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Abstract: A fiber-reinforced polymer (FRP)-steel composite tubed concrete (F-STC) column is 12 

formed by wrapping FRP sheets around a steel tubed concrete column (STC). Both the strength and 13 

deformability of the core concrete are improved by the FRP-steel composite tube and the steel tube 14 

is prevented from corrosion. A number of studies have been conducted on the prediction of stress-15 

strain behavior of FRP-confined concrete columns and steel tube-confined concrete columns. 16 

However, few models focus on the concrete under combined confinement of FRP and steel tube. 17 

This paper presents an analytical study on the design-oriented model for F-STC columns. To 18 

determine the confining stress, the stress distribution of steel tube was firstly analyzed and the 19 

equivalent stress was obtained. In addition, a strain efficiency factor was proposed for the prediction 20 

of rupture strain of FRP. Then the peak condition and ultimate condition of F-STC columns were 21 

investigated and related predicting models for the load bearing capacity and deformation were 22 

proposed. Finally, design-oriented models were proposed for F-STC columns with different types 23 

of axial load-strain curves and generally coincided well with the existing test results. 24 
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1 Introduction 29 

Fiber reinforced polymer (FRP) is widely applied to retrofit existing buildings because of its 30 

advantages of high strength, light weight, good corrosion resistance, and good fatigue resistance [1-31 

4]. But the relatively brittle post-peak behavior and complicated construction procedures limit its 32 

application to newly-built buildings. 33 

Concrete filled steel tube (CFST) column has been recognized as an ideal kind of composite 34 

members to be applied to high-rise and large-span structures. This is because the confinement of 35 

outer steel tube can improve both the strength and ductility of the core concrete and the potential 36 

inward buckling of steel tube is also restricted by the core concrete [5-12]. However, the steel tube 37 

needs to be thick enough to avoid local buckling problem and the confinement of steel tube cannot 38 

be realized at the initial loading stage because of the delamination at the interface between the steel 39 

tube and concrete [9]. Tomii et al. [13] proposed a novel type of composite column termed the steel 40 

tubed concrete (STC) column. The steel tube in the STC column is discontinuous at the beam-41 

column joint section and mainly provides lateral confinement for the core concrete. Without bearing 42 
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any direct axial load, the steel tube does not need to be too thick and the construction process of the 43 

joints is significantly simplified [14-15]. However, for both kinds of columns, the confinement of 44 

steel tube is limited for high strength concrete (HSC) and many measures need to be taken to avoid 45 

the corrosion of steel tube. 46 

Combination of FRP sheets and STC column takes advantages of both FRP and STC columns, 47 

termed the FRP-steel composite tubed concrete (F-STC) column [16-20]. The outer FRP-steel 48 

composite tube is prefabricated at the factory and used as frameworks for the concrete pouring. The 49 

confining stress provided by the FRP-steel composite tube will enhance the strength and ductility 50 

of the core concrete, and the corrosion and buckling problems of steel tube are suppressed by FRP. 51 

In addition, existence of steel tube ensures relatively ductile post-peak behavior of F-STC columns. 52 

Extensive research work has been conducted on the axial behavior of FRP confined CFST (F-CFST) 53 

columns. The influences of the FRP layers [21-29], slenderness ratio of steel tube [28, 30-31], shape 54 

of steel tube [22], diameter-to-thickness ratio of steel tube [23-27], concrete strength [26, 29] on the 55 

axial behavior of FRP confined CFST columns were investigated. Predicted models for the axial 56 

stress-axial strain curves of FRP confined CFST columns were also proposed, including analysis-57 

oriented models [29, 32-34] and design-oriented models [35-36]. Only a few papers, however, 58 

experimentally investigated the behavior of F-STC columns subjected to concentric load [16-20]. 59 

Preliminary studies have demonstrated that combination of FRP and steel tube significantly 60 

improved the strength and deformation capacity of core concrete. It is necessary to come up with 61 

design methods to promote the practical application of F-STC columns. However, to the best 62 

knowledge of the authors, only design-oriented model for F-CFST columns was proposed, which 63 

was not applicable to F-STC columns as the steel tube in F-STC columns did not bear any direct 64 

axial load. To develop an accurate design-oriented model for F-STC columns, a database was firstly 65 

assembled based on existing test results. The stress distribution of steel tube was analyzed and 66 

equivalent stress of steel tube was obtained. And strain efficiency factor was proposed to evaluate 67 

the rupture strain of FRP. Finally, based on investigations on the peak condition and ultimate 68 

condition of F-STC columns, design-oriented models were proposed for F-STC columns with 69 

different types of axial load-strain curves. 70 

2 Experimental test databases 71 

2.1 Limit of diameter-to-thickness ratio of steel tube 72 

The diameter-to-thickness ratio of steel tube (D/ts) is one of the key parameters that influence the 73 

behavior of CFST columns. On one hand, the strength of steel tube cannot be fully used if the D/ts 74 

is too small. On the other hand, if the D/ts is too large, the confinement of steel tube is not sufficient 75 

to improve the strength and ductility of core concrete, and the steel tube will be more susceptible to 76 

local buckling problem. According to Eurocode 4 [37], the influence of local buckling may be 77 

neglected provided that D/ts did not exceed 90
235

f
y

 (f
y
=the yield stress of steel tube). As for F-STC 78 

columns, no direct axial load is applied to the steel tube and the buckling problem of steel tube is 79 

further suppressed by both the concrete and FRP sheets. Therefore, it allows to adopt relatively thin-80 

walled steel tube, resulting in lighter and more economical structures. The lower limit of D/ts of 81 

circular F-STC columns is obtained without consideration of the correction of steel tube strength, 82 

as shown in Eq. (1). 83 



D/ts ≥ 90 (1) 

