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Abstract: Concrete-filled steel tube (CFST) columns have been widely used in the construction 13 

industry because of their excellent compression capacity and torsion resistance. Regarding traditional 14 

CFST columns, the H-CFST column with an additional H-section steel member embedded in the core 15 

concrete provides improved fire and compression resistance. In this study, the seismic performance of 16 

nine H-CFST columns under cyclic torsional and compression–cyclic torsional loads was 17 

experimentally analysed. In the experiments, the failure mode, torque versus torsional angle hysteresis, 18 

torque versus torsional angle skeleton, torsional stiffness degradation, and energy dissipation capacity 19 

were determined. The hysteretic curves of the H-CFST columns under torsion were relatively plump in 20 

shape and exhibited no ‘pinching’ phenomenon, and the torsional stiffness of the H-CFST columns 21 

under unloading and reverse loading was approximately equal to the initial torsional stiffness. In 22 

addition, the applied compression had remarkable effects on the torsional capacity, torsional ductility, 23 

torsional stiffness, and hysteretic loop energy dissipation of the H-CFST columns. The shear capacities 24 

of the steel and concrete under normal stress or combined normal and shear stress were firstly 25 

determined based on the latest theories and test results. Moreover, design method for the determination 26 

of the torsional capacity of H-CFST columns under compressive torsion is proposed based on the test 27 

results, and the theoretical contribution ratio of the H-section steel, steel tube, and concrete in the H-28 

Pi, ZB, Su, M.N., Peng, Y.Y., Wang, Y.H., Luo, W., Lan, Y.S. (2020), “Seismic behaviour of concrete-

filled steel tubular columns with internal H-section steel under pure torsion and compression–torsion 

loads”, Engineering Structures, 216: 110761. 
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CFST columns to the torsional capacity was determined. 29 

 30 

Keywords: Compressive torsional capacity; Concrete-filled steel tube columns; Energy dