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Abstract: This paper presents the results of an experimental study into the behavior of 

concrete-filled steel tube columns confined by fiber-reinforced polymer (FRP). Eleven 

columns were tested to investigate the effects of the FRP layer number, the thickness of the 

steel tube and concrete strength on their load capacity and axial deformation capacity. The 

experimental results indicated that the FRP wrap can effectively confine the concrete 

expansion and delay the local buckling of the steel tube. Both the load capacity and the axial 

deformation capacity of concrete-filled steel tube columns can be substantially enhanced 

with FRP confinement. A model is proposed to predict the load capacity of the 

FRP-confined concrete-filled steel tube columns. The predicted results are generally in good 

agreement with the experimental ones obtained in this study and in the literature. 

Keywords: concrete-filled steel tube (CFST) columns; fiber-reinforced polymer (FRP); 

axial load; confinement; load capacity 

 

1. Introduction 

Concrete-filled steel tube (CFST) columns have been widely used in modern structural systems. In 

the CFST columns, the inward buckling deformations of the steel tube can be prevented by the concrete 

core, but inelastic outward local buckling can result in the degradation of steel confinement, strength and 

ductility [1,2]. To overcome this deficiency, Xiao [3] used additional transverse confinement outside the 

steel tube to constrain its outward local buckling. Additionally, this novel form of CFST column was 
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defined as confined concrete-filled steel tube (CCFST) columns. The additional transverse confinement 

can be carried out by steel tube segments or fiber-reinforced polymer (FRP) wrap. 

Fiber composite materials have attracted much attention, due to the advantages of the high 

strength-to-weight ratio, non-corrosion and flexibility in adapting to field configurations. Their 

applications in strengthening or retrofitting structures have been demonstrated to be of economic and 

engineering advantage [4,5]. As a result of the additional confinement from FRP wrap, the outward 

buckling deformation of the steel tube is mitigated or even eliminated, and the concrete core is  

further confined [6]. 

To improve the structural behavior of CFST columns, several researchers have studied the 

effectiveness of the FRP confinement. Hu et al. [7] performed compressive tests on the FRP-confined 

concrete-filled steel tube (FCCFST) columns. They studied the parameters of the thickness of the steel 

tube and the FRP layer number. The results indicated that the FRP wrap could substantially delay or 

even completely suppress the development of local buckling deformation in the steel tube. The behavior 

of the concrete was significantly enhanced by the FRP confinement. Sundarraja and Prabhu [8] 

investigated CFST columns strengthened with carbon fiber-reinforced polymer (CFRP) sheets or CFRP 

strips. The CFRP layer number and the width and spacing of the strips were studied. The results showed 

that the external bonding of CFRP not only provided additional confinement pressure to the concrete 

core, but also constrained the local buckling of the steel tube. Tao et al. [9] studied the compressive 

behavior of FCCFST columns with a circular and rectangular cross-section. In the circular columns, 

when the number of the CFRP layers increased, the load capacity increased, but the ductility decreased. 

In rectangular columns, with the increasing of the CFRP layer number, load capacity had no obvious 

changes, but the ductility could be improved. There are more experimental and analytical studies on the 

compressive behavior of the CFST columns strengthened with FRP in [10–12]. To obtain a further 

understanding of the confining mechanism of FRP wrap in FCCFST columns, Teng et al. [13] 

developed a stress-strain model for concrete in FCCFST columns under compression through theoretical 

analysis. The strain efficiency of FRP jackets in FCCFST columns under axial compression was studied 

through nine tests and finite element modeling by Li et al. [14]. 

Besides the research on the compressive behavior of FCCFST columns, the behavior of FCCFST 

columns subjected to dynamic loadings has also been studied. Che et al. [15] investigated the seismic 

behavior of CFST columns wrapped with CFRP in both transverse and longitudinal directions. The 

concept of the FCCFST column for square section was validated by experimental tests under seismic 

loads [16]. The square FCCFST columns exhibited significantly improved seismic performance with 

large ductility. Moreover, the behaviors of FCCFST columns under shear load [17], high speed  

impact [18,19] and cycle axial load [20] have been investigated. In addition to strengthening the CFST 

columns in new construction, FRP have also been used to repair CFST columns, such as columns after 

exposure to fire [21]. 

The previous studies described above have demonstrated that the FRP confinement provides an 

effective solution for strengthening CFST columns. In this paper, more research is done to further 

understand the behavior of FCCFST columns. Specifically, eleven columns were tested to study the 

parameters of the FRP layer number, the thickness of the steel tube and the concrete strength. The axial 

load-axial shortening, axial load-axial strain and axial load-hoop strain relationships were measured 

from the tests. Furthermore, the ultimate loads of the FCCFST columns and the failure modes were also 
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obtained from the tests. The effects of the tested parameters on the ultimate load and the axial shortening 

capacity are studied in this paper. In addition, the behavior of the confined concrete and the efficiency of 

FRP wrap are also discussed. A simple model is proposed to calculate the load capacity of FCCFST 

columns. The predictions are compared with the experimental results in this study and in the literature. 