There is no explicit upper limit of D/ts, however, confinement of steel tube and FRP should be 84 

sufficient to ensure that the core concrete can work together with longitudinal steel bars or steel 85 

shape, which means that the steel bars or steel shape should yield before specimens reach the peak 86 

load. Therefore, the calculated axial strain of F-STC columns at the peak load (εfc
c) should be larger 87 

than the yield strain of steel bars and steel shape (εy). 88 

The database is assembled based on existing studies on the axial behavior of F-STC stub columns 89 

[16-20]. The results included in the database are chosen according to the limit of D/ts and the length 90 

to diameter ratio (L/D ≤ 3). Details of specimens are summarized in Table 1, which covers the 91 

following information of F-STC columns: the geometric dimensions (diameter, D, and length, L); 92 

FRP properties given by the manufacturer (elastic modulus, Efrp, rupture strain, εfu, and thickness, 93 

tf); properties of steel tube (yield stress, fy, and thickness, ts); concrete properties (cubic compressive 94 

strength, fcu, and unconfined strength, fco); measured transverse strain of FRP (strain at peak load, 95 

εfp, and rupture strain, εrupt); peak condition of specimens (peak bearing capacity, Np
e, and 96 

corresponding axial deformation, δp
e); and the ultimate condition of specimens (axial deformation 97 

at ultimate condition, δu
e). fco is obtained according to the relationship between the cylinder 98 

characteristic strength and cubic characteristic strength shown in Eurocode 2 [38], in addition, the 99 

cubic characteristic strength is determined by linear extension of the coefficients in Chinese code 100 

GB-50010-2010 [39]. As presented in Table 1, the cubic strength of concrete (f
cu

) varies from 57 101 

MPa to 105 MPa and D/ts varies from 87 to 172. 102 
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Table 1 Summary of details of test specimens 104 

Paper 
Specimen 

Numbers 

Specimen 

Dimensions 
FRP Properties Steel Properties 

Concrete 

Properties 

Transverse Strain 

of FRP 

Peak 

Condition 

Ultimate 

Condition 

D 

(mm) 

L 

(mm) 

Efrp 

(GPa) 

εfu 

(με) 

tf 

(mm) 

fy 

(MPa) 

ts 

(mm) 

fcu 

(MPa) 

fco 

(MPa) 

εfp 

(με) 

εrupt 

(με) 

Np
e
 

(kN) 

δp
e 

(mm) 

δu
e
 

(mm) 

Guo et al. [16] S1a 200 600 235 16200 0.334 264.3 2 57.1 44 9278 9278 2633 8.54 8.54 

Guo et al. [16] S2a 200 600 235 16200 0.334 264.3 2 57.1 44 9004 9004 2755 9.47 9.47 

Guo et al. [16] S3a 200 600 235 16200 0.334 264.3 2 66.8 52.7 9169 9169 3048 7.95 7.95 

Guo et al. [16] S4a 200 600 235 16200 0.334 264.3 2 66.8 52.7 10111 10111 3017 4.86 4.86 

Guo et al. [16] S5b 260 780 235 16200 0.334 264.3 2 57.1 44 3667 8629 3736 4.92 8.67 

Guo et al. [16] S6b 260 780 235 16200 0.334 264.3 2 57.1 44 4176 8463 3610 4.40 9.39 

Guo et al. [16] S7c 260 780 235 16200 0.334 264.3 2 66.8 52.7 4168 9857 4345 4.8 8.44 

Guo et al. [16] S8c 260 780 235 16200 0.334 264.3 2 66.8 52.7 1602 2245 3847 4.29 7.61 

Liu et al. [17] S9a 200 600 235 16200 0.334 264.3 2 57.1 44 9315 9315 2607 10.55 10.55 

Liu et al. [17] S10a 200 600 235 16200 0.668 264.3 2 57.1 44 10975 10975 3456 14.18 14.18 

Liu et al. [17] S11a 200 600 235 16200 0.668 264.3 2 57.1 44 11338 11338 3083 11.34 11.34 

Liu et al. [17] S12a 200 600 235 16200 0.668 264.3 2 57.1 44 9723 9723 3327 12.12 12.12 

Liu et al. [17] S13a 200 600 235 16200 0.334 264.3 2 66.8 52.7 ― ― 3190 7.98 7.98 

Liu et al. [17] S14a 200 600 235 16200 0.668 264.3 2 66.8 52.7 9182 9182 3846 10.17 10.17 

Liu et al. [17] S15a 200 600 235 16200 0.668 264.3 2 66.8 52.7 8957 8957 3469 9.42 9.42 

Liu et al. [17] S16a 200 600 235 16200 0.668 264.3 2 66.8 52.7 10513 10513 3776 10.32 10.32 

Liu et al. [17] S17b 260 780 235 16200 0.334 264.3 2 57.1 44 1965 8393 3360 4.52 9.30 

Liu et al. [17] S18a 260 780 235 16200 0.668 264.3 2 57.1 44 6799 6799 4780 15.52 15.52 

Liu et al. [17] S19a 260 780 235 16200 0.668 264.3 2 57.1 44 4800 4800 4050 11.26 11.26 

Liu et al. [17] S20a 260 780 235 16200 0.668 264.3 2 57.1 44 10157 10157 4757 13.79 13.79 



Liu et al. [17] S21c 260 780 235 16200 0.334 264.3 2 66.8 52.7 3001 3546 4321 4.84 7.42 

Liu et al. [17] S22a 260 780 235 16200 0.668 264.3 2 66.8 52.7 7278 7278 4711 9.61 9.61 

Liu et al. [17] S23a 260 780 235 16200 0.668 264.3 2 66.8 52.7 9668 9668 5374 11.75 11.75 

