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The design of PVC-FRP confined concrete members requires accurate evaluation of the performance 
enhancement due to the confinement provided by PVC-FRP tube. Based on the static equilibrium 
condition and the yield criteria of concrete and PVC-FRP tube, this paper presents a calculating model 
of the load-carrying capacity of PVC-FRP confined concrete column, the influences of the hoop spacing 
of FRP strips and equivalent confinement effect coefficient on load-carrying capacity were well 
considered. According to the ingression of experimental data, a calculating formula of the ultimate axial 
strain is also put forward. For this last case, a bilinear stress-strain model of PVC-FRP confined 
concrete column in axial and lateral directions is established. The comparison between experimental 
and numerical results indicates that the model provides satisfactory predictions of the stress-strain 
response of the columns. 
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INTRODUCTION 
 
In recent years, fiber reinforced polymer has �been widely 
used in civil engineering because of its high strength, 
good durability, light weight, convenient construction and 
so on. Engineering practice shows that FRP is adaptive 
to the development of modern structural engineering in 
long span, towering, heavy loading, high strength, light 
weight and the requirement of bearing atrocious 
environment. Therefore, it has been more and more 
widely used in bridge, civil buildings, oceanic engineering 
and underground structure (ACI Committee, 1996; 
Chambers, 1993; Mufti et al., 1992; Erki, 1995). There 
are two application modes of FRP, one is used in the 
reinforcement of existing buildings, and the other is 
directly used in newly built structure. Most research of 
FRP mainly focuses on the maintenance and 
reinforcement, results show that the load-carrying 
capacity and ductility of FRP reinforced concrete are 
obviously improved, and the service life and durability of 
concrete structure are prolonged (Wu et al., 2006; Kader 
et al., 2006; Abbasnia and Ziaadiny, 2010; Jumaat et al., 
2010; Yung-Chih and Hsu, 2008; Jiang et al., 2007). 
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PVC-FRP confined concrete column is formed by pouring 
concrete into PVC-FRP tube (Feng and Ditao, 2009). In 
the proposed new structural system, the lateral 
confinement of concrete column is provided by PVC-FRP 
tube, and the confining stress applied by FRP strips may 
be uniformly transferred to concrete column through PVC 
tube. Before FRP strips exert confining action, the PVC 
tube has enough stiffness to resist the crack and 
deformation of core concrete. Moreover, the PVC tube 
can act as formwork, improve the construction speed, 
and protect the core concrete from the corrosion of 
atrocious environment. 

In order to further study the performance of PVC-FRP 
confined concrete column, the determination of stress-
strain model is the key issue to analyze the behavior of 
PVC-FRP confined concrete column. Scholars have done 
much research and proposed many stress-strain models 
for FRP confined concrete column (Yung-Chih and Hsu, 
2008; Jiang et al., 2007; Feng and Ditao, 2009). 

But these models are not suitable to predict the stress-
strain relationship of PVC-FRP confined concrete column, 
because different confining mechanism exists between 
FRP and PVC-FRP tube.  

To better study the mechanical behavior of PVC-FRP 
confined   concrete   column,   based on the experimental 



 
 
 
 
study and theoretical analysis, this paper presents the 
formula for load-carrying capacity and ultimate axial strain 
of PVC-FRP confined concrete column, and then a 
bilinear stress-strain model is established. Comparison 
between the predicted stress-strain curves and test 
results are analyzed. 
 
 
The confining action of PVC-FRP tube to concrete 
column 
 
For reinforced concrete column, the confining stress of 
steel spirals to concrete keeps constant after steel spirals 
yielding. But for PVC-FRP confined concrete column, the 
confining action of PVC-FRP tube to concrete is different. 
In the beginning load stage, the confining action of PVC-
FRP tube to concrete is still not activated due to the small 
lateral deformation of core concrete. In the vicinity of 
ultimate compressive strength of unconfined concrete, 
the confinement of PVC-FRP tube is activated and starts 
to be obviously enhanced. In the final stage, the confining 
action continuously increase with the increment of axial 
load, and the load-carrying capacity and axial 
deformation has been greatly improved before the failure 
of PVC-FRP tube. 