2. Experimental Program 

2.1. Test Specimens 

A total of eleven specimens, including seven CFRP-confined concrete-filled steel tube (CFCCFST) 

specimens, three glass fiber-reinforced polymer (GFRP)-confined concrete-filled steel tube (GFCCFST) 

specimens and one CFST specimen, were tested under axial load. The tested parameters were the FRP 

layer number nf (1, 2 and 3), the steel tube thickness ts (3.0, 4.0 and 5.0 mm) and the concrete strength fcu 

(40, 50 and 60 MPa). Each specimen had a length (L) of 400 mm with a length-to-diameter ratio (L/D) 

ranging between 3 and 3.5. The details of the columns are provided in Table 1. The nomenclature 

consists of three items: the letters CF and GF in the first item denote the CFRP-confined specimens and 

GFRP-confined specimens, respectively, followed by the FRP layer number; the letter t and the 

following number in the second item indicates the steel tube and its thickness; the letter C (for concrete) 

in the third item is followed by the nominal concrete strength. 

Table 1. Details of the specimens. 

Specimens L (mm) D (mm) FRP type nf ts (mm) fcu (MPa) fy (MPa) ξs ξf 

t4C40 400 128 – – 4.0 44.9 248 0.95 0.00 
CF1t4C40 400 128 CFRP 1 4.0 44.9 248 0.95 0.39 
CF2t4C40 400 128 CFRP 2 4.0 44.9 248 0.95 0.78 
CF3t4C40 400 128 CFRP 3 4.0 44.9 248 0.95 1.17 
GF1t4C40 400 128 GFRP 1 4.0 44.9 248 0.95 0.48 
GF2t4C40 400 128 GFRP 2 4.0 44.9 248 0.95 0.97 
GF3t4C40 400 128 GFRP 3 4.0 44.9 248 0.95 1.45 
CF2t3C40 400 126 CFRP 2 3.0 44.9 243 0.69 0.77 
CF2t5C40 400 130 CFRP 2 5.0 44.9 242 1.17 0.79 
CF2t4C50 400 128 CFRP 2 4.0 54.2 248 0.79 0.65 
CF2t4C60 400 128 CFRP 2 4.0 60.0 248 0.71 0.58 

2.2. Material Properties 

The columns were cast using three different concrete mixtures. Three concrete cubes were tested for 

each mix design to determine the concrete compressive strength. The average cube strengths (fcu) of the 

concrete cubes are shown in Table 1. 

Seamless steel tube was used as the steel formwork for all columns in this study. Steel tubes with 

thicknesses of 3, 4 and 5 mm were used to achieve different diameter-to-thickness ratios. The steel tubes 

of 3 and 4 mm were made by machining the seamless steel tube of 5 mm. The properties of the steel tube 

were determined by a coupon test. The measured values of yield strength (fy) and elastic modulus (Es) 

were 248 MPa and 191 GPa. 
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Carbon fiber and glass fiber were used in this study to provide the confinement. The tensile properties 

were determined from the tensile tests of flat coupons according to ASTM D3039 [22]. The nominal 

thickness (tf), ultimate strength (ffu), ultimate strain (εfu) and elastic modulus (Ef) of the CFRP were 

0.111 mm, 3550 MPa, 1.34% and 250 GPa, respectively; those of the GFRP were 0.169 mm, 2930 MPa, 

2.58% and 109 GPa, respectively. 

Epoxy resin based on two-component solvent-free epoxy resin was used in this study. The mixing ratio 

was 4:1 of component A (resin) and component B (hardener) by weight. The elastic modulus, tensile 

strength and shear strength provided by the manufacturer were 15 GPa, 35 MPa and 13 MPa, respectively. 

2.3. Preparation of Specimens 

The circular steel tubes were accurately cut and machined to the required length. The insides of the 

steel tubes were wire brushed, and deposits of grease and oil were removed. A stiffened end-cap of  

10 mm was attached at the base of the steel tube. Concrete was filled in layers and vibrated by a poker 

vibrator. The specimens were left to cure in the laboratory for 28 days, and then, the CFRP or GFRP  

was wrapped. 

The FRP wrap was formed by using the wet lay-up method with fibers in the hoop direction. The steel 

tube surface was first cleaned with alcohol, and then, a single continuous fiber sheet was wrapped 

around the steel tube to form a wrap with the required number of plies, with the finishing end of the fiber 

sheet overlapping its starting end by 150 mm. A paddler roller was used to squeeze out the air bubbles 

and ensure a uniform bond thickness. 

Prior to testing, the top surface of the concrete core was roughened with a wire brush, and a thin layer 

of high-strength cement was poured on the roughened surface. This procedure was adopted to minimize 

the effect of concrete shrinkage, so that the steel tube and the concrete core can be loaded simultaneously 

during testing. 

2.4. Test Setup and Instrumentation 

The tests were conducted using a universal testing machine with a capacity of 5000 kN. The test 

arrangement for the specimens is shown in Figure 1a. The load was applied in increments of 50 kN 

before peak load. Each load interval was maintained for 2–3 min. The load was slowly applied near and 

after the maximum load to investigate the post-peak behavior of the columns. Two linear variable 

differential transducers (LVDTs) were located vertically to measure the axial shortening. For each 

FCCFST specimen, eight strain gauges were placed on the steel to measure the vertical deformations and 

perimeter expansion of the steel tube at mid-height, and four strain gauges were mounted to the 

mid-height of the FRP wrap to observe the lateral confinement, as shown in Figure 1b. The layout of the 

strain gauges mounted to the steel tube of each CFST specimen was exactly the same as that for the 

FCCFST specimens. To assure uniform compression, preliminary tests within the elastic range were 

conducted by carefully adjusting the position of the specimen, based on the measurements of strain 

gauges attached at the mid-height of the test specimen. The adjustment was terminated until the 

difference between the measured strain and the average value was no more than 5%. 
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Figure 1. Test arrangement and instruments: (a) test arrangement; (b) layout of strain 

gauges for fiber-reinforced polymer (FRP)-confined concrete-filled steel tube  

(FCCFST) specimens. LVDT, linear variable differential transducer. 

  

3. Experimental Results and Discussions 

3.1. General Observations 

The CFST specimen experienced continuous dilation in the mid-height region and localized outward 

buckling of the steel tube near the tube ends at large axial shortenings, as shown in Figure 2a. All 

FCCFST specimens failed by rupture of the FRP wrap in the mid-height region, as a result of the lateral 

expansion of the concrete. The typical failure modes are shown in Figure 2b,c. The volume expansion of 

concrete and the local buckling of the steel tube in FCCFST specimens was not as obvious as that of the 

CFST specimen. 

Figure 2. Typical failure modes: (a) concrete-filled steel tube (CFST) specimen;  

(b) GFCFST specimens; (c) CFCFST specimens. 
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3.2. Axial Load-Axial Shortening Behavior 

The axial load-axial shortening curves for the specimens are shown in Figures 3, 5 and 6, in which the 

axial shortening is the average value of the two LVDTs. The relationships between axial load and axial 

shortening up to the ultimate state of the specimens can be seen in these figures. For the FCCFST 

specimens, the ultimate state is defined as the state when the explosive rupture of the FRP wrap occurs at 

the mid-height region. The load at the ultimate state of the FCFST specimens is the same as their 

maximum load. The ultimate state for the CFST specimens is defined as the state when the load reaches 

their maximum load. The initial portion of axial load-axial shortening responses of a FCCFST specimen 

essentially followed the curve of the corresponding CFST specimen till a characteristic axial shortening 

was attained, which is the point when the axial load of specimen t4C40 increased up to about 75% of its 

ultimate load. After attaining the characteristic strain, the axial load-axial shortening relationships of 

FCCFST specimens show a higher modulus than those of the CFST specimen and eventually exhibited 

an almost linear behavior until the rupture of the FRP in the mid-height region happened. The 

experimental results for all specimens are shown in Table 2. Here, Ny is the axial load when the steel tube 

yielded; Nf is the axial load when the fracture of the FRP wrap was audible or visible; Nu and δu are the 

ultimate load and the axial shortening of the specimens at the ultimate state; εf is the maximum hoop 

strain of the FRP at the ultimate state. As expected, the additional FRP confinement led to enhancements 

in both load capacity and axial deformation capacity, and the degree of enhancement increased with the 

increasing of the FRP layer number for both CFCCFST and GFCCFST specimens. 

Table 2. Test results for the columns. 

Specimens Ny (kN) Nf (kN) εf (με) Nu (kN) δu (mm) kε2 Nup (kN) Nu/Nup

t4C40 800 – – 1,130 3.5 – 1,101 1.03 
CF1t4C40 850 1,200 10,227 1,300 5.2 0.76 1,283 1.01 
CF2t4C40 900 1,400 11,025 1,440 6.5 0.82 1,466 0.98 
CF3t4C40 900 1,670 10,821 1,685 9.4 0.81 1,648 1.02 
GF1t4C40 900 900 19,890 1,355 9.5 0.77 1,327 1.02 
GF2t4C40 850 1,350 22,288 1,693 11.8 0.86 1,554 1.09 
GF3t4C40 950 1,450 24,282 1,845 13. 6 0.94 1,780 1.04 
CF2t3C40 800 1,330 10,816 1,330 7.1 0.81 1,271 1.05 
CF2t5C40 1,150 1,550 11,104 1,650 7.3 0.83 1,631 1.01 
CF2t4C50 900 1,430 10,189 1,548 8.3 0.76 1,550 1.00 
CF2t4C60 950 1,658 8,853 1,658 8.5 0.66 1,602 1.03 

3.2.1. Effect of Fiber-Reinforced Polymer (FRP) Confinement 

Figure 3 shows the comparison of axial behavior for the FCCFST specimens and the corresponding 

CFST specimens. The CFST specimen and the FCCFST specimens behaved similarly till the steel tube 

yielded. When the steel tube yielded, the axial load of the FCCFST specimens increased in an 

approximately linear way. This is because the FRP wrap provided confinement to the steel tube and the 

concrete when the steel tube yielded; thereafter, the decrease of the rigidity of the CFST columns  

was delayed. 
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The FCCFST specimens exhibited a higher yielding load, but a similar axial shortening with the 

yielding load. It also can be seen from Figure 3 that for the FCCFST specimens, when the FRP layer 

number increased, the axial shortening at Nf increased. It is worth noting that for the CFCCFST 

specimens, the axial shortening at Nf was close to that at Nu, but for the GFCCFST specimens, the axial 

shortening at Nf was much smaller than that at Nu. This accorded with the fact that the failure of 

CFCCFST specimens was much more abrupt than that of the GFCCFST specimens. 

With the increasing of the FRP layer number, the ultimate loads and the corresponding axial shortening 

increased, as shown in Figure 4. With the additional CFRP confinement, the ultimate load and the axial 

shortening at the ultimate load was increased by 50% and 169%, respectively. When GFRP wrap was 

used, the ultimate load and the corresponding axial shortening was increased by 60% and 289%, 

respectively. By comparison, the GFCCFST specimens obtained more enhancements in ultimate load and 

axial deformation capacity than the CFCCFST specimens, particularly in terms of axial  

deformation capacity. 

Figure 3. Axial load vs. axial shortening curves in terms of the FRP layer number:  

(a) CFCCFST specimens; (b) GFCCFST specimens. 

  

Figure 4. The effect of FRP confinement: (a) ultimate load; (b) axial shortening at the ultimate load. 
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3.2.2. Effect of the Thickness of the Steel Tube 

Figure 5 shows the effect of the thickness of the steel tube on the behavior of axially loaded FCCFST 

specimens. When the thickness of the steel tube increased, the ultimate load increased. However, 

increasing the thickness of the steel tube had no obvious effect on the axial shortening at the ultimate 

load. In the first ascending branch, the curve of the column with the thicker steel tube had a larger slope, 

indicating a higher rigidity. In the second ascending branch, the curves of the three columns were 

parallel to each other. This situation can be explained by the fact that after the yielding of the steel tube, 

the increase of the axial load is attributed to the confinement by the FRP wrap, which behaves in a linear 

elastic way. In this stage, the confinement provided by the FRP wrap dominates its behavior. 

Figure 5. Axial load vs. axial shortening curves in terms of the thickness of the steel tube. 

 

3.2.3. Effect of Concrete Strength 

Figure 6 shows the effect of concrete strength on the compressive behavior of the FCCFST 

specimens. These three specimens exhibited similar behavior. When the concrete strength increased, the 

ultimate load and the axial shortening at the ultimate load increased slightly. 

Figure 6. Axial load vs. axial shortening curves in terms of concrete strength. 
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3.3. Behavior of Confined Concrete 

Without considering the small axial stiffness of the FRP wrap, the axial load carried by the concrete 

core can be obtained by deducting the axial load carried by the steel tube from the measured ultimate load. 

The axial load carried by the steel tube is calculated by the product of the cross-sectional area (As) and the 

yield strength (fy) of the steel tube. Then, the axial stress of the confined concrete can be obtained by 

dividing the deduced axial load by the cross-section of the concrete core. On the basis of the previous 

definition of ultimate state, the axial strain of the columns is also the axial strain at the ultimate state of the 

confined concrete. 

The values of the stress and the strain of the confined concrete at the ultimate load are summarized in 

Table 3, in which fccf is the concrete stress of an FCCFST specimen at the ultimate load; fcc is the 

concrete stress of a CFST specimen at the ultimate load; εccf is the axial strain at the ultimate load of an 

FCCFST specimen; and εcc is the axial strain at the ultimate load of a CFST specimen. The nominal axial 

strain of the specimens, obtained by dividing the axial shortening by the height of the columns, is used 

for interpreting the εccf and εcc of confined concrete. It is evident from Table 3 that both the stress and the 

axial strain at the ultimate state can be significantly enhanced as a result of FRP confinement. 

Table 3. Stress and strain of the confined concrete at the ultimate load. 

Specimens fcc, fccf fcc/fccf εcc, εccf εcc/εccf 

t4C40 65.80 – 0.0088 – 
CF1t4C40 80.83 1.23 0.0130 1.49 
CF2t4C40 93.22 1.42 0.0163 1.86 
CF3t4C40 114.89 1.75 0.0235 2.69 
GF1t4C40 85.70 1.30 0.0238 2.71 
GF2t4C40 115.60 1.76 0.0295 3.37 
GF3t4C40 129.05 1.96 0.0340 3.89 

3.3.1. Confining Pressure 

The confining pressure from the FRP wrap can be found from the hoop stress in the FRP wrap. Based 

on the force equilibrium condition, the confining pressure can be determined as: 

f f fa
f

s

ε
σ

E t

R t



 (1)

in which σf is the confining pressure provided by the FRP wrap; Ef is the elastic modulus of the FRP 

wrap; tf is the product of the nominal thickness of the single layer of the FRP wrap and the FRP layer 

number; ts is the thickness of the steel tube; εfa is the average hoop strain of the FRP wrap; and R is the 

internal diameter of the steel tube. 

Figure 7 shows the development of the confining pressure during the loading for the GFCCFST 

specimens. It reveals that the development of the confining pressure from the FRP wrap can be divided 

into two stages. These two stages are distinguished by a characteristic strain, which is near to the 

ultimate strain of unconfined concrete. In the first stage, the confining pressure from the FRP wrap 

develops slowly. In this stage, the concrete does not dilate, and the confining pressure from the steel tube 

is near zero; however, the steel tube expands faster than the concrete core, because of its larger initial 
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Poisson’s ratio. This expansion was constrained by the FRP wrap, promoting a hoop stress in the FRP 

wrap. In the second stage, the confining pressure from the GFRP wrap increased at a constant rate, due to 

the lateral dilation. In this stage, the concrete dilates faster than the steel tube, and it pushes the steel tube 

outward, resulting in a confinement pressure at the interfaces and hoop tensile stress in both the steel 

tube and the FRP wrap. The FRP wrap not only constrains the lateral displacement of the steel tube, but 

also provides additional confinement to concrete through the steel tube. 