Liu et al. [17] S24a 260 780 235 16200 0.668 264.3 2 66.8 52.7 9869 9869 5131 13.68 13.68 

Guo et al. [18] S25a 260 780 246 17100 0.334 299 2 76.5 60.8 10169 10169 4788 6.41 6.41 

Guo et al. [18] S26a 260 780 246 17100 0.334 299 2 76.5 60.8 10664 10664 4779 8.37 8.37 

Guo et al. [18] S27a 260 780 246 17100 0.334 299 2 76.5 60.8 9212 9212 4677 5.36 5.36 

Guo et al. [18] S28a 260 780 246 17100 0.668 299 2 76.5 60.8 10828 10828 5890 10.20 10.20 

Guo et al. [18] S29a 260 780 246 17100 0.668 299 2 76.5 60.8 8397 8397 5596 9.00 9.00 

Guo et al. [18] S30a 260 780 246 17100 0.668 299 2 76.5 60.8 8602 8602 5340 5.50 5.50 

Liu et al. [19] S31a 260 780 246 17100 0.334 299 2 72.5 58.4 10862 10862 4494 5.80 5.80 

Liu et al. [19] S32a 260 780 246 17100 0.334 299 2 72.5 58.4 13257 13257 4747 6.57 6.57 

Liu et al. [19] S33a 260 780 246 17100 0.334 299 2 72.5 58.4 11863 11863 4581 7.02 7.02 

Liu et al. [19] S34a 260 780 246 17100 0.668 299 2 72.5 58.4 7100 7100 5567 8.31 8.31 

Liu et al. [19] S35a 260 780 246 17100 0.668 299 2 72.5 58.4 8718 8718 5419 7.75 7.75 

Liu et al. [19] S36a 260 780 246 17100 0.668 299 2 72.5 58.4 15355 15355 5558 11.13 11.13 

Liu et al. [19] S37c 200 600 246 17100 0.334 299 2 105 80.6 2568 6332 4127 2.36 3.76 

Liu et al. [19] S38c 200 600 246 17100 0.334 299 2 105 80.6 5443 9392 4230 2.33 3.44 

Liu et al. [19] S39c 200 600 246 17100 0.334 299 2 105 80.6 2292 9068 4212 2.18 4.04 

Liu et al. [19] S40a 200 600 246 17100 0.668 299 2 105 80.6 7442 7442 4523 4.89 4.89 

Liu et al. [19] S41a 200 600 246 17100 0.668 299 2 105 80.6 11792 11792 4939 5.21 5.21 

Liu et al. [19] S42a 200 600 246 17100 0.668 299 2 105 80.6 10566 10566 4642 4.62 4.62 

Liu et al. [19] S43c 260 780 246 17100 0.334 299 2 105 80.6 2325 7101 6567 2.73 3.98 

Liu et al. [19] S44c 260 780 246 17100 0.334 299 2 105 80.6 3174 7453 6568 2.65 3.98 

Liu et al. [19] S45c 260 780 246 17100 0.334 299 2 105 80.6 2018 7161 6514 2.69 4.07 



Liu et al. [19] S46c 260 780 246 17100 0.668 299 2 105 80.6 2687 5778 6269 2.43 4.00 

Liu et al. [19] S47c 260 780 246 17100 0.668 299 2 105 80.6 2685 6401 6332 2.66 4.92 

Liu et al. [19] S48c 260 780 246 17100 0.668 299 2 105 80.6 2093 9408 6374 2.77 4.64 

Liu et al. [19] S49b 260 780 246 17100 0.835 299 2 105 80.6 4891 8377 6927 2.52 5.18 

Ran [20] S50b 172 510 245 15100 0.167 188 1 68.7 54.7 1750 8200 1787 2.39 5.508 

Ran [20] S51a 172 510 245 15100 0.334 188 1 68.7 54.7 6300 6300 2289 7.395 7.395 

Ran [20] S52a 172 510 245 15100 0.501 188 1 68.7 54.7 5200 5200 2574 6.783 6.783 

Ran [20] S53c 174 510 245 15100 0.167 192 2 68.7 54.7 2280 6800 2090 2.35 7.45 

Ran [20] S54a 174 510 245 15100 0.334 192 2 68.7 54.7 7000 7000 2602 8.874 8.874 

Ran [20] S55a 174 510 245 15100 0.501 192 2 68.7 54.7 7400 7400 3076 10.71 10.71 

Ran [20] S56c 174 510 245 15100 0.334 192 2 81.1 63.4 1345 6300 2846 2.30 6.07 

Ran [20] S57a 174 510 245 15100 0.501 192 2 81.1 63.4 7000 7000 3316 5.41 5.41 

Ran [20] S58c 172 510 80 18000 0.23 188 1 68.7 54.7 1310 6900 1767 2.19 5.00 

Ran [20] S59c 172 510 80 18000 0.46 188 1 68.7 54.7 2540 6900 1714 2.96 7.29 

Ran [20] S60c 174 510 80 18000 0.23 192 2 68.7 54.7 1970 8300 1921 2.70 7.75 

Ran [20] S61b 174 510 80 18000 0.46 192 2 68.7 54.7 9900 9900 2182 3.42 8.31 
a Specimens with bi-linear type of axial load-strain curves; 105 
b Specimens with elastic-plastic type of axial load-strain curves; 106 
c Specimens with linear-nonlinear type of axial load-strain curves. 107 
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2.2 Classification of axial load-strain curves 109 

The typical axial load-strain curves of F-STC columns are shown in Fig. 1, in which the nominal 110 

axial strain are calculated by Eq. (2). The load-strain curves experience three stages: initial elastic 111 

stage (Stage I), plastic stage (Stage II), and strengthening or softening stage (Stage III). At the initial 112 

elastic stage, the axial load increases linearly with axial strain. Then axial strain begins to speed up 113 

as the plastic deformation of concrete increases and the curves display variations at the third stage 114 