Based on the analysis of experimental data, the load-
carrying capacity and axial strain of PVC-FRP confined 
concrete column are mainly related to the equivalent 

confinement effect coefficient efξ , which can be defined 
as:  
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Where ff is the ultimate tensile strength of CFRP, fA is 

the cross section area of CFRP, cA is the cross section 

area of concrete, 
'

cof  is the ultimate compressive 

strength of unconfined concrete, gk
 is the confining 

influence coefficient of CFRP strips, the expression of gk
 

is: 
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Where fs  is the width of CFRP strips, 
's  is the hoop 

spacing of CFRP strips, and
's ≥ fs . 

 
 
The load-carrying capacity and ultimate axial strain  
 
The load-carrying capacity  
 

Based   on   the   analysis   of   experimental    data,    the  
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load-carrying capacity of PVC-FRP confined concrete 
column is mainly related to the hoop spacing of FRP 
strips and equivalent confinement effect coefficient. PVC-
FRP tube can be equivalent to bidirectional composites 
tube according to the elastic theory. The compressive 
strength of unidirectional CFRP may be approximate to 
zero, so the compressive strength of PVC-FRP tube is 

the compressive strength of PVC tube
'

pf
. Compared with 

the tensile strength of CFRP, the tensile strength of PVC 
tube is very small and can be neglected, so the lateral 
tensile strength of PVC-FRP tube is the tensile strength 

of CFRP ff . 
Yu (Feng, 2007). Proposed the formula of the unified 

load-carrying capacity for confined concrete column can 
be shown by the following expression: 
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For PVC-FRP confined concrete column, in the formula 

(3), 
'

pfX =
, ffY = . YX /  is the ratio of the 

compressive strength of PVC tube to the tensile strength 

of CFRP, the value of YX /  is about 0.02. k  is the 

lateral confinement coefficient, the value of k is 2.26 
proposed by Yu (Feng and Ditao, 2007). The effects of 
the hoop spacing of CFRP strips and the width of CFRP 
strips on the load-carrying capacity are also considered, 

then the confining influence coefficient of CFRP strips gk
 

is introduced. The load-carrying capacity of PVC-FRP 
confined concrete column can be expressed as  
 

)31.11( ef
'

coca ξ+= fAN                                           (4)   
 
Formula (4) is verified by experimental data in this paper. 

Experimental results aeN and the calculating value acN  
of load-carrying capacity are respectively listed in Table 1. 
From Table 1, we can conclude that the effect of hoop 
spacing of FRP strips on the load-carrying capacity and 
axial compressive strain are obvious. Lateral confinement 
by PVC-FRP tube causes the development of a triaxial 
stress field within the confined concrete. The axial 
compressive strength and strain gradually decrease with 
the increase of hoop spacing of FRP strips. The average 
value of acae / NN is 1.02, the mean square deviation is 
0.002. It is obvious that the proposed formula of load-
carrying capacity has high calculating precision. Ultimate 
axial strain is an important index of ductility for PVC-FRP 
confined  concrete  column. To  present the expression of  
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Table 1. Comparison between experimental results and calculating value. 
 

Number of 
specimen ff (MPa) '

cof (MPa) t  (mm) aeN (kN) acN (kN) acae / NN  e'
ccε  c'

ccε  
c'

cc
e'

cc / εε
 

A-Cs20-1 1812.4 1872.24 0.97 0.0162 0.0175 1.08 
A-Cs20-2 1756.8 1872.24 0.94 0.0182 0.0175 0.96 
A-Cs30-1 1464.2 1546.5 0.95 0.0158 0.0154 0.97 
A-Cs30-2 1552 1546.5 1.00 0.0159 0.0154 0.97 
A-Cs40-1 1406.7 1383.6 1.02 0.0144 0.0143 0.99 
A-Cs40-2 1368.8 1383.6 0.99 0.0149 0.0143 0.96 
A-Cs50-1 1272.6 1285.1 0.99 0.0136 0.0137 1.01 
A-Cs50-2 1279.5 1285.1 1.00 0.0134 0.0137 1.02 
A-Cs60-1 1261.1 1220 1.03 0.0132 0.0132 1.00 
A-Cs60-2 

3612 28.5 0.33 

1327.2 1220 1.09 0.0126 0.0132 1.05 
 

The ultimate axial strain. 
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Figure 1. The relationship between 
'
ccε

 and efξ
. 

