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Comparing with the circular concrete columns confined with fiber reinforced polymer (FRP) wrap or tube, the rectilinear 

confined columns were reported much less. Due to the non-uniform distribution of confining pressure in the rectilinear 

confined columns, the FRP confinement effectiveness was significant reduced. This paper presents findings of an 

experimental program where nine prefabricated rectangular cross-section CFRP tubes with CFRP integrated crossties 

filled concrete to form concrete-filled FRP tube (CFFT) short columns and three plain concrete control specimens were 

tested. All specimens were axially loaded until failure. The rest results showed that the stress-strain curves of CFFTs 

consisted of two distinct branches, an ascending branch before the concrete peak stress was reaches and a second branch 

that terminated when the tube ruptured, and that the CFFTs with integrated crossties experienced most uniform 

confinement pressure distribution. Test research also found that the stress-strain curves of CFFTs indicated an increase 

in ductility. These demonstrate that this confinement system can produce higher lateral confinement stiffness. 

Keywords: concrete-filled FRP tube, internal reinforcement, axial strain, transverse strain, confinement stiffness. 

 

1. INTRODUCTION 

*The desire to increase the axial capacity of reinforced 

concrete (RC) columns is not a new view in academic 

circle of civil engineering. In 1903, Considere performed 

triaxial test on motor cylinder, he found that a constant 

confining lateral pressure can substantially increase its 

compressive strength. Richart et al. [1, 2] were the earliest 

explorers who studied the nominal strength concrete under 

lateral confinement. This pioneering work was then 

continued by other researchers. In columns, this confining 

pressure can be provided by using steel stirrups of various 

forms [2 – 4], steel tube [5]. 

Since the end of the Cold War, many advanced 

military technologies and products have been transferred to 

the civil engineering industry. Carbon fiber reinforced 

polymer (CFRP) composite material applied to structure 

strengthening and retrofitting is one of the most 

successfully transferred technologies. The merits of CFRP 

composite material include high ratio of the strength to 

weight, anti-corrosion, easy cutting and construction, as 

well as high elastic modulus. For these reasons, CFRP 

composite material has been widely used in the retrofitting 

and strengthening of RC structures, especially in regions 

under high seismic risk or regions subject to high chloride 

corrosion. Fardis and Khalili [6] conducted uniaxial 

compression tests on concrete cylinders wrapped with 

CFRP fabrics and reported enhanced strength and ductility 

due to confinement. They [7] later proposed an analytical 

hyperbolic model for the compressive strength of confined 

concrete. Katsumata et al. [8] presented results of an 

experimental investigation on the seismic behavior of 

columns retrofitted with CFRP with Ten 1/4 scale column 

models tested. The results showed that the ultimate 
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displacement as well as energy dissipation capacity 

increased linearly with the amount of CFRP wrapping.  

In 1995, Mirmiran and Shahawy [9] proposed a 

concrete-filled FRP tube (CFFT), in which the tube acts as 

a form-work for the encased concrete, hoop and 

longitudinal reinforcement, and corrosion-resistant casing 

for the concrete. The CFFT was proposed for bridge 

columns as well as for pile splicing. Echary [10] evaluated 

the effects of the ratios of length to diameter (L/D) and 

diameter to thickness (D/t) on the behavior of the CFFT. 

The test results indicated that up to a ratio L/D of 5 : 1, 

slenderness effects are negligible. Pico [11] tested a total 

of nine square concrete-filled FRP tubes under axial 

compression to study the effect of the cross section. No 

bond was provided between the concrete core and the FRP 

tube. A marginal increase in strength was observed 

independent of the jacket thickness. The over-riding 

parameter in controlling the confinement was shown to be 

the product of the corner radius and the confining pressure. 

Circular columns confined with FRP wrap or tube and 

subjected to axial compression exhibit a uniformly 

distributed lateral pressure over the cross-section, therefore 

provide an efficient utilization of FRP composite materials. 