(strengthening or softening stage). 115 

εc=δ/l (2) 

where δ and l are the measured axial deformation and gauge length of a specimen, respectively. 116 

0 εc

N

IIII II

Linear-nonlinear type

Elastic-plastic type

Bi-linear type

 
Fig. 1 Typical axial load-strain curves of F-STC columns 

The axial load-strain curves of F-STC columns can be divided into three types: bi-linear, elastic-117 

plastic, and linear-nonlinear/parabolic types, as shown in Fig. 1. It is more likely to be bi-linear type 118 

when there are more layers of FRP, lower concrete strength, and smaller D/ts, therefore, the 119 

confinement ratio (fl/fco) is adopted to classify the axial load-strain curves [19], where fl is the 120 

confining stress at ultimate condition and can be determined by Eqs. (25)-(27) in Section 3.3. As 121 

shown in Fig. 2, the bi-linear type is more likely when fl/fco>0.2, or the linear-nonlinear type is the 122 

more likely type. Note that the critical value of 0.2 is determined to ensure a relatively conservative 123 

prediction as some specimens with bi-linear type of axial load-strain curves are classified into linear-124 

non-linear type. It is obvious that all curves have two important conditions: the peak load condition 125 

and the ultimate condition. The peak load condition means that the load reaches the load bearing 126 

capacity of columns, while the ultimate condition is defined as the time when the rupture of FRP 127 

jackets occurs. For F-STC columns with bi-linear type of load-strain curves, the peak condition can 128 

also be treated as ultimate condition as FRP ruptures at peak load, while for F-STC columns with 129 

elastic-plastic or linear-parabolic type of load-strain curves, these two conditions are totally different 130 

as rupture of FRP occurs beyond peak load. 131 
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Fig. 2 Type of load-axial shortening curve versus confinement ratio 

3 Confining stress 132 



3.1 Stresses of steel tube at peak load 133 

The axial stress of steel tube in F-STC columns mainly accumulates from the frictional stress 134 

between steel tube and concrete as the steel tube does not bear any direct axial load. Therefore, the 135 

steel tube only bears transverse stress at the disconnected section, while it is in plane stress state at 136 

the middle section. Referring to the methods adopted by Wang [40], equations of the stress 137 

distribution of steel tube are established, which are based on the following assumptions. 138 

(1) Deformation of core concrete distributes evenly along the height, which means that the axial and 139 

transverse strains of concrete maintain constant at different section. 140 

(2) The transverse strains of FRP, steel tube, and concrete equal to each other. 141 

(3) Slip between steel tube and concrete will not disappear until the axial strain of steel tube 142 

accumulates to be equal to that of concrete during the loading process. The frictional coefficient μ 143 

is taken as 0.3 for a flat thin-walled steel tube [41-42]. 144 

(4) The steel tube yields along the height at the peak load. 145 

(5) The axial stress of FRP is neglected. 146 

As shown in Fig. 3, a coordinate system is established from the disconnected section. The steel tube 147 

cell is subjected to the axial stress and frictional stress (f) in the axial direction, in which the frictional 148 

stress is induced by the outward confining stress at peak load (f
l,p

). 149 
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Fig. 3 Stress distribution of steel tube at peak load 

Force equilibrium equations in the axial direction are established for the dx height steel tube cell, in 150 

which σ
sv,p

, σ
sh,p

 ,  f
ls,p

, f
lf,p

are the longitudinal and transverse stress of steel tube at peak load, and 151 

confining stress provided by steel tube and FRP, respectively. 152 

σ
sv,p

πDt
s
+fπDdx=(σ

sv,p
+dσ

sv,p
)πDt

s
 (3) 

f=μf
l,p

=μ(f
ls,p

+f
lf,p

) (4) 

f
ls,p

=2t
s
σ

sh,p
/D (5) 

f
lf,p

=2t
f
σ

fθ,p
/D (6) 

And σ
fθ,p

 is the transverse stress of FRP at peak load , which can be determined by Eq. (7). 153 

σ
fθ,p

=E
frp

εfp (7) 

Plugging Eqs. (4)-(6) into Eq. (3), the following equation can be obtained. 154 

σ
sh,p

=
D

2μ

dσ
sv,p

dx
-

t
f

t
s

σ
fθ,p

 (8) 

According to assumption (4), the steel tube yields along the height of the columns, therefore, 155 

longitudinal and transverse stress of steel tube meet the von Mises yield criterion. 156 

𝜎
sv,p

2 +𝜎
sh,p

2 -σ
sv,p

σ
sh,p

=f
y

  2
 (9) 



Then, Eq. (10) is obtained. 157 

(
D

μ

dσ
sv,p

dx
-

2t
f

t
s

σ
fθ,p

-σ
sv,p
)

2

+(√3σ
sv,p
)

2
= (2f

y
)

2

 (10) 

To solve the function, parameter θ is introduced. Therefore, Eq. (10) can be rewritten as Eqs. (11) 158 

and (12). 159 

D

μ

dσ
sv,p

dx
-

2t
f

t
s

σ
fθ,p

-σ
sv,p
= 2f

y
cos θ (11) 

√3σ
sv,p
= -2f

y
sin θ (12) 

where σsv,p∈[-fy,0], and θ∈[0,π/3]. Solve Eqs. (11) and (12), and the following result is obtained. 160 

dx

dθ
=

D cos θ

μ(sin θ -√3 cos θ -a)
 (13) 

where a=
√3tfσfθ,p

tsfy
, and Eq. (14) is then obtained after integration. 161 

𝑥 =

{
  
 

  
 D

4μ
ln | sin (θ−

π

3
) -a| -

√3D

4μ
θ-

√3aD

2μ√a2-1
tan-1(

1-a tan (
θ
2

-
π
6
)

√a2-1
)+C1           a≥1

D

4μ
ln | sin (θ−

π

3
) -a| -

√3D

4μ
θ-

√3aD

4μ√1-a2
ln |

a tan (
θ
2

-
π
6
)+√1-a2-1

a tan (
θ
2

-
π
6
) -√1-a2-1

| +C2    a<1

 (14) 

To obtain the value of constants C1 and C2, boundary condition is plugged here, which means x=0 162 

when θ=0. 163 

C1=
√3aD

2μ√a2-1
tan-1 (

√3a+3

3√a2-1
) -

D

4μ
ln(

√3

2
+a) (15) 

C2=
√3aD

4μ√1-a2
ln |
√3a+√1-a2-1

√3a-√1-a2-1
| -

D

4μ
ln(

√3

2
+a) (16) 

The parametric stress distribution equations of steel tube along the height of column (x) are shown 164 

below. 165 

σ
sv,p
= -

2√3

3
sin(θ)f

y
 (17) 

σ
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√3f
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√3a

√1-a2
ln |

a tan (
θ
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-
π
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a tan (
θ
2

-
π
6
) -√1-a2-1

|

4μ
+

C2

D
    a<1

 (19) 

As shown in Fig. 4, the transverse stress of steel tube decreases from fy at the disconnected section 166 

to a certain value at a middle section, while the longitudinal stress accumulates from 0 at the 167 

disconnected section to a certain value at a middle section, both are highly related to the location of 168 



steel tube. But it should be noted that all equations are established based on the assumption (3), 169 

indicating that the results are unavailable at sections where there is no slip between concrete and 170 

steel tube. After the height of column exceeds the critical section xc, the stresses of steel tube 171 

maintain stable, therefore, it is very crucial to determine the critical section. 172 
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Fig. 4 Typical tube stresses versus μx/D curves 

The values of μxc/D are solved based on existing test results, as shown in Fig. 5. Most of the values 173 

of μxc/D are in the range of 0-0.2 with a mean value of 0.073 and standard deviation of 0.034. 174 

Therefore, the height of the critical section is xc=0.073D/μ=0.24D. As shown in Fig. 4, it is obvious 175 

that the stresses of steel tube distribute approximately linearly between the disconnected section and 176 

critical section. 177 

0

0.2

0.4

0.6

Specimens

μ
x c

/D

μxc/D

Average Value

 

Fig. 5 Statistic results of μxc/D in the tests 

Therefore, expressions of stress distribution of steel tube at peak load are obtained, as shown in Eqs. 178 

(20) and (21). 179 

σ
sv,p

f
y

= {
-7.26μ

x

D
           0≤x<xc

-0.53                       x≥xc

 (20) 

σ
sh,p

f
y

= {
1-5.2μ

x

D
           0≤x<xc

0.62                         x≥xc

 (21) 

Based on Eqs. (20) and (21), the stress distribution of steel tube can be illustrated, as shown in Fig. 180 

6. 181 
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Fig. 6 Typical stress distribution of steel tube of F-STC columns at peak load 

Equivalent transverse stress (σ
sh,a

) is adopted to reflect the average confinement provided by steel 182 

tube, as shown in Eqs. (22) and (23), in which Khf is the equivalent transverse stress factor and xt is 183 

the length of the continuous steel tube. It should be noted that the stresses of steel tube keep constant 184 

in the non-slip zone and the length of slip zone is relatively small, therefore, it is reasonable to adopt 185 

the same calculation methods for the stress of steel tube at ultimate condition for F-STC columns 186 

with elastic-plastic or linear-parabolic stress-strain curves. 187 

σ
sh,a

=Khffy (22) 

Khf={

1-0.39
xt

D
                   xt<0.48D

0.62+0.09
D

xt

             xt≥0.48D
 (23) 

3.2 Strain of FRP at peak load 188 

It is very interesting that the rupture strain of FRP is smaller than that obtained from flat coupon test, 189 

which is demonstrated in previous studies [17, 23, 26, 43]. And this phenomenon is probably caused 190 

by the following several reasons [44-47]. 191 

(1) Curvature of FRP sheets. The FRP coupons are fabricated to be flat for material mechanical test, 192 

while FRP jackets are wrapped around the columns in practical application. 193 

(2) Multi-directional stress state. Uniaxial tensile force is applied to FRP coupons, while it is also 194 

subjected to longitudinal and lateral stresses. 195 

(3) Geometric deficiency of steel tube. This will lead to the uneven deformation of FRP. 196 

(4) Overlapping zone of FRP jackets. Test results indicate that the transverse strain of FRP in 197 

overlapping zone is smaller than that out of overlapping zone. 198 

(5) Inhomogeneity of concrete. Cracks of concrete develop randomly, which will lead to stress 199 

concentration in FRP jackets. 200 

To determine the confining stress of FRP, it is very important to predict the rupture strain of FRP. 201 

Strain efficiency factor Kε is adopted to account for the difference of rupture strains between the test 202 

results and flat coupon tests [43, 46]. Based on the regression analysis on the measured strain 203 

efficiency factor, an empirical model adopted the similar form proposed by Lim and Ozbakkaloglu 204 

[48] for predicting the rupture strain of FRP is obtained and shown in Eq. (24). 205 

K
ε
=0.7-2.87×10-5

Efrptf

D
-0.0012f

co
 (24) 

It should be noted that for specimens with elastic-plastic or linear-parabolic type stress-strain curves, 206 