Figure 7. Confining pressure from the GFRP wrap. 

 

3.3.2. Lateral Expansion Behavior 

The lateral-to-axial strain curves for the GFCCFST specimens are shown in Figure 8, in which the 

nominal axial strain is used, whereas the lateral strain is the average value of the four hoop strain gauges 

mounted to the steel tube. Figure 8 shows that the curves are generally higher for specimens with a 

thicker FRP wrap, indicating that at the same axial strain, the lateral expansion of the concrete was 

smaller when a thicker FRP was used. 

Figure 8. Nominal axial strain vs. hoop strain in terms of FRP layer number. 

 

Figure 9 shows the lateral-to-axial strain curves of the FCCFST specimens with concrete of different 

strengths. The curves are generally higher for specimens with a higher concrete strength. This indicates 
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that at the same axial strain, the lateral expansion of the concrete was smaller when the concrete with a 

higher strength was used. This is due to the decreased deformation capacity of the higher strength 

concrete. The specimens with higher strength concrete exhibited less hoop strain and axial strain at the 

ultimate load, indicating a lower deformation capacity. 

Figure 9. Nominal axial strain vs. hoop strain in terms of concrete strength. 

 

3.3.3. Strain Efficiency of FRP Wrap 

The efficiency of FRP wrap is often evaluated by the so-called FRP efficiency factor, kε, which is 

defined as the ratio of the average FRP hoop rupture strain in a confined column to the ultimate tensile 

strain obtained from flat coupon tests [23]. The FRP efficiency factor, kε, depends on two factors, 

namely, the strain distribution in the FRP wrap and the maximum hoop strain in the FRP wrap at the 

ultimate state. The influence of the strain distribution is interpreted by the ratio of the average hoop 

strain to the maximum at the ultimate state (kε1). The factor, kε1, is defined to account for the effect of a 

non-uniform strain distribution in the FRP jacket, mainly due to the heterogeneity of the concrete and the 

possible eccentricity of loading. The influence of the maximum hoop strain can be interpreted in terms 

of the ratio of the maximum hoop strain, εf, to the ultimate tensile strain from flat coupon tests, εfu  

(kε2 = εf/εfu). 

Table 2 gives the values of kε2 obtained from the experimental results. The value of kε2 varied from 

0.66 to 0.94 depending on the FRP layer number, the FRP type, the thickness of the steel tube and 

concrete strength. The effects of these parameters on kε2 are shown in Figure 10. 

The effect of the FRP layer number on kε2 is shown in Figure 10a. The value of kε2 increased with the 

FRP layer number. GFRP efficiency is higher than the CFRP efficiency, in particular with two or three 

layers. The average value of kε2 for the GFRP wrap is 0.857, being similar to the average value of 0.820 

for the GFRP-confined concrete column found by Lam and Teng [24]. The average value of kε2 for the 

CFRP wrap is 0.797, being larger than the average value of 0.707 for the GFRP-confined concrete column 

given in [24]. Increasing the thickness of the steel tube increased the value of kε2 slightly, as shown in 

Figure 10b. The effect of concrete strength on the value of kε2 is illustrated in Figure 10c. When the 

concrete strength increased, the value of kε2 decreased significantly. The reason is attributed to the fact 

that the concrete with higher strength had a decreased dilation capacity. The smaller lateral dilation of 

concrete promotes lower hoop stress in the steel tube and FRP wrap. 
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Based on the above analysis, the FRP efficiency mainly depends on the FRP type, the FRP layer 

number and the concrete strength. 

Figure 10. The values of kε2: (a) the FRP layer number; (b) the thickness of the steel tube;  

(c) concrete strength. 

  

 

3.4. Local Behavior of Steel Tube 

The CFST specimen experienced continuous dilation in the mid-height region in the later stage of 

loading. The local buckling of all FCCFST specimens was not so obvious, due to the external 

confinement from the FRP wrap. The comparisons between the nominal axial strain and the axial strain 

gauge reading are used to analyze the local behavior of the steel tube, as shown in Figure 11. The axial 

strain gauge readings shown in Figure 11 are averaged from the four axial strain gauges. 

Figure 11 shows that for the CFST specimen, t4C0, the nominal axial strain and the average axial 

strain readings are generally in close agreement until an axial strain of 0.006, beyond which the average 

axial strain reading becomes significantly larger than the nominal axial strain. This indicates that local 

buckling deformation occurred in the mid-height region of the steel tube. For all the FCCFST 

specimens, except the specimen, CF1t4C40, the nominal axial strain and the average strain gauge 

readings were similar throughout the entire loading process, indicating that the local buckling of the steel 

tube was not significant in these specimens. This is consistent with the experimental observation. For the 

specimen, CF1t4C40, the average axial strain reading is in close agreement until an axial strain of 0.008. 
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Figure 11. Comparisons between nominal axial strain and axial strain gauge readings. 

