking full 
advantage of innovative methods and synthetic materials. 
Amongst new materials, carbon fibre-reinforced polymer 
(CFRP) composites have received wider currency. CFRP 
composites have been attached with more significance 
owing to their high tensile strength, high strength-to-weight 
ratio, speed and ease of installation, and corrosion resist-
ance (Das and Nizam 2014). For the first time in the mid-
eighties, CFRP composites were introduced to confine con-
crete columns against strong earthquakes (Busel and White 
2003). Then, in 1991, CFRP composites were employed to 
strengthen reinforced concrete bridges. Both earthquakes 
which struck Southern California in 1990 and Kobe (Japan) 
in 1995 led to further investigation into using CFRP com-
posites to strengthen concrete structures in earthquake-prone 
areas. Saafi et al. (1999) used a number of FRP tubes as 
a formwork, protective jacket, confinement, and shear and 
flexural reinforcement. The FRP tubes could also be used to 
complement or replace conventional steel reinforcement of 
the column. Concrete-filled FRP tubes were instrumented 
and tested under uniaxial compressive load. Results indi-
cated that external confinement of concrete by FRP tubes 
can significantly enhance the strength, ductility, and energy 
absorption capacity of concrete.

Numerous experimental studies on small-scale concrete 
specimens confined with various FRP composites have been 
conducted in recent decades (Xiao and Wu 2003; Rahai et al. 
2008; Benzaid et al. 2010; Piekarczyk et al. 2011; Wang 
et al. 2012; Khairallah 2013; Touhari and Mitiche-Kettab 
2016; Guo et al. 2016; Chengala et al. 2018; Rahman et al. 
2018). These experimental tests were designed to examine 
the behaviour of different-sized FRP-wrapped concrete 
specimens subjected to uniaxial compression up to failure. 
The effects of several parameters, including unconfined con-
crete strength, types of FRP composites, and the number of 
FRP layers were experimentally investigated. Test results 
demonstrated that various types of FRP composites expres-
sively increased the strength and ductility of plain concrete 
specimens.

Analytical equations based on experimental data were 
proposed to calculate the strength of FRP-confined concrete 
with circular, square, and rectangular cross sections (Shehata 
et al. 2002; Ilki and Kumbasar 2003; Youssef et al. 2007 and 
others). The estimations given by proposed equations were 
compared with the experimental results. It was concluded 

that estimating the compressive strength of confined con-
crete using proposed equations was dependent on the cross-
sectional shape.

The comparative studies of numerical and experimental 
methods concerning concrete cylinders confined by FRP 
composites have been studied by Sadeghian et al. (2008), 
Chakrabarti et al. (2008), Elsanadedy et al. (2012), Seffo 
and Hamcho (2012), Delnavaz and Hamidnia (2015), and 
Al-Sodani et al. (2018). In the above-mentioned studies, 
uniaxial compression tests were carried out on cylindrical 
concrete specimens. Using the validated numerical model, 
the stress–strain behaviour of confined concrete has been 
examined.

The stress–strain behaviour of specimens discontinuously 
or partially confined with various types of FRP composites 
has been examined by Toutanji and Saafi (2002), Campione 
(2006), Park et al. (2008), Camille et al. (2009), Varma et al. 
(2009), Ranolia et al. (2013) and Zeng et al. (2018). The 
obvious conclusion to be drawn from the above-mentioned 
research is that the confinement effectiveness improves with 
an increase in the number of wraps.

Numerous numerical and experimental investigations 
have been conducted into the behaviour of specimens fully 
confined with various types of FRP composites as well as 
partially confined specimens. The previous research studies 
have been conducted separately for either partially confined 
concrete cylinders (e.g. Campione et al. 2015; Al Abadi 
et al. 2019) or discontinuously confined concrete cylinders 
(e.g. Barros and Ferreira 2008; Pham et al. 2015; Zeng et al. 
2018). However, there has been relatively little research 
that draws a comparison of the confinement effectiveness 
between CFRP partial and discontinuous wrapping strength-
ening technique. In this study, distinction has been drawn 
between CFRP partial and discontinuous wrapping schemes. 
Concrete columns can be discontinuously wrapped with sev-
eral longitudinally discrete CFRP laminates strips (e.g. C2, 
C4-4, C5-4, and C5-3 in Fig. 1), or alternatively partially 
wrapped with CFRP wraps applied at either columns’ mid-
height or opposite ends (e.g. C5-2, C10-2, C10, and C20 in 
Fig. 1). Therefore, it is of great significance to investigate 
the confinement effectiveness of columns discontinuously 
and partially wrapped versus columns fully wrapped with 
CFRP laminates. In other words, this article aims to clarify 
how different positions and widths of CFRP laminates affect 
the stress–strain behaviour of concrete specimens. A series 
of discontinuously and partially CFRP-confined circular 
specimens have been simulated using ABAQUS (2012), a 
finite element software package. The stress–strain behav-
iour of two types of CFRP-confined specimens modelled 
in ABAQUS (2012) was validated by the results obtained 
from the experimental program. In addition, the axial stress 
and strain of cylindrical specimens confined with different 
arrangements of CFRP laminates were compared with each 
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other. And finally, the typical failure mode of discontinu-
ously CFRP-wrapped cylinders has been examined. In sum-
mary, this study has provided a context for gaining a greater 
understanding of the marked effect of various arrangements 
of CFRP laminates on the axial stress–strain of cylindrical 
concrete specimens.