 
 
 
ultimate axial strain, the experimental results were 
analyzed and regressed (shown in Figure 1), and then 
the formula of ultimate axial strain of PVC-FRP confined 

concrete column is proposed, the expression of 
'
ccε is 

that  
 

ef
'
cc 0077.00111.0 ξε +=                                         (5) 

 
The related coefficient of the regressed formula of 
ultimate axial strain is 0.935. Comparison between 

experimental results 
e'

ccε  and calculating value 
c'

ccε  of 
ultimate axial strain are also listed in Table 1, the average 

value of 
c'

cc
e'

cc / εε  is 1.002, the mean square deviation is 

0.002. It is obvious that the calculated values of the 
formula for axial strain agree well with experimental 
results. 
 
 
The stress-strain model of PVC-FRP confined 
concrete column 
 
Based on the analysis of experimental data and the 
features of the stress-strain response of PVC-FRP 
confined concrete column, the curves between axial 

stress cσ and axial strain cε  may be divided into two 
segments (Figure 2). 

In the first segment, the stress-strain curves of PVC-
FRP confined concrete column are similar to that of 

unconfined concrete. The slope of parabola at 0=cε  is 

equal to the elastic modulus of unconfined concrete cE , 
and the curve is influenced by the presence of PVC-FRP 
tube in some degree. The first parabola segment may be 
expressed by the following formula. 
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Where cE  is elastic modulus of concrete, 
'

coc 4773 fE =
; 2E  is the slope of linear strengthening 

segment, tε  is the intersection strain between the first 

segment and the linear strengthening segment, 2E  and tε 
can be respectively calculated by the formula (7) and (8). 
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Figure 2. Typical stress-strain curves. 
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Figure 3. The relationship between 0f
 and efξ
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Where of is the intercept of linear strengthening 
segment, Figure 3 shows the regression of experimental 

data in this paper, the expression of of  is shown below.  
 

0692.0
efo )(734.24 −= ξf                                             (9)  

 
The second segment is the stress strengthening segment 
of  PVC-FRP   confined  concrete  column,  the  confining 
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Figure 4. The relationship between υ  and efξ
. 

 
 
 

stress of PVC-FRP tube to concrete keeps increasing 
with the increment of axial load, the stress-strain curve 
can be approximate to a linear section, the expression of 
the linear section is 
 

c2oc εσ Ef +=                                                       (10) 
   
The stress and strain corresponding to the end point of 
the linear section are respectively the compressive 

strength
'

ccf  and ultimate axial strain 
'

ccε  of PVC-FRP 
confined concrete column, which can be respectively 
calculated by formula (4) and (5). 

The relationship between axial stress clσ and lateral 

strain lε  of PVC-FRP confined concrete column is that 
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l2ocl εσ Ef +=   clltl εεε ≤≤                               (12) 
  

Where cccl /υEE = , cυ  is the Poisson’s ratio of concrete, 

cυ =0.2; tlε  is the intersection between the first segment 
and the linear strengthening segment, the expression of 

tlε can be shown by the following formula.  
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Where l2E  is the slope of linear strengthening 

segment, υ/2l2 EE = , we can get the expression of 
υ shown below by ingression of experimental data in this 
paper (Figure 4).  
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Figure 5. Comparison between experimental and numerical results.  



 
 
 
 

( ) 2257.0
ef6882.0 −= ξυ                                                 (14) 

 
The stress-strain model is verified by experimental data, 
Figure 5 shows the comparison between the predicted 
stress-strain curves and test results. It is obvious that the 
stress-strain model of PVC-FRP confined concrete 
column can well predict the results of this paper. 
 
 
CONCLUSIONS 
 
1. The load-carrying capacity and ductility of PVC-FRP 
confined concrete column can be obviously improved by 
the confinement of PVC-FRP tube to concrete. The 
mechanical   behavior   of   PVC-FRP confined concrete 
column is different from that of reinforced concrete or 
concrete filled steel tube, so it is not proper to apply the 
existing stress-strain model of reinforced concrete or 
concrete filled steel tube to directly predict the stress-
strain relationship of PVC-FRP confined concrete column. 
2. The behavior of PVC-FRP confined concrete column is 
mainly related to equivalent confinement effect 
coefficient, the hoop spacing of CFRP strips and the 

width of CFRP strips. This paper takes efξ as main 
parameter, and the formula of load-carrying capacity and 
ultimate axial strain are proposed. The proposed formula 
agrees well with test data. 
3. Based on the characteristic of PVC-FRP confined 

concrete column, taking efξ as main parameter, a bilinear 
stress-strain model is established. The model is not only 
simple, but also has higher calculating precision, the 
predicted stress-strain curves compare favorably with the 
results of this paper. 
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