  

  

4. Prediction of Load Capacity 

The load capacity of the FCCFST (Nu) columns depends on the strength contributions of the steel tube 

(Ns) and the concrete core (Nc). The strength of the concrete is related to the unconfined concrete strength 

(Nc0), the strength enhancement due to the steel tube confinement (Ncs) and the strength enhancement due 

to the FRP confinement unconfined concrete (Ncf). Therefore, the Nu can be given as follows: 

u s c0 cs cfN N N N N     (2)

Without considering the mutual action of the steel tube and FRP wrap in improving the behavior of 

FCCFST columns, the value of the first three terms in Equation (2) can be obtained using the design 

method proposed for CFST columns by Han [25], as given by Equation (3): 

 u c c s1 1.8ξN A f   (3)

where fc is the strength of unconfined concrete and ξs is the confinement index of the steel tube and 

expressed as: 

s y
s

c c

ξ
A f

A f
  (4)

According to the previous research [26,27], the strength enhancement due to FRP confinement, Ncf, is 

closely related to the confining pressure from the FRP wrap, which is defined in Equation (1). The 

confining pressure from the FRP wrap mainly depends on the thickness of, the elastic modulus of and the 

average hoop strain in the FRP wrap and the diameter of the column. Yu [28] employed an FRP 

confinement index (ξf) to consider the effect of these parameters. According to Yu [28], the Ncf can be 

estimated by Equation (6): 
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f f
f

c c

A f

A f
   (5)

in which Af is the cross-sectional area of the FRP wrap: 

cf f c c1.15ξN f A  (6)

Based on Equations (3) and (6), the load capacity of FCCFST columns can be predicted using the 

following equation: 

u s f c c(1 1.8ξ 1.15ξ )N f A    (7)

The predicted ultimate loads using Equation (7) are compared with the experimental results obtained 

in this paper. The predictions agree well with the experimental results. The comparisons are shown in 

Table 2. A mean ratio (Nu/Nup) of 1.025 with a standard deviation of 0.026 is obtained. 

Equation (7) is also used to analyze the test results reported by Xiao et al. [6], Tao et al. [9],  

Hu et al. [7] and Gu et al. [29]. The comparisons are shown in Table 4. As can be seen, Equation (7) can 

be used to accurately predict the ultimate strength of the specimens from Tao et al. [9], Hu et al. [7] and 

Gu et al. [29], but overestimates the ultimate strength of the specimens from Xiao et al. [6]. The reason 

may be attributed to the fact that these specimens have relative high ξf. Thus, more research on the 

FCFST columns with strong confinement needs to be carried out. 

Table 4. Comparisons of the predicted and experimental ultimate strengths. 

Specimens D (mm) 
ts 

(mm) 
fy 

(MPa) 
fcu 

(MPa) 
fc 

(MPa)
nf tf 

ff 
(MPa)

ξs ξf 
Nu 

(kN) 
Nup 

(kN) 
Nu/Nup

Xiao et al. [6] 

CFT 152 2.95 356 – 47 0 – – 0.69 – 1453 1593 0.91 
CCFT-2L-1 152 2.95 356 – 47 2 2.8 897 0.69 1.69 2233 2972 0.75 
CCFT-2L-2 152 2.95 356 – 47 2 2.8 897 0.69 1.69 2266 2972 0.76 
CCFT-4L-1 152 2.95 356 – 47 4 5.6 897 0.69 3.38 3439 4351 0.79 
CCFT-4L-2 152 2.95 356 – 47 4 5.6 897 0.69 3.38 3439 4351 0.79 

Tao et al. [9] 

C1-0 156 3.0 230 – 46 0 – 4212 0.45 – 1245 1328 0.94 
C1-1 156 3.0 230 – 46 1 0.170 4212 0.45 0.48 1649 1731 0.95 
C1-2 156 3.0 230 – 46 2 0.340 4212 0.45 0.96 2053 2135 0.96 
C2-0 250 3.0 230 – 46 0 – 4212 0.28 – 2831 2898 0.98 
C2-1 250 3.0 230 – 46 1 0.170 4212 0.28 0.29 3478 3545 0.98 
C2-2 250 3.0 230 – 46 2 0.340 4212 0.28 0.58 4126 4191 0.98 

Hu et al. [7] 

F0-102 204 2 226 – 42 0 0.17 1826 0.24 0.00 1864 1703 1.09 
F1-102 204 2 226 – 42 1 0.17 1826 0.24 0.17 1993 1932 1.03 
F2-102 204 2 226 – 42 2 0.17 1826 0.24 0.34 2127 2160 0.98 
F3-102 204 2 226 – 42 3 0.17 1826 0.24 0.50 2427 2389 1.02 
F0-135 203 1.5 242 – 42 0 0.17 1826 0.19 0.00 1699 1600 1.06 
F2-135 203 1.5 242 – 42 2 0.17 1826 0.19 0.33 2014 2055 0.98 
F3-135 203 1.5 242 – 42 3 0.17 1826 0.19 0.50 2244 2283 0.98 
F4-135 203 1.5 242 – 42 4 0.17 1826 0.19 0.67 2561 2511 1.02 
F0-202 202 1 231 – 36 0 0.17 1826 0.14 0.00 1380 1280 1.08 
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Table 4. Cont. 