2 � Experimental Program

The experimental program was primarily designed to 
investigate the compressive behaviour of fully and partially 
CFRP-confined concrete cylinders subjected to uniaxial 
compression loading. A total of 12 small-scale unreinforced 
concrete cylinders with an outer diameter of 150 mm and 
a height of 300 mm were prepared with a similar mixture 
design. With the exception of three specimens, the other 
ones were partially or discontinuously wrapped with one 
layer of unidirectional CFRP.

2.1 � Specimen Preparation

Type II Portland cement, natural sand, gravel, and water 
were mixed and introduced into standard cylindrical form-
works to form the concrete specimens. Concrete mix design 
proportions are shown in Table 1. The maximum size of 

the coarse aggregates was approximately 19 mm. In this 
study, the density of 2350 kg/m3 and w/c ratio of 0.5 for the 
batch of concrete were chosen to achieve the target strength 
of 28 MPa at 28 days. However, the actual compression 
strength of plain specimens on the test day was measured 
36 MPa. The concrete specimens were demoulded at 24 h 
after casting and immersed in water for 28 days. Having 
been cured, the cylindrical concrete specimens were pre-
pared for the wrapping stage.

Torayca yarn (T700  s), a high-performance carbon 
fibre made of polyacrylonitrile (PAN), and two-part epoxy 
laminating system were utilized for full and partial wrap-
ping of the specimens. The selected epoxy was composed 
of two components: a resin (epoxy-based EPL 1012), and 
a hardener (EPH 112), with the weight mix ratio of 12%: 
100 (Resin): 12 (Hardener). The low viscosity of EPL 1012 
allows for complete impregnation of carbon fibre rein-
forcement, making it suitable for the wet lay-up processing 
method. The mechanical and physical properties of fibre and 
epoxy adhesive are shown in Tables 2 and 3, respectively, 
as provided by the manufacturer. No straight tensile coupon 
tests were carried out. The mechanical properties of CFRP 
composite are cited in Table 4, as provided by the material 
manufacturer.

Before starting the wrapping process, the thin layer of 
dust which covered the cylinders was completely removed 
using an air compressor. Afterwards, using a pair of scissors, 
CFRP laminates were cut into strips with desired lengths and 
widths. The process was developed by blending epoxy resin 
and hardener in the aforementioned ratio and giving the mix-
ture a good stir to form a light grey paste. It is worth men-
tioning that the surface of cylinders should be thoroughly 
dry before applying the light coat of mixed epoxy. Being 
kept upright, the cylinders were completely coated with a 
layer of mixed epoxy using a paintbrush. The next phase 

Fig. 1   Patterns of fibre wrap-
ping

Table 1   Mix proportion of 
concrete

Component Quantity 
(kg/m3)

Water 195
Cement 390
Fine aggregates 935
Coarse aggregates 830
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was to carefully wrap the CFRP laminates strips or wraps 
around cylindrical specimens, with fibres oriented only in 
the hoop direction. A minimum overlap length of 75 mm 
between either end of strips was employed in order to pro-
vide fully developed tensile strength of CFRP laminates. The 
process culminated in applying the epoxy on the surface of 

the installed sheets, thereby fully saturating the CFRP lami-
nates strips. The concrete specimens treated with different 
wrap positions and various types of cylinders confined with 
CFRP laminates in the laboratory are given in Figs. 1 and 
2, respectively.

2.2 � Test Setup and Loading

The wrapped specimens were exposed to the ambient tem-
perature at least 7 days before axial loading with the aim of 
curing CFRP, as suggested by the material manufacturer. 
In order to provide uniform pressure on the top and bottom 
surfaces of cylinders, both ends of cylindrical specimens 
were capped with high-strength sulphur. All specimens were 
tested under monotonic concentric axial compression, using 
a 2000 kN load-carrying capacity hydraulic testing machine. 
The upper platen of the machine is fixed while the lower one 
moves upward according to the input displacement rate. The 
machine is equipped with a data acquisition system, record-
ing the imposed load. The loading rate was 0.28 MPa/s, fol-
lowing the ASTM C39/C39 M-04 standard (ASTM 2003). 
In this study, the experimental stress–strain curves were ter-
minated at the point when CFRP rupture occurred.