FRP generally ruptures beyond the peak load (Table 1). The ratio between the transverse strain at 207 



the peak load and rupture strain given by the manufacturer of these two types of specimens (K
εp
) is 208 

shown in Fig. 7, and the mean value is approximately 0.134. Note that for some specimens with 209 

elastic-plastic type axial load-strain curves, the horizontal branch maybe fluctuating, leading to an 210 

overestimation of FRP rupture strain at peak load condition. Thus these data are excluded for the 211 

prediction of Kεp. 212 
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Fig. 7 Strain efficiency factor of FRP at peak load for FRP-steel composite tubed concrete 

columns with elastic-plastic or linear-parabolic stress-strain curves 

3.3 Confining stress 213 

The confining stress of FRP-steel composite tubed concrete columns at ultimate condition (fl) 214 

consists of confining stress provided by FRP (f
lf
) and steel tube (f

ls
). And the confining stress at peak 215 

load (fl,p) is calculated by replacing the strain efficiency factor Kε with Kεp. It should be noted that 216 

the transverse strains of FRP and steel are essentially the same, which is indeed an important 217 

assumption in the determination of tube stress (Assumption (2), Section 3.1). However, this 218 

assumption is not explicitly reflected in Eqs. (26) and (27), but is implicitly used in developing the 219 

equations (Eq. (23)) for Khf, which is an important factor in Eq. (26) for calculating the confining 220 

pressure provided by the steel tube. 221 

f
l
= f

ls
+ f

lf
 (25) 

f
ls

=
2Khftsfy

D
 (26) 

f
lf
=

2Kεεfu
Efrptf

D
 (27) 

4 Design-oriented model 222 

4.1 Peak condition of F-STC columns 223 

4.1.1 Axial load bearing capacity 224 

Four existing models were selected to be verified with the load bearing capacity of F-STC columns. 225 

In this study, a new model is proposed with the same form as Richart et al.’s model (fcc/fco=1+Kfl/fco) 226 

[53] and the confinement effectiveness coefficient K is valued as 3.26 based on the regression 227 

analysis of test results. Details of calculated models are shown in Table 2. To simplify the calculation 228 

methods for the load bearing capacity of F-STC columns with different types of stress-strain curves, 229 

the proposed model is applicable to all kinds of F-STC columns. This is realized by using rupture 230 

strain rather than the transverse strain at peak load to calculate the confining stress of F-STC 231 

columns with elastic-plastic or linear-nonlinear types of axial load-strain curves, which is reasonable 232 



considering the following two facts. 233 

(1) For F-STC columns with elastic-plastic or linear-nonlinear types of stress-strain curves, the 234 

transverse strain of FRP at peak load is much lower than rupture strain, providing approximately 235 

20% of the maximum lateral confining stress of FRP. The confinement ratio is small (
f
l

f
co

<0.1 ), 236 

therefore, the coefficient K needs to be large enough to accurately predict the axial bearing capacity. 237 

(2) For F-STC specimens with bi-linear type stress-strain curves, rupture strain is used to calculate 238 

lateral confining stress. Therefore, the coefficient K is valued as 3.26, which is smaller than that of 239 

F-STC columns with elastic-plastic or linear-parabolic stress-strain curves. 240 

Therefore, using rupture strain to calculate confining stress is an alternative to increase the 241 

coefficient K, resulting in a unified model for the calculation of load bearing capacity. 242 

 243 

Table 2 Models for load bearing capacity 244 

Reference Details of models 

Mander[49] f
fc

=f
co
(-1.254+2.254√1+7.94

f
l

f
co

-2
f
l

f
co

) (28) 

Li[50] f
fc

=f
co
(-0.413+1.413√1+11.4

f
l

f
co

-2
f
l

f
co

) (29) 

Xiao[51] f
fc

=f
co
(1+3.24(

f
l

f
co

)

0.8

) (30) 

Teng[52] f
fc

=f
co
(1+3.5

f
l

f
co

) (31) 

Proposed model f
fc

=f
co
(1+3.26

f
l

f
co

) (32) 

The load bearing capacity can be determined by Eq. (33), in which the cross section area is taken as 245 

gross area and the axial stress of steel tube is neglected. This is mainly because of the following two 246 

reasons: (1) the D/ts is relatively large, resulting in relatively small area of steel tube; (2) the steel 247 

tube in F-STC does not bear any direct axial load. Therefore, the contribution of axial stress of steel 248 

tube to the load bearing capacity of F-STC columns is limited. In addition, a parametric study has 249 

been conducted on the comparison of two kinds of calculation methods for the load bearing capacity 250 

of F-STC columns: one employs Eq. (33) to calculate the load bearing capacity, the other considers 251 

the axial stress of steel tube and concrete, respectively. The difference between these two methods 252 

is within 10%, which indicates that the neglect of axial stress of steel tube is reasonable. 253 

Np
 c=f

fc
A (33) 

Fig. 8 shows the comparison between the predicted results (Np
c) and experimental results (Np

e), in 254 

which X and S are the average value and standard deviation of the ratio between the calculation 255 

results and experimental results. As shown in Fig. 8, Mander’s and Xiao’s models overestimate the 256 

load bearing capacity, while Li’s model underestimates the test results. Teng’s model coincides 257 

better with the test results and the proposed model agrees best with the experimental results among 258 

the five models. 259 
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(a) Mander’s model (b) Li’s model 
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(c) Xiao’s model (d) Teng’s model 
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(e) Proposed model 

Fig. 8 Verification of calculation results 

4.1.2 Axial strain at peak load 260 

As shown in Table 3, three existing models and one proposed model for predicting the axial strain 261 

at peak load were used to be verified with the test results, in which the confining stress is calculated 262 

by Eqs. (25)-(27). 263 

Table 3 Models for peak axial strain 264 

Reference Details of models 

Mander[49] εfc
c =εco (1+5(

f
fc

f
co

− 1)) (34) 