Most of the existing studies have been concerned on circular 

confined concrete columns [6 – 10, 12 – 16]. However, recti-

linear confined columns were reported much less than 

circular columns. It is mainly due to the non-uniform 

distribution of confining pressure, provided by the FRP 

confinement that varies over the rectilinear concrete cross-

section and resulting significant reduction in confinement 

effectiveness. In general, corner rounding of rectilinear 

sections can reduce the detrimental effect on FRP rupture 

strain at a sharp corner and to improve the confinement 

effectiveness. Researches [17 – 18] have shown that the con-

finement effectiveness is dependent not only on the sectional 

shape of columns, but also the stiffness of FRP confinement.  
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This paper presents findings of an experimental 

program where nine prefabricated rectangular cross-section 

CFRP tubes with CFRP integrated crossties filled concrete 

to form CFFT short columns and three plain concrete 

control specimens were tested. All specimens were axially 

loaded until failure. There was a particular research 

objective to quantify the influence of integrated crossties 

on confinement effectiveness. No research on such new 

confinement systems has been reported in the open 

literatures. 

2. DESCRIPTIONS OF SPECIMENS 

Prefabricated CFRP tubes with CFRP integrated 

crossties were filled concrete to form CFFTs. CFRP tube 

functions as a stay-in-place formwork, free of steel rein-

forcement, and forms a corrosion resistant structural system. 

In addition, another asset of CFRP stay-in-place formwork 

was its confining ability of the concrete core, Fig. 1. 

 

Fig. 1. CFRP tube 

In this study, the test specimens had a 

150 mm × 300 mm rectangular cross-section and a length of 

600 mm. A total of 12 specimens including 9 CFFTs and 3 

unconfined plain concrete short columns as control 

specimens were presented in the Table 1, where S, R, D
e
 

and L represented spacing of CFRP integrated crossties, 

corner radius, equivalent diameter of the rectangular cross 

section, and CFRP layers respectively, for example Letter 

C meant integrated crossties, R10 meant 10 mm corner 

radius, L3 meant 3 layers CFRP filament. 

Table 1. Details of the specimens 

Specimens Number 
S

 
, 

mm 

R
 
, 

mm 

D
e , 

mm 
R/D 

PC 3 – – – – 

R10-L3-C 3 50 10 240 1 : 24 

R20-L3-C 3 50 20 240 1 : 12 

R40-L3-C 3 50 40 240 1 : 6 

 

     

Fig. 2. Crossties, a tube with insertion of crossties and after 

covering the third CFRP sheet 

Manually wet-lay-wet technique was employed to 

manufacture the CFRP tubes in the Structures Test Centre 

of Huaiyin Institute of Technology. The tubes were 

manufactured to have 3 layers of CFRP with 10 mm, 

20 mm or 40 mm corner radius. The CFRP crosstie was 

designed to have a same amount of CFRP materials and be 

placed internally at the mid span of longer face of 

rectangular section, and had 50 mm longitudinal spacing. 

In proportion to the CFRP crossties diameter, small holes 

were drilled on the tubes followed by the insertion of 

crossties, Fig. 2. The anchors at the ends of CFRP crossties 

were bent and glued to the existing tube; a final layer of 

CFRP sheet was applied to cover the entire tube after the 

insertion of CFRP crossties, Fig. 2. 

3. MATERIALS PROPERTIES 

All specimens were cast from a single batch of 

concrete from local supplier with specified target 

compressive strength at 28-day of 25 MPa. An initial 

concrete slump was about 180 mm. All specimens were 

cast vertically and vibrated thoroughly. After a 24 hour 

curing, the wooden formworks were removed and all 

specimens were checked for irregularities and 

imperfections, they were then covered with wet cloths and 

watered for a 14-day cure followed by dry-air laboratory 

condition for another 14 days.  