Specimens D (mm) 
ts 

(mm) 
fy 

(MPa) 
fcu 

(MPa) 
fc 

(MPa)
nf tf 

ff 
(MPa)

ξs ξf 
Nu 

(kN) 
Nup 

(kN) 
Nu/Nup

Hu et al. [7] 

F2-202 202 1 231 – 36 2 0.17 1826 0.14 0.39 1749 1733 1.01 
F3-202 202 1 231 – 36 3 0.17 1826 0.14 0.58 1961 1959 1.00 
F4-202 202 1 231 – 36 4 0.17 1826 0.14 0.77 2265 2185 1.04 

Gu et al [29] 

0-1.5 127 1.5 350 55 – 0 – – 0.39 – 890 903 0.99 
0-2.5 129 2.5 350 55 – 0 – – 0.65 – 1140 1157 0.99 
0-3.5 131 3.5 310 55 – 0 – – 0.82 – 1293 1313 0.98 
0-4.5 133 4.5 310 55 – 0 – – 1.06 – 1528 1544 0.99 
1-1.5 127 1.5 350 55 – 1 0.167 1260 0.39 0.16 1086 1000 1.09 
1-2.5 129 2.5 350 55 – 1 0.167 1260 0.65 0.16 1294 1255 1.03 
1-3.5 131 3.5 310 55 – 1 0.167 1260 0.82 0.16 1348 1413 0.95 
1-4.5 133 4.5 310 55 – 1 0.167 1260 1.06 0.17 1689 1645 1.03 
2-1.5 127 1.5 350 55 – 2 0.334 1260 0.39 0.32 1283 1096 1.17 
2-2.5 129 2.5 350 55 – 2 0.334 1260 0.65 0.32 1506 1353 1.11 
2-3.5 131 3.5 310 55 – 2 0.334 1260 0.82 0.33 1593 1512 1.05 
2-4.5 133 4.5 310 55 – 2 0.334 1260 1.06 0.33 1846 1746 1.06 

5. Conclusions 

This paper presents an experimental study aimed at gaining a further understanding of the 

compressive behavior of FRP-confined concrete-filled steel tube columns. The external FRP wrap is 

provided to constrain outward local buckling deformation of the steel tube and to better confine the 

concrete core. The examined parameters were the FRP layer number, the thickness of the steel tube and 

the concrete strength. On the basis of experimental results, the following conclusions can be drawn: 

1. The load capacity and the axial deformation capacity of concrete-filled steel tube columns can be 

effectively improved by the FRP wrap. All specimens failed by the explosive rupture of the FRP 

in the mid-height region because of the lateral expansion of the concrete. 

2. The FRP wrap can delay the outward local buckling deformation of the steel tube and suppress 

the lateral expansion of the concrete in the CFST column. The strength and the strain capacity of 

the concrete can be enhanced by the additional confinement from the FRP wrap. 

3. The GFRP wrap has higher strain efficiency than the CFRP wrap. The CFRP efficiency increases with 

the increasing of the CFRP layer number, but decreases with the increasing of the concrete strength. 

4. A simple model is proposed to predict the load capacity of the FCCFST columns. The model can 

accurately predict the load capacity of the FCCFST columns with not too strong FRP 

confinement. However, it overestimates that of the FCCFST columns with strong FRP 

confinement. Therefore, there is further research needed to develop a more accurate design 

approach when strong FRP confinement is exerted on CFST columns. 

The current phase of the study was focused on the experimental study of the load capacity of short 

FCCFST columns. Experimental and analytical investigation is under way to examine different details 
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for the additional confinement, particularly for slender FCCFST columns and FCCFST columns 

subjected to eccentric loads. 

Acknowledgments 

The funding for this investigation was provided by the Young Scientist Project of the Natural Science 

Foundation of China (51108355), the Natural Science Foundation of Hubei Province, China  

(No. 2011CDB269), and the Fundamental Research Funds for the Central Universities, China. The 

authors greatly appreciate their financial support. 

Author Contributions 

The work presented here was carried out in collaboration between all authors. Yiyan Lu, Na Li and 

Shan Li defined the research theme. Na Li and Shan Li designed the research methods and tested the 

specimens. Na Li analyzed the data and wrote the paper. Shan Li co-worked on the data collection and 

their interpretation and presentation. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Fam, A.; Qie, F.; Rizkalla, S. Concrete-filled steel tubes subjected to axial compression and lateral 

cyclic loads. J. Struct. Eng. 2004, 130, 631–640. 

2. O’Shea, M.D.; Bridge, R.Q. Design of circular thin-walled concrete-filled steel tubes. J. Struct. Eng. 

2000, 126, 1295–1303. 

3. Xiao, Y. Applications of FRP Composites in Concrete Columns. Adv. Struct. Eng. 2004, 7, 335–343. 

4. Teng, J.G.; Yu, T.; Ferando, D. Strengthening of steel structures with fiber-reinforced polymer 

composites. J. Constr. Steel Res. 2012, 78, 131–143. 

5. Smith, S.T.; Kim, M.S.J.; Zhang, H.W. Behavior and Effectiveness of FRP Wrap in the 

Confinement of Large Concrete Cylinders. J. Compos. Constr. 2010, 14, 573–582.  

