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Abstract. This paper presents the results of an experimental study on the effect of load 

eccentricity on the axial compressive behaviour of carbon fibre-reinforced polymer (CFRP)-

confined high-strength concrete (HSC) columns with a square cross-section. The axial loading 

was applied to the specimens at six different load eccentricities ranging from zero to 50 mm. 

The results show that the load eccentricity significantly influences the axial load-displacement 

and axial stress-strain behaviour of FRP-confined HSC. Increasing the load eccentricity leads 

to an increase in the ultimate axial strain but a decrease in the ultimate axial stress and second 

branch slope of the axial stress-strain curve. 

1. Introduction 

It is now well known that the strength [1-4] and ductility [5-7] of concrete can be significantly 

increased by lateral confinement of concrete with fibre-reinforced polymer (FRP) tubes. A large 

number of experimental [8-10] and analytical [11-15] studies have been performed to date to 

understand the compressive behaviour of FRP-confined concrete. Although over 110 models have 

been developed to predict the axial stress-strain relationship of FRP-confined concrete, the majority of 

these models were concerned with the behaviour of FRP-confined concrete under concentric 

compression [16].  

As most of columns in real structures experience eccentric axial loading, there is need for 

investigating the behaviour of concrete columns under this loading condition (i.e. combination of 

compression and bending loading). A review of the literature shows that most of experimental studies 

on eccentric compression have been performed on the behaviour of FRP-confined concrete columns 

with internal reinforcement [17–21] and there is only a single study on FRP-confined concrete with 

square cross-section and without internal reinforcement [22]. Furthermore, the existing study focused 

on normal-strength concrete (NSC). As previously discussed in detail [23-25], high-strength concrete 

(HSC) is now being used in various structural applications owing to its advantages over NSC. 

Therefore, it is vital to determine the behaviour of FRP-confined HSC columns under eccentric 

compression through additional experimental studies.   

This paper presents the results of an experimental study on the effect of load eccentricity on the 

compressive behaviour of FRP-confined HSC columns with square cross-sections using six different 

eccentricities ranging from zero to 50 mm. The sectional analysis conducted based on the 

experimental measurements was used to determine the axial stress-strain curves under eccentric 

loading. 
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2. Test Program 

2.1. Test Specimens and Materials 

Square columns with 150 mm cross-section and 300 mm height were prepared and confined with FRP 

tubes manufactured with eight layers of carbon FRP (CFRP) with a fiber layer thickness of 0.165 mm, 

elastic modulus of 230 GPa, and ultimate tensile strength of 4730 MPa. Specimens were designed with 

rounded corners with a radius of 30 mm to maintain relatively high confinement efficiency. The 

crushed basalt with a 10 mm nominal maximum size was used as the coarse aggregate. The HSC mix 

contained a polycarboxylic ether polymer-based superplasticizer and silica fume, and it had a water-to-

binder ratio of 0.3, which resulted in a test day compressive strength of 105 MPa.   

2.2. Instrumentation and Testing Procedure 

Load eccentricity was applied to specimens by two pin supports mounted at top and bottom of the 

specimens at different eccentricities, including 0, 10, 20, 30, 40, and 50 mm. The specimens were 

tested using a 5000-kN capacity universal testing machine under axial compression initially with load 

control at a rate of 3 kN/sec and subsequently with displacement control at a rate of 10 microstrain/sec 

beyond initial softening until specimen failure. To measure the axial deformations of the specimens, 

two methods were used: 1) four linear variable displacement transformers (LVDTs) mounted at the 

corners of steel loading and supporting steel plates (full-height LVDTs); and 2) four LVDTs mounted 

at the mid-height of the specimens (mid-height LVDTs).  

3. Test Results 

3.1. Failure Mode 

The concrete specimens tested under an eccentricity of 20 mm or lower failed abruptly by tube rupture 

with an explosive sound. On the other hand, the failure of the specimens subjected to a higher 

eccentricity happened with FRP tube rupture at corners or their vicinity at the compression side, while 

separations were observed on the FRP tube among the horizontal FRP layers around the mid-height 

region of the specimen on the tension side. In most specimens, the rupture of the FRP tube occurred at 

the mid-height of the specimen.  

3.2. Axial Load-Displacement and Stress-Strain Curves 

Figure 1 shows the axial load-displacement curves of specimens under different eccentricities (e). As 

can be seen in the figure, the load eccentricity significantly influenced the behaviour of FRP-confined 

HSC. It can be seen in Fig. 1 that the ultimate axial load and corresponding axial displacement 

measured at the point of loading decreased with an increase in the load eccentricity. These reductions 

are as expected and attributed to the presence of bending moments under load eccentricity and their 

increase with an increase in the load eccentricity.  
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Figure 1. Axial load-displacement curves of concretes under eccentricity. 

 

To produce the axial stress-strain curves of FRP-confined HSC under eccentric loading, sectional 

analysis was conducted on the recorded experimental axial load-displacement data. Figure 2 illustrates 

the obtained axial stress-strain curves. In the figure, E2, εct, and fct are the second branch slope, strain at 

the transition point (which marks the beginning of the second portion of the stress-strain relationship), 

and axial stress at the transition point of the stress-strain curve, respectively. As can be seen in the 

figure, load eccentricity had a significant influence on the axial stress-strain curves of FRP-confined 

HSC. It can be seen in Fig. 2 that an increase in the load eccentricity resulted in an increase in the 

ultimate axial strain (εcu) but a decrease in E2, which translated to a reduced ultimate axial stress (fcu). 

It can also be seen in the figure that fct decreased slightly in the presence of the load eccentricity. It is 

notable that, owing to the significant effect of the eccentricity on the axial stress-strain behaviour, 

existing concentric axial stress-strain models of FRP-confined concrete would not be able to 

accurately capture the behaviour of FRP-confined concrete under eccentric compression.  

 

 

Figure 2. Axial stress-strain curves of FRP-confined concrete under load eccentricity. 

 

Figures 3(a) and 3(b) show the variation of the normalized ultimate axial strain (εcu/εcu,0, where εcu,0 

is the ultimate axial strain of the specimens under concentric loading) and normalized ultimate axial 

stress (fcu/fcu,0, where fcu,0 is the ultimate axial stress of the specimens under concentric loading) with 
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normalized eccentricity (e/R, where R is the cross-sectional radius), respectively. As can be seen in the 

figures, ɛcu increased and fcu decreased almost linearly with an increase in the load eccentricity.  

 

 
(a) 

 
(b) 

 

Figure 3. Variation of normalized ultimate axial (a) strain and (b) stress ratio with normalized 

eccentricity. 

4. Conclusions 

An experimental study on the axial compressive behaviour of FRP-confined square HSC columns 

under eccentric compression loading has been presented. The results showed that load eccentricity 

significantly affects the axial load-displacement curve of FRP-confined HSC. An increase in the load 

eccentricity leads to an increase in the ultimate axial strain but a decrease in the second branch slope 

of the axial stress-strain relationship, which leads to a reduced ultimate axial stress. Because of the 

relatively significant influence of the load eccentricity on the stress-strain behaviour of FRP-confined 

concrete, caution is required when applying the concentric stress-train models of FRP-confined 

concrete to predict the behaviour of members under load eccentricity. 
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