The CFRP tubes were manufactured from the carbon 

fiber sheets with epoxy resin. The unidirectional carbon 

fiber sheets with non-structural weave in secondary 

direction that holding the unidirectional fibers together was 

used for all specimens.  

Table 2. Properties of carbon fibers and epoxy resin 

Carbon fiber Test values Epoxy resin Test values 

Tensile strength 3243 MPa Tensile strength 42 MPa 

Modulus 226 GPa Modulus 2610 MPa 

Ultimate tensile 

elongation 
2.04 % 

Ultimate tensile 

elongation 
1.63 % 

Thickness  

of layer 
0.111 mm 

Bonding 

strength 
4.1 MPa 

Sheet width 600 mm 
Compressive 

strength 
84 MPa 

The carbon fiber sheets (TRAC, Type 2-200), epoxy 

resin (Tiger, TGE-2) were supplied from Shanghai 

Dongwei Chemical & Building Materials Co. Ltd., China. 

The material properties were summarized in Table 2. To 

determine the material properties of carbon fiber sheets 

and epoxy resin, some CFRP tensile tests in accordance 

with GB/T3354 [19] and GB50367 [20] were conducted.  

4. TEST PROCEDURES 

The average axial strain was measured using four 

LVDTs attached on the either side over 200 mm gauge 

length in the middle portion of the specimens, in Fig. 3. The 

average longitudinal strain was also measured using another 

four LVDTs at the either corner between the actuator head 

and base of the specimens; they were also used to detect 

possible eccentricity. The mid-height LVTDs were removed 

prior to catastrophic failure in order to protect the LVDTs 
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from damage. The transverse strain gauges were used to 

measure the distribution of the hoop strain on the FRP tubes. 

The strain gauges had 10 mm, 20 mm, the 10 mm strain 

gauge at up-left corner was labeled number 1, and the others 

were successively labeled from 2 to 8 along the clockwise 

direction, in Fig. 4. All strain gauges and LVDTs were 

connected to a data acquisition system and a microcomputer 

for data recording. 

 

Fig. 3. LVDTs for the specimens 

 

Fig. 4. Transverse strain gauges configuration 

Compression tests took place after 28 days of concrete 

cure. All specimens were tested using a general hydraulic 

pressure testing machine which had the axial compression 

capacity of 5000 kN. The force was measured by using a 

pressure transducer load cell of 2500 kN capacity, and the 

data were monitored using an automatic acquisition 

system. All specimens were tested until failure under 

monotonically increasing uniaxial compression, under 

loading at rate about 2.0 kN/s accordance to the 

GB/T50081 [21]. 

5. TEST RESULTS 

The test results of plain concrete specimens are 

summarized in Table 3. This table gives the values of peak 

axial load (Pco), concrete peak stress (f’co) and its average 

strength, axial displacements (Δ), axial strain (εco) 

corresponding to peak stress, and transverse strain (εt). The 

stress-strain curve according to the average value of three 

control specimens was illustrated in Fig. 5.  

Table 3. Test results of plain concrete specimens 

Specimens 
Pco , 

kN 

f’co ,  

MPa 
Δ , 

mm 

εco ,  

% 

εt ,  

% 

PC-1 1087.6 24.17 1.35 0.225 0.085 

PC-2 1076.9 23.93 1.45 0.242 0.097 

PC-3 1105.7 24.57 1.32 0.220 0.094 

For all plain concrete specimens, the measured 

average axial strain at peak concrete stress is about 0.0023. 

It should also be noted that the axial deformation of the 

unconfined concrete specimens was averaged based on the 

assumption of the loading was perfectly concentric, in spite 

of a small amount of eccentricity was observed.  