3 � Numerical Modelling

A nonlinear three-dimensional finite element model of 
CFRP-confined concrete cylinders was developed using 
the finite element analysis (FEA) software ABAQUS 
(2012). The numerical model was validated by compar-
ing the numerical results with the data obtained from the 
experimental program. The comparative study examined 
the numerical and experimental stress–strain behaviour of 
confined and unconfined concrete.

Table 2   Mechanical and physical properties of carbon fibre reinforce-
ment (T700 s)

a Method for determination of tensile strength, tensile modulus of 
elasticity, and elongation at break (Toray Carbon Fibres America, 
Inc.)
b Method for determination of density (Toray Carbon Fibres America, 
Inc.)

Properties Value Standard

Tensile strength (MPa) 4900 Torayca TY-030B-01 test methoda

Tensile modulus (GPa) 230 Torayca TY-030B-01 test method
Strain at failure (%) 2.1 Torayca TY-030B-01 test method
Density (g/cm3) 1.8 Torayca TY-030B-02 test methodb

Filament diameter (μm) 7 –

Table 3   Mechanical and physical properties of epoxy adhesive

Properties Value Test method

Tensile strength (MPa) 74.62 ASTM D638 M
Tensile modulus (GPa) 2.73 ASTM D638 M
Viscosity at 25 °C (mPa s)-EPL 1012 900–1100 –
Viscosity at 25 °C (mPa s)-EPH 112 30 –
Full cure at 25 °C (days) 7 –

Table 4   Mechanical properties of CFRP composite (T700 s)

Properties Value Standard

Tensile strength (MPa) 2860 ASTM D-3039
Tensile modulus (GPa) 134 ASTM D-3039
Strain at failure (%) 2.02 ASTM D-3039

Fig. 2   Various types of cyl-
inders confined with CFRP 
laminates in the laboratory: a 
before applying epoxy resin, b 
after applying the second layer 
of epoxy resin on the CFRP 
composites’ layer
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3.1 � Material Properties

3.1.1 � Concrete

Owing to the tri-axial stress state of the concrete core in 
partially or fully wrapped cylinders caused by both axial 
loading and circumferential pressure, the constitutive 
model should be developed in such a way that it could 
accurately portray the behaviour of FRP-confined con-
crete. The concrete damaged plasticity (CDP) material 
model has been employed in this study to simulate the 
nonlinear behaviour of confined concrete. The model is 
capable of considering two main failure modes of con-
crete, including tensile cracking and compressive crushing 
(ABAQUS 2012).

The model makes use of the yield function of 
Lubliner et al. (1989), with the modifications proposed by 
Lee and Fenves (1998) to account for different evolutions 
of strength under tension and compression (ABAQUS 
2012). The evolution of the yield surface is controlled 
by two hardening variables, tensile and compressive 
equivalent plastic strains ( ̃𝜀plt  and 𝜀̃plc  ), linked to failure 
mechanisms under tension and compression loading, 
respectively. In terms of effective stresses, the mathematic 
expression for F is (ABAQUS 2012):

with

where Ī1 is the first invariant of the effective stress, J̄2 is 
the second invariant of the effective stress, fb′ is the biax-
ial concrete strength, f ′

co
 is unconfined concrete cylinder 

strength, σmin is the minimum principal effective stress, 𝜀̃pl 
is the equivalent plastic strain, 𝜎̄c is the effective compressive 
cohesion stress, 𝜎̄t is the effective tensile cohesion stress, Kc 
is the ratio of biaxial concrete strength to tri-axial compres-
sion strength, and the Macauley bracket 〈·〉 is defined by 
〈x〉 = (|x| + x)/2 (Zeng et al. 2018a, b).

(1)

F =
1

1 − 𝛼

��
3J̄2 − 𝛼Ī1 + 𝛽(𝜀̃pl)⟨−𝜎̄min⟩ − 𝛾⟨−𝜎̄min⟩

�
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c
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f
�
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pl
c )

𝜎̄t(𝜀̃
pl

t )
(1 − 𝛼) − (1 + 𝛼),

(4)� =
3(1 − Kc)

2Kc − 1

The non-associated plastic flow potential used in the CDP 
model is the Drucker–Prager hyperbolic function (Drucker and 
Prager 1952), given by Eq. (5):

where e is the flow potential eccentricity of the hyper-
bolic function, which defines the rate at which the func-
tion approaches the asymptote (the flow potential tends to 
a straight line as the eccentricity tends to zero), σt0 is the 
uniaxial tensile stress at failure, and ψ is the dilation angle. 
Due to the explicit procedure employed in this study, the vis-
cosity parameter was automatically set to zero by the pack-
age. The predefined constants for three input parameters of 
the plastic part of the CDP model (fb′/fco′, e, Kc) proposed by 
ABAQUS (2012) Analysis User’s Manual were considered 
in this study. Table 5 shows the elastic and plastic parameters 
of the CDP model.