6. Xiao, Y.; He, W.H.; Choi, K.K. Confined concrete-filled tubular columns. J. Struct. Eng. 2005, 131, 

488–497. 

7. Hu, Y.M.; Yu, T.; Teng, J.G. FRP-Confined Circular Concrete-Filled Thin Steel Tubes under Axial 

Compression. J. Compos. Constr. 2011, 15, 850–860. 

8. Sundarraja, M.C.; Prabhu, G.G. Experimental study on CFST members strengthened by CFRP 

composites under compression. J. Constr. Steel Res. 2012, 72, 75–83. 

9. Tao, Z.; Han, L.H.; Zhuang, J.P. Axial Loading Behavior of CFRP Strengthened Concrete-Filled 

Steel Tubular Stub Columns. Adv. Struct. Eng. 2007, 10, 37–46. 

10. Dong, J.F.; Wang, Q.Y.; Guan, Z.W. Structural behaviour of recycled aggregate concrete-filled 

steel tube columns strengthened by CFRP. Eng. Struct. 2013, 48, 532–542. 

11. Choi, K.K.; Xiao, Y. Analytical model of circular CFRP confined concrete-filled steel tubular 

columns under axial compression. J. Compos. Constr. 2010, 14, 125–133. 



Polymers 2014, 6 1349 
 

 

12. Liu, L.; Lu, Y.Y. Axial bearing capacity of short FRP confined concrete-filled steel tubular columns. 

J. Wuhan Univ. Technol. Mater. Sci. Ed. 2010, 25, 454–458. 

13. Teng, J.G.; Hu, Y.M.; Yu. T. Stress–strain model for concrete in FRP-confined steel tubular columns. 

Eng. Struct. 2013, 49, 156–167. 

14. Li, S.Q.; Chen, J.F.; Bisby, L.A. Strain efficiency of FRP jackets in FRP-confined concrete-filled 

circular steel tubes. Int. J. Struct. Stab. Dy. 2012, 12, 75–94. 

15. Yu, T; Hu, Y.M.; Teng, J.G. FRP-confined circular concrete-filled steel tubular columns under 

cyclic axial compression. J. Constr. Steel Res. 2014, 94, 33–48. 

16. Che, Y.; Wang, Q.L.; Shao, Y.B. Experimental study on hysteretic behaviors of concrete-filled 

circular CFRP-steel tubular beam-columns. China Civ. Eng. J. 2011, 44, 46–54. (In Chinese) 

17. Mao, X.Y.; Xiao, Y. Seismic behavior of confined square CFT columns. Eng. Struct. 2006, 28, 

1378–1386. 

18. Li, S.; Lu, Y.Y.; Li, N. Experimental study on shear resistance performance of concrete-filled 

circular FRP-steel tube columns. J. Build. Struct. 2012, 33, 107–114. 

19. Shan, J.H.; Chen, R.; Zhang, W.X. Behavior of Concrete-Filled Tubes and Confined 

Concrete-Filled Tubes under High Speed Impact. Adv. Struct. Eng. 2007, 10, 209–218. 

20. Xiao, Y.; Shen, Y.L. Impact Behaviors of CFT and CFRP-confined CFT Stub Columns. J. Compos. 

Constr. 2012, 16, 662–670. 

21. Tao, Z.; Han, L.H.; Wang, L.L. Compressive and flexural behaviour of CFRP-repaired  

concrete-filled steel tubes after exposure to fire. J. Constr. Steel Res. 2007, 63, 1116–1126. 

22. Standard Test Method for Tensile Properties of Polymer Matrix Composite Material; ASTM 

D3039/D3039M-08; American Society for Testing and Materials (ASTM), West Conshohocken, 

PA, USA, 2006. 

23. Pessiki, S.; Harries, K.; Kestner, J. Axial Behavior of Reinforced Concrete Columns Confined with 

FRP Jackets. J. Compos. Constr. 2001, 5, 237–245. 

24. Lam, L.; Teng, J.G. Ultimate Condition of Fiber Reinforced Polymer-Confined Concrete.  

J. Compos. Constr. 2004, 8, 539–548. 

25. Han, L.H. Theoretical analysis and experimental researches for the behaviors high strength 

concrete-filled steel tubes. Ind. Constr. 1997, 27, 39–44. (In Chinese) 

26. Lam, L.; Teng, J.G. Strength Models for Fiber-Reinforced Plastic-Confined Concrete. J. Struct. Eng. 

2002, 128, 612–623. 

27. Samaan, M.; Mirmiran, A.; Shahawy, M. Model of Concrete Confined by Fiber Composites.  

J. Struct. Eng. 1998, 124, 1025–1031. 

28. Yu, Q. Behaviors of FRP-Confined Concrete Columns. Master’s Degree, Harbin Institute of 

Technology, Harbin, China, 2002. (In Chinese) 

29. Gu, W., Guan, C.W.; Zhao, Y.H.; Cao, H. Experimental study on concentrically-compressed 

circular concrete filled CFRP steel composite tubular short columns. J. Shenyang Archit. Civ. Eng. 

Univ. (Nat. Sci.) 2004, 20, 118–120. (In Chinese) 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