 

Fig. 5. Stress-strain curve of plain concrete 

All CFFTs experienced typical failure modes, where 

the tube ruptured at or near the corner. Once the tube 

confinement fail, the concrete core was no longer able to 

withstand the axial loading. The rupture of FRP tube hence 

triggered the failure mechanism, which resulted in the 

catastrophic failure of the specimens. Although, the stress-

strain curves of CFFTs indicated an increase in ductility, 

Fig. 6, the failures of these specimens occurs without much 

apparent warning and catastrophically. Nevertheless, 

popping noises can be heard during the various stages of 

axial loading.  

 

Fig. 6. Stress-strain curve of CFFTs 

All CFFTs were also axially loaded until failure. The 

test results are presented in Table 4, which gives the values 

of peak axial load (P’co) and concrete peak stress at the end 

of first branch, also gives the ultimate axial strain (εcc) , the 

ratio of ultimate axial strain (εcc) to axial strain (εco) 

corresponding to peak stress in Table 3, and transverse 

strain (εt). It is noted that each value in the Table 4 is the 

average of three specimens in each series. The stress-strain 
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curves according to the average values of three specimens 

in each series are illustrated in Fig. 6. Fig. 6 shows the 

axial stress-strain curves of CFFTs. The axial stress vs 

axial strain plots shows that the stress-strain relationship of 

CFFTs consisted of two distinct branches; an ascending 

branch before the concrete peak stress is reached, and a 

second branch that terminated when the tube ruptured. 

Extensive experimental results have shown a typical axial 

stress-strain response of FRP-confined concrete that 

features a bilinear shape [22 – 24]. 

Table 4. Test results of CFFTs 

Specimens 
Pco’, 

kN 

fco’, 

MPa 

εcc , 

% 
εcc/εco 

εt , 

% 

R10-L3-C 1008.2 22.40 2.598 11.55 0.146 

R20-L3-C 1006.9 22.37 1.823 7.53 0.107 

R40-L3-C 1060.7 23.57 1.820 8.27 0.374 

Based on the axial stress-strain plots in Fig. 6, the first 

ascending branch of stress-strain curves are increased until 

the peak compressive strength of plain concrete was 

reached. During the initial stage of axial loading, the lateral 

expansion or dilation of concrete core was not enough to 

cause significant strain of CFRP tube in the circumferential 

direction. After reaching the peak stress of plain concrete, 

the concrete core started to dilate excessively as the 

internal micro cracks were developed in the concrete core. 

Fig. 6 also demonstrates the axial stress-strain behavior of 

CFFTs with integrated crossties used as internal 

reinforcement. The test results show that the integrated 

crossties increase the lateral stiffness of the tube thus 

reduced outward bulging and buckling of the tube. 

Furthermore, increase in corner radius improved the 

uniformity of confining pressure and hence increases the 

confinement effectiveness. It was found that the ultimate 

load-carrying-capacity of R40-L3-C with 40 mm corners 

was about 129 % of that of control specimens. 

 

Fig. 7. R40-L3-C transverse strain profiles under the axial strain 

0.00114 

In former study [25], the experimental results of the 

transverse strain profile of CFFTs with square cross-

section showed that the strain values are non-uniform 

around the circumference at different loading stages. In 

this research, a new confinement system has been 

developed, which involved the use of internal FRP 

reinforcement in the form of integrated crossties. This 

innovative system significant improves in confinement 

effectiveness. Fig. 7 shows that CFFTs with integrated 

crossties experienced most uniform confinement pressure 

distribution. This is due to the fact that this confinement 

system produces higher lateral stiffness.  

6. CONCLUSIONS 

Due to the confinement form the CFRP tubes and the 

internal crossties, the stress-strain curves of CFFTs 

indicated an increase in ductility, but, the failures of 

CFFTs also occurred without much apparent warning and 

catastrophically. 

The stress-strain curves of CFFTs consisted of two 

distinct branches; an ascending branch before the concrete 

peak stress was reached, and a second branch that 

terminated when the tube ruptured. 

The CFFTs with integrated crossties experienced most 

uniform confinement pressure distribution. This 

demonstrated that this confinement system can produce 

higher lateral stiffness. 
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