In addition to the above-mentioned parameters, the uniaxial 
tensile and compressive response of concrete were defined in 
the material model. The uniaxial compression hardening curve 
is defined in terms of the inelastic strain, �∼in

c
 , which is calcu-

lated using Eq. (6). The damage plasticity model automatically 
calculates the compressive plastic strains, �∼plc  Eq. (7), using 
a damage parameter, dc, that represents the degradation of the 
elastic stiffness of the material in compression.

where σc and εc are the compression stress and strain of the 
concrete, respectively. Ec (MPa) is the modulus of elasticity 
of the concrete calculated using the equation proposed by 
American Concrete Institute Committee 318 (2008):

The damage variable d
c
 is defined based on Eq. (9) (Yu 

et al. 2010):

(5)G =

√
(e𝜎t0 tan𝜓) + J̄2 − Ī1 tan𝜓

(6)�∼ in
c

= �c −
�c

Ec

(7)�∼ pl
c

= �∼ in
c

−
dc

(1 − dc)

�c

Ec

(8)Ec = 4730
√
�c

Table 5   Elastic and plastic parameters of the CDP model

Elastic properties

Young’s modulus (MPa) 28,380

Poisson’s ratio 0.2
Plastic properties
Dilation angle (degree) 30°
Eccentricity 0.1
fb′/fco′ 1.16
Kc 0.667
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Kent and Park (1971) concrete model presenting both 
unconfined and confined concrete behaviour under compres-
sive loading was adopted in this study. The ascending curve 
of this model is represented by:

where εcc is the strain value corresponding to this maximum 
stress. The value of εcc = 0.002 is used in this study which 
is proposed by Park and Paulay (1975). The behaviour of 
concrete from the outset in Eq. (10) is considered to be non-
linear. However, the stress–strain response of concrete under 
uniaxial compression was considered to be linear up to the 
initial yield stress, which is assumed to be 0.4fco′ in the cur-
rent study. For the sake of simplicity, moreover, instead of 
being a straight line, the descending branch of Kent and Park 
(1971) model was assumed to be similar to the ascending 
one. The stress–strain relationship curve of concrete for dif-
ferent values of εc is plotted using the above equations, and 
this curve is shown in Fig. 3a. Figure 3b shows axial stress 
versus inelastic strain curve for compression hardening of 
concrete.

When modelling confined concrete, the tensile behaviour 
usually is of less importance. However, the stress–strain 
curve in tension was assumed to be linearly elastic until the 
tensile strength (10% of compressive strength), followed by a 
dramatic linear decrease to zero. In order to avoid numerical 
instability, 1% of tensile strength instead of zero was con-
sidered in the constitutive model. The corresponding crack-
ing strain of this tensile strength was assumed to be 0.0012 
(Abbassi and Dabbagh 2014).

(9)dc = 1 −
�c

f
�

co

(10)�c = f
�

co

[
2�c

�cc
−

(
�c

�cc

)2
]

3.1.2 � CFRP Jacket

The CFRP jacket is generally assumed to have a linear elas-
tic behaviour until rupture. Hence “Lamina” material type, 
which is provided by ABAQUS (2012) to model orthotropic 
elastic materials, has been assigned to the elastic properties 
of CFRP jacket. The unidirectional laminar has three mutu-
ally orthogonal planes of material properties (1, 2 and n) 
which are referred to as the principal material coordinates. 
The 1 and 2 principal directions are aligned with the direc-
tion of fibres and axial loading, respectively, while n is nor-
mal to the CFRP sheet plane (Salameh 2015). As the fibres 
in the CFRP jackets considered in the present study are all 
oriented in the hoop direction, the stiffness in the axial direc-
tion (loading direction) is negligibly small. The modulus of 
elasticity in the hoop direction (E1) was defined in accord-
ance with ASTM standard D3039 (ASTM 2008), as pro-
vided by the material manufacturer (Table 4). By contrast, 
the modulus of elasticity in the axial direction (E2) and the 
shear modulus were both assumed to have a very small value 
so that the unidirectional CFRP laminate was not affected 
by interaction with other directions (e.g. 0.001 GPa). The 
Poisson’s ratio was set equal to zero, and the thickness of 
the CFRP laminates was assumed to be 0.165 mm in the 
numerical model.

3.2 � Model Geometry

Three-dimensional models of fully or partially CFRP-
confined concrete cylinders were established in ABAQUS 
(2012) in order to investigate the effect of different arrange-
ments of CFRP laminates on the stress–strain behaviour of 
specimens. The three-dimensional concrete cylinder and 
the CFRP shell were assembled between two discrete rigid 
plates. Two reference points were assigned to both rigid 

Fig. 3   Stress–strain relationship curve of concrete for compression hardening a stress versus total strain and b stress versus inelastic strain
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plates with the aim of recording the amount of axial dis-
placement and reaction force variations with time.

3.3 � Boundary Conditions and Analysis Step

A dynamic explicit type of analysis in ABAQUS (2012) 
was employed in this study as convergence difficulties with 
the CDP model are fewer with explicit analysis. Further-
more, this type of analysis creates the possibility of using 
the displacement control regime with a defined rate of dis-
placement imposing in the axial direction of the cylinder 
in the analysis. The displacement control means that the 
uniaxial compressive displacements instead of the compres-
sive loads were specified as a boundary condition in the 
software (Labibzadeh et al. 2017). With the exception of 
vertical displacement of the reference point of the top rigid 
plate, all degrees of freedom were restrained for the refer-
ence points of top and bottom rigid plates. In all the FEA, 
axial displacement was imposed by the discrete rigid plate 
on the top surface of the concrete cylinder until the CFRP 
rupture strain (in the hoop direction) reached 60% of the 
ultimate tensile strain provided by the material manufacturer 
(i.e. 1.2%). This limit for CFRP rupture strain was defined 
based on the experimental observation reported by previous 
researchers (Xiao and Wu 2000; Valdmanis et al. 2007; Zeng 
et al. 2018a, b).

3.4 � Interaction

The interaction between CFRP jacket and the concrete cyl-
inder was defined as a surface tie constraint, with the mas-
ter surface being the surface of the concrete cylinder and 
the salve surface being the inner surface of the CFRP shell. 
Finer mesh was assigned to the slave surface for better con-
vergence performance. Regarding the interaction between 
both top and bottom discrete rigid plates, which records 
the history output of displacement along the height of the 

cylinder and the reaction force, respectively, and the con-
crete cylinder, the penalty formulation for tangential behav-
iour with a friction coefficient of 0.25 and the hard contact 
for normal behaviour was defined (Ellobody et al. 2006; Dai 
and Lam 2010).

3.5 � Mesh and Element Type

Both the concrete cylinder and CFRP jacket were partitioned 
for the purpose of uniform meshing. Concrete was modelled 
using an 8-node linear brick, reduced integration element 
(C3D8R). The CFRP jacket was modelled using a 4-node 
doubly curved thick shell, reduced integration element 
(S4R). The approximate element size of CFRP jacket was 
smaller, about two-thirds the element size of the concrete 
cylinder, which guaranteed a good adjustment at the curved 
contact surface. Mesh convergence studies were conducted 
for the numerical model to provide fairly accurate results 
with relatively low computational time. The approximate 
global mesh size of 15 mm and 10 mm was adopted for con-
crete and CFRP, respectively. The FE model and the mesh 
adopted for different parts of the model is shown in Fig. 4.

4 � Model Validation

The proposed FE model was validated against the experi-
mental results. In this study, the results of two types of speci-
mens mentioned in Fig. 1 (C and C10) were analysed for 
FEM verification. In fact, the axial stress–strain behaviour 
of the above-mentioned specimens obtained from the labo-
ratory measurement has been used for validation purposes. 
Three gauges accurate to 0.01 mm were used for strain cal-
culation. Two of them were installed on the ring, measuring 
the axial and radial strain of the concrete cylinder. The last 
one, which was attached to the adjustable platen, measured 
the movement of the platen. It is worth mentioning that only 

Fig. 4   Finite element mesh
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the axial strain of the concrete cylinder was compared with 
the corresponding output in ABAQUS (2012). Hence, the 
measurements recorded from the other two dial gauges were 
used as control data.

Figure 5 illustrates the instrumentations for the concrete 
cylinder in the compression test. The comparison between 
the experimental and the FEA results for the unwrapped 
specimen (C) is plotted in Fig. 6. As can be seen, there 
is a good agreement between the stress–strain behaviour 
of numerical predictions and experimental results. In the 
case of specimen C10, moreover, a theoretical stress–strain 
model for concrete confined by FRP composites developed 
by Youssef et al. (2007) has been provided for the purpose 
of comparison. This proposed model was verified using both 
the experimental data produced from the authors’ study and 
other reliable data from previously published data. Their 
comprehensive experimental program included large-scale 
circular, square and rectangular short columns confined by 
carbon/epoxy and E-glass/epoxy jackets providing a wide 
range of confinement ratios. This constitutive model predicts 
the ultimate strength, ultimate stain and depicts the entire 
stress–strain diagram for CFRP-confined concrete speci-
mens. Figure 7 compares the experimental and numerical 
stress–strain curves with the theoretical curves generated by 
Youssef et al. (2007) for the specimen confined with 10-cm 

wrap at the centre (C10). The predicted axial stress–strain 
curves showed a two-segment behaviour, while both experi-
mental and numerical axial stress–strain curves exhibit a 
three-segment behaviour, and the stresses within the transi-
tion section was generally underestimated by the Youssef 
et al. (2007) model. Vincent and Ozbakkaloglu (2015) also 
reported the partially FRP-confined concrete exhibits a tran-
sition segment when the FRP confinement is not completely 
activated.

It can be seen from Fig. 7 that the predicted axial stress is 
lower than the experimental axial stress when the axial strain 
is small. This discrepancy between experimental and pre-
dicted axial stress within the low strains was also reported 
by Zeng et al. (2018a, b).

Fig. 5   Instrumentations for the concrete cylinder in the compression 
test

Fig. 6   Comparison between numerical and experimental results for 
the unwrapped specimen (C)

Fig. 7   Comparison between numerical, experimental, and Youssef 
et al. (2007) constitutive model results for the specimen wrapped with 
10-cm wrap at the centre (C10)
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Comparative study of experimental and FE curves in 
Fig. 7 revealed that the FE curve tends to overestimate the 
confined concrete stress. This reveals that the concrete con-
finement behaviour in CFRP-wrapped concrete cylinders is 
not fully achieved, compared to the perfect conditions con-
sidered in the numerical models, which means that CFRP 
jackets failed to generate the expected lateral stress. It is 
clear from Fig. 7 that there are slight differences between FE 
results and the experimental results within the linear elas-
tic behaviour of the specimens (the maximum difference 
between the axial stress of FEA and experimental program 
within the linear section of the axial stress–strain curve is 
approximately 20%). This discrepancy between numerical 
and experimental results existed in findings reported by 
some researchers investigating confined concrete behaviours 
(e.g. Sadeghian et al. 2008; Yu et al. 2010).

The compressive strengths of different types of speci-
mens obtained from FEA were also compared with those 
obtained from the experimental program. In the experimen-
tal program, all the specimens were undergone uniaxial 
compression test on the same day. Similarly, models of con-
crete specimens have been tested under simulated uniaxial 
compression loading in ABAQUS (2012). The comparison 
between the experimental results and the numerical results 
of different types of specimens is tabulated in Table 6. The 
numerical compressive strengths were found to be very close 
to those observed in the experiments. The mean value of 
the numerical-to-experimental compressive strength ratio 
is 1.03 with a standard deviation of 0.03. As shown in 
Table 6, the numerical results are perfectly consistent with 
the experimental results, indicating that the FE model can 
be employed to measure the confined compressive strength 
of CFRP-wrapped specimens.

5 � Results and Discussion

5.1 � Confinement Effectiveness of Different Types 
of Specimens

Table 7 summarizes the numerical results of different types 
of specimens shown in Fig. 1. It is evident that with the 
exception of C5-2, the other types of specimens experienced 
an increase in confinement effectiveness, ranging from 9 to 
34%. In addition, except for C5-2 and C10-2, there was a 
20–50% rise in the strain enhancement of other specimens. 
Apparently, reinforcement by CFRP jackets significantly 
increased the compressive strength and the axial strain. From 
Table 7, it is clearly observed that the closer to the centre of 
specimens CFRP jacket is wrapped, the higher compressive 
strength is achieved.

Figure 8 illustrates the ratio of compressive strength 
versus the ratio of CFRP-bonded area for different types of 

specimens. In this figure, the compressive strength of the 
unwrapped cylinder was used as a unit (35.79); therefore, 
all compressive strength of specimens was divided by this 
unit. The ratios of compressive strength were sorted accord-
ing to their values. The histogram begins with a value of 1 
belonging to the unwrapped cylinder and ends with 1.33 
which belongs to the fully wrapped cylinder. As the histo-
gram clearly illustrates, the ratios of compressive strength of 
specimens confined with side wraps (C5-2, C10-2) pale in 
comparison with those of specimens confined with central 
wraps (C15, C20). The ratios of the compressive strength of 
other discontinuously wrapped specimens, however, range 
from 1.12 to 1.17, indicating that a change in the arrange-
ments of discontinuous CFRP laminates (the width and 
number of wraps) has a relatively small effect on the ratio 
of compressive strength.

5.2 � Comparative Stress–Strain Diagrams

Stress–strain curves of specimens confined with the same 
ratio of bonding area of CFRP (CFRP-bonded area versus 
total area of the cylinder surface) have been compared. In 
all comparative studies, the stress–strain behaviour of the 
unwrapped and fully wrapped cylinder has been considered, 
providing the baseline for comparison. Figure 9 compares 
the axial stress–strain behaviour of unwrapped and fully 
wrapped specimens with ones wrapped in an equal area of 
CFRP jacket.

Overall, in these figures one can observe that all of 
the graphs begin as near-linear until the sudden failure of 
concrete specimens. As also observed in Fig. 9, the stress-
carrying capacity and the strain capacity of the specimens 
wrapped with CFRP jackets improve greatly compared to 
the unwrapped specimen. In Fig. 9 for the discontinuously 
CFRP-confined concrete cylinders (C3, C5-3, C1, C2, C4-4, 
C4-5, and C5-4), the maximum stress recorded tends to vary 
approximately from 40 to 42 MPa. As was mentioned in the 

Table 6   Numerical and experimental compressive strength of differ-
ent types of specimens

Type of specimen Compressive strength (MPa) fnum/fexp

Experimental Numerical

C 35.85 35.79 1.00
Cc 45.25 47.75 1.06
C2 40.80 41.23 1.01
C4-4 38.60 40.26 1.04
C5-3 37.40 39.94 1.07
C10 39.60 40.87 1.03
C10-2 38.60 39.13 1.01
Mean 1.03
Standard deviation 0.03
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previous section, it is clear that variations in the width and 
number of discontinuous strips do not have marked effects 
on the compressive behaviour of the CFRP-reinforced cyl-
inders; but nevertheless specimens slightly differ from one 
another in their ultimate axial strain. As the stress–strain 
curves clearly illustrate, CFRP-wrapped cylinders show a 
substantial increase in the deformation capacity and ductil-
ity compared to the unconfined cylinders. Ductility can be 
defined as the capability of materials to deform while still 
carry load after passing the turning point (Park et al. 2008). 
The specimens confined with central CFRP jacket show 

more ductility than discontinuously CFRP-confined speci-
mens. In the meanwhile, however, the unwrapped specimen 
and the specimens confined with side CFRP jackets show 
more brittle behaviour.

From Fig. 9a, the axial stress–strain behaviour of the 
specimen with 5-cm wrap at either end (C5-2) and the 
unwrapped specimen (C) follows a similar pattern. How-
ever, the compressive strength of the specimen with 10-cm 
wrap at the centre (C10) increases dramatically. As the lat-
eral strain of the concrete cylinder is higher at the centre, the 

Table 7   Summary of FEA 
results of different types of 
specimens

a As a percentage of total area of the cylinder surface

Type of specimen Ratio of CFRP-
bonded areaa (%)

Compressive 
strength

Confinement 
effectiveness (%)

Axial strain at 
max strength

Strain 
enhancement 
(%)fc (MPa) ɛc

C – 35.79 – 0.00166 –
Cc 100 47.75 33.4 0.00249 50.0
C1 53 41.09 14.8 0.00216 30.1
C2 53 41.23 15.2 0.00216 30.1
C3 50 40.53 13.2 0.00200 20.5
C4-4 53 40.26 12.5 0.00200 20.5
C4-5 67 42.00 17.4 0.00200 20.5
C5-2 33 36.37 1.6 0.00183 10.2
C5-3 50 39.94 11.6 0.00200 20.5
C5-4 67 41.63 16.3 0.00216 30.1
C10 33 40.87 14.2 0.00216 30.1
C10-2 67 39.13 9.3 0.00183 10.2
C15 50 43.06 20.3 0.00233 40.4
C20 67 45.36 26.7 0.00249 50.0

Fig. 8   Ratio of compressive 
strength versus the ratio of 
CFRP-bonded area for different 
types of specimens
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closer to the centre of specimens CFRP jacket is wrapped, 
the better confinement effectiveness is achieved.

Figure 9b illustrates the specimens confined with 50% 
ratio of CFRP-bonded area. It can be seen that the axial 
stress–strain behaviour of both specimens confined with 
3-cm strip at 5 points (C3) and 5-cm strip at 3 points (C5-3) 
seems to be somewhat similar. The axial stress and strain 
of the specimen with 15-cm wrap at the centre (C15), by 
contrast, appears to be much higher.

As can be seen in Fig. 9c, both specimens confined with 
1 cm strip at 18 points (C1) and 2 cm strip at 8 points (C2) 
are found to be similar in the axial stress–strain behaviour. 
Similarly, the stress–strain behaviour of both specimens 
confined with 4-cm strip at 5 points (C4-5) and 5-cm strip 
at 4 points (C5-4) are virtually equal (Fig. 9d). This means 
that when the specimens are interruptedly wrapped in an 
equal area of CFRP laminates, a change in the width and 
the number of strips does not have any noticeable effect on 
their compressive strength. In contrast, changing the posi-
tion of CFRP laminates strips from the end to the centre of 
specimens results in the higher value of ultimate stress and 
strain (Fig. 8a, d).

The main conclusion to be drawn from Fig. 9 is that 
fully wrapping is found to be the most effective means of 
improving the ultimate compressive stress and strain, and 
thus, ductility. In many cases, nevertheless, partial or discon-
tinuous wrapping technique looks comparatively favourable, 
especially for retrofitting columns not requiring considerable 
improvement in compressive strength as well as those which 
are not easily accessible (buried or immersed columns).