Teng[52] εfc
c =εco (1+17.5(

f
l

f
co

)

1.2

) (35) 

Attard[54] εfc
c =εco (1+(17-0.06f

co
)

f
l

f
co

) (36) 

Proposed model εfc
c =

{
 
 

 
 εco (1+(27-0.12f

co
)

f
l

f
co

)          
f
l

f
co

>0.2

εco (1+(38-0.31f
co
)

f
l,p

f
co

)          
f
l

f
co

≤0.2

 (37) 

The comparison between calculation results and test results is shown in Fig. 9. The predicted results 265 

of Mander’s model, Teng’s model and Attard’s model underestimate the test results, while the 266 

proposed model agrees well with test results. 267 
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Fig. 9 Verification of calculation results 

 269 

4.2 Ultimate condition of F-STC columns 270 

As for F-STC columns with elastic-plastic and linear-parabolic types of stress-strain curves, a new 271 

model for the calculation of ultimate strain needs to be proposed. Based on the regression analysis 272 

on the ultimate strain of these two types of columns, the calculation method for the ultimate strain 273 

can be obtained. 274 

 275 



εcu
c =εco (1+(49-0.43f

co
)

f
l

f
co

) (38) 

As shown in Fig. 10, the calculated results of the proposed model are generally in good agreement 276 

with the test results despite the relatively scatter of the test results. A larger database is needed for 277 

the development of an improved model in the future. 278 
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Fig. 10 Verification of calculation results 

 279 

4.3 Peak condition of STC columns 280 

A large database for the circular and square STC columns under axial compression was assembled 281 

by Wang [40], which covers a wide range of parameters: concrete strength (34.5MPa-95.2MPa), 282 

yield stress of steel tube (185.7MPa-448MPa), diameter/width-to-thickness ratio of steel tube (64-283 

221), and continuous length-to-diameter/width ratio of steel tube (0.6-5.9). In wang’s study, the peak 284 

load bearing capacity and corresponding axial strain of STC columns are suggested to be predicted 285 

by Eqs. (39) and (40). 286 

f
sc

=f
co
(1+5.1

f
le

f
co

) (39) 

εsc=εco (1+(17-0.06f
co
)

f
le

f
co

) (40) 

f
le
=

2Khtsfy

D
 (41) 

Kh = -0.1
xt

D
+1≥0.5 (42) 

4.4 Design formulas 287 

4.4.1 Bi-linear type 288 

A lot of design-oriented models have been developed for FRP confined concrete columns, which 289 

have been reviewed and assessed by Ozbakkaloglu et al. [55]. And Lam and Teng’s model is the 290 

most accurate and possesses a relatively simple form [3]. With some modification, this model has 291 

been applied to ACI-440.2R [56] and the design guidance issued by the Concrete Society in the UK 292 

[57]. The proposed design-oriented model is modified from Teng’s model, which is based on the 293 

following assumptions. 294 

(1) The nominal stress-strain curve consists of a parabolic branch and a linear branch, as shown in 295 



Fig. 11. 296 

(2) The parabolic branch meets the linear branch smoothly, which means that the value and slope at 297 

the meeting point (εt) are identical for the two branches. 298 

(3) The initial slope of first parabolic branch equals to the elastic modulus of unconfined concrete, 299 

and it can be calculated by Ec=4730√f
co

. 300 

(4) The second linear branch terminates at the point where the peak condition of F-STC columns 301 

reaches. 302 

(5) The linear branch intercepts the axial stress axis at a stress level the same as the compressive 303 

strength of STC columns. 304 
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Fig. 11 Design-oriented model for bi-linear F-STC columns 

Details of the design-oriented model for bi-linear F-STC columns are described as Eqs. (43)-(45). 305 

σc={
Ecεc-

(Ec-E2)
2

4f
sc

εc
2               0≤εc≤εt

f
sc

+E2εc                          εt≤εc≤εfc

 (43) 

E2 =
f
fc
− f

sc

εfc

 (44) 

εt =
2f

sc

Ec-E2

 (45) 

4.4.2 Elastic-plastic type 306 

As for F-STC columns with elastic-plastic type of load-strain curves, it is assumed that the design-307 

oriented model is composed of a parabolic branch and a horizontal branch, as shown in Fig. 12. 308 
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Fig. 12 Design-oriented model for elastic-plastic F-STC columns 

The slope of the peak point of parabolic branch equals to zero, details of the proposed model are 309 

shown in Eq. (46). 310 

σc={
2

f
fc

εfc
εc-

f
fc

εfc
2

εc
2                  0≤εc≤εfc

f
fc

                                 εfc≤εc≤εcu

 (46) 

4.4.3 Linear-nonlinear type 311 

Popvics’s model is adopted for the design of F-STC columns with linear-nonlinear type of load-312 

strain curves [58]. And a shape correction factor √
f
co

30
  is adopted to consider the brittleness of 313 

concrete, especially for high-strength concrete [40]. 314 

σc=
(εc εfc⁄ )r

r-1+(εc εfc⁄ )r
f
fc

 (47) 

r=√
f
co

30

Ec

Ec-Esec

 (48) 

Esec=
f
fc

εfc

 (49) 

The axial load is calculated by Eq. (50). 315 

N=σcA (50) 

A comparison of the design-oriented model with the test results in the database is shown in Fig. 13. 316 

As shown in Fig. 2, the type of load-axial shortening curves determined by the classification 317 

methods mentioned in Section 2.2 (confinement ratio) may be inconsistent with that obtained from 318 

the test results. Therefore, only one predicted curve (“Proposed model”) is presented in Fig. 13 if 319 

the curve type determined by the classification methods is consistent with that from the test results. 320 