5.3 � Failure Mode of Discontinuously CFRP‑Wrapped 
Concrete Cylinders

When a CFRP-confined cylinder is subject to axial com-
pression, the concrete cylinder expands laterally and this 
expansion is restrained by the CFRP jackets. In general, 
the confinement pressure provided by the CFRP jackets 
increases continuously with the lateral strain of concrete 
because of the linear elastic stress–strain behaviour of CFRP. 
Failure of CFRP-wrapped concrete generally occurs when 
the hoop rupture strength of the CFRP is reached (Teng and 
Lam 2004). Figure 10 shows the failure mode of discontinu-
ously CFRP-confined concrete cylinders. The typical failure 

Fig. 9   Comparative axial stress–strain figures of specimens confined with an equal area of wrapped CFRP jackets
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mode for discontinuously CFRP-wrapped specimens was 
rupture of the CFRP shell at or near the specimen’s midsec-
tion which occurred suddenly. Some crushing sounds were 
first heard, followed by a sudden explosive clicking sound 
of CFRP rupture, releasing an excessive amount of energy. 
CFRP jackets vertical rupture started at cylinders’ mid-
height and progressed upwards and downwards, triggering 
abrupt failure with crushing of concrete and sudden loss of 
load capacity. A closer examination of the midsection of the 
failed CFRP jackets revealed failure could be characterized 
by vertically continuous localized rupture. Similar observa-
tion was also reported by Vincent (2015). From Fig. 10, it 
can be observed that the cylinders were crushed mainly in 
the middle.

It should be noted that the narrow strips of CFRP lami-
nates could be applied easily on the surface of cylinders, 
providing better condition for minimizing air voids. As 
long as the clear CFRP laminates strips spacing was small 
enough, the concrete between two adjacent CFRP laminates 
strips did not experience crushing failure. The wider the gap 
between two adjacent CFRP laminates strips, the larger the 
ineffective confinement area. The presence of a larger inef-
fective confinement area eventually led to localized concrete 

crushing failure, which was also reported by Zeng et al. 
(2018a, b). It was also observed that the concrete between 
adjacent CFRP laminates strips was integrated seamlessly 
with CFRP discontinuous jackets. The observation of the 
failure pattern of CFRP-confined concrete specimens can 
be summarized as follows. Both fully and discontinuously 
CFRP-confined cylinders (e.g. C1, C2, C3, C4-4, C4-5, and 
C5-4) show similar damage patterns.

6 � Conclusions

In this study, the effect of confinement configuration of 
CFRP laminates strips on the axial stress–strain behaviour 
of concrete cylinders was numerically and experimentally 
investigated. Based on the results, the following conclusions 
can be drawn:

•	 The model adopted in this study to simulate the axial 
stress–strain behaviour of partially and fully CFRP-
confined concrete cylinders revealed a good agreement 
with experimental results, indicating that the concrete 
damaged plasticity (CDP) model appeared to be capable 
of modelling the inelastic behaviour of CFRP-confined 
concrete.

•	 Comparison of numerical compressive strength of dif-
ferent types of confined specimens with experimental 
results (the mean value of the numerical-to-experimental 
compressive strength ratio was found to be 1.03 with a 
standard deviation of 0.03) confirmed that the FE model 
can be appropriate for measuring the confined compres-
sive strength of CFRP-wrapped specimens.

•	 The stress-carrying capacity of partially, fully and 
discontinuously CFRP-wrapped specimens improved 
greatly compared to the plain specimen. With the excep-
tion of C5-2, CFRP laminates wrapping led to a 9-34% 
increase in confinement effectiveness.

•	 The ratios of compressive strength (maximum axial 
stress of confined specimen/unconfined specimen) of 
specimens confined with side wraps (C5-2, C10-2) pale 
in comparison with those of specimens confined with 
central wraps (C15, C20). This means that the confine-
ment effectiveness of central CFRP wraps is much higher 
than that of side CFRP wraps.

•	 The ratios of compressive strength of discontinuously 
wrapped specimens range from 1.12 to 1.17, indicating 
that a change in the configuration of CFRP wraps (the 
width and number of wraps) has a relatively small effect 
on confinement effectiveness.

•	 With the exception of the fully wrapped specimen, the 
specimens confined with central CFRP jackets show 
more ductility than the discontinuously CFRP-confined 
specimens. In the meanwhile, however, both unwrapped 

Fig. 10   Example failure modes of discontinuously CFRP-confined 
concrete specimens



1099Iranian Journal of Science and Technology, Transactions of Civil Engineering (2020) 44:1087–1100	

1 3

specimens and specimens confined with side CFRP jack-
ets show more brittle behaviour.

•	 The wider the CFRP wrap at the centre of the speci-
men, the higher the strength and ductility of the CFRP-
confined concrete cylinder is achieved.

•	 Detailed observations carried out on the typical failure 
pattern of discontinuously CFRP-wrapped concrete cyl-
inders suggest that the concrete between adjacent CFRP 
strips is integrated seamlessly with CFRP discontinuous 
jackets. Hence, both fully and discontinuously CFRP-
confined cylinders with a relatively small gap between 
CFRP laminates strips show similar damage patterns.
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