When the curve type obtained from the classification methods is inconsistent with that from the test 321 

results, two predicted curves are presented in Fig. 13: “Proposed model” and “Proposed model-C”. 322 

“Proposed model” (solid line) represents the calculated result according to the load-strain curve 323 

types obtained from the test results, while “Proposed model-C” (dashed line) denotes the calculated 324 

results according to the classification methods. The proposed models are generally in good 325 

agreement with the test results. 326 
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(c) Specimens 5 and 6 (d) Specimens 7 and 8 
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(e) Specimen 9 (f) Specimens 10 to 12 
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(g) Specimen 13 (h) Specimens 14 to 16 
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(i) Specimen 17 (j) Specimens 18 to 20 
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(k) Specimen 21 (l) Specimens 22 to 24 
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(m) Specimens 25 to 27 (n) Specimens 28 to 30 
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(o) Specimens 31 to 33 (p) Specimens 34 to 36 
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(q) Specimens 37 to 39 (r) Specimens 40 to 42 
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(s) Specimens 43 to 45 (t) Specimens 46 to 48 
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(u) Specimen 49 (v) Specimen 50 
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(y) Specimen 53 (z) Specimen 54 
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Fig. 13 Verification of proposed design-oriented model 

5 Conclusions 328 

This paper proposed design-oriented models for the axially-loaded FRP-steel composite tubed 329 



concrete stub columns. The proposed models are generated on the basis of a large test database, 330 

which are applicable to three different types of F-STC columns. The main conclusions can be 331 

summarized as follows. 332 

(1) The axial load-strain curves of F-STC columns can be classified into three types according to 333 

the confinement ratio: bi-linear type, elastic-plastic type and linear-nonlinear/parabolic type, and the 334 

critical value is 0.2. 335 

(2) The stress distribution of steel tube is analyzed, and equivalent transverse stress is proposed. 336 

And an empirical model for the rupture strain of FRP is presented. 337 

(3) Models are selected to be verified with the peak condition of F-STC columns, and new models 338 

are proposed for the prediction of load bearing capacity and corresponding axial deformation. 339 

(4) F-STC columns fail by the rupture of FRP, which is defined as the ultimate condition. For F-340 

STC columns with bi-linear load-strain curves, the peak condition is also treated as the ultimate 341 

condition, while for F-STC columns with elastic-plastic and linear-parabolic types of load-strain 342 

curves, an additional model is proposed to predict the ultimate strain. 343 

(5) Design-oriented models are proposed for these three types F-STC column. As for F-STC 344 

columns with bi-linear type of load-strain curves, the design formulas are composed of parabolic 345 

and ascending lines, while for elastic-plastic columns, it consists of parabolic-horizontal lines. And 346 

a modified Popovics’s model is proposed for the design of linear-parabolic columns. 347 

Notation 348 

a a coefficient related to material properties 

A the gross area of a specimen 

C1 a constant in the solution of stress distribution functions 

C2 a constant in the solution of stress distribution functions 

D the diameter of steel tube 

dx the height of the steel tube cell 

dσsv,p the increment of the longitudinal stress of steel tube within dx 

E2 the slope of the linear branch of stress-strain curves of F-STC columns 

Ec the elastic modulus of unconfined concrete 

Efrp the elastic modulus of FRP 

Esec the secant modulus of confined concrete 

f the frictional stress between steel tube and concrete 

fco the unconfined concrete strength 

fcu the cubic compressive strength of concrete 

ffc the confined concrete strength of F-STC columns 

fl the confining stress of F-STC columns at ultimate condition 

fle the confining stress of steel tube in STC columns 

fl,p the confining stress of F-STC columns at peak load 

flf the confining stress of FRP at ultimate condition 

flf,p the confining stress of FRP at peak load 

fls the confining stress of steel tube 

fsc the confined concrete strength of STC columns 

fy the yield stress of steel tube 

K the confinement effectiveness coefficient 



Khf the equivalent transverse stress factor of steel tube in F-STC columns 

Kh the equivalent transverse stress factor of steel tube in STC columns 

Kε the strain efficiency factor of FRP 

Kεp the strain efficiency factor of FRP at peak load for specimens with elastic-plastic and 

linear-parabolic stress-strain curves 

l the gauge length of a specimen 

L the length of a specimen 

N the axial load of a specimen 

Np
c the calculated bearing capacity of a specimen 

Np
e
 the measured bearing capacity of a specimen 

tf the thickness of FRP 

ts the thickness of steel tube 

x the location of a section at the coordinate system 

xc the location of the critical section at the coordinate system 

xt the length of the continuous steel tube 

δ the measured axial deformation of a specimen 

δp
e the measured axial deformation of a specimen at peak load 

δu
e
 the measured axial deformation of a specimen at ultimate condition 

εc the axial strain 

εcu the axial strain of F-STC columns at ultimate condition 

εfc
c the calculated axial strain of F-STC columns at peak load 

εfc
e the measured axial strain of F-STC columns at peak load 

εfp the transverse strain of FRP at peak load 

εfu the rupture strain of FRP given by manufacturer 

εrupt the measured rupture strain of FRP 

εsc the axial strain of STC columns at peak load 

εt the axial strain at the meeting point of parabolic branch and linear branch 

εy the yield strain of steel bars or steel shape 

θ a parameter adopted to assist solving the functions 

μ the frictional coefficient 

σc the axial stress 

σcfθ,p the transverse stress of FRP at peak load 

σsh,p the transverse stress of steel tube at peak load 

σsh,a the equivalent transverse stress of steel tube 

σsv,p the longitudinal stress of steel tube at peak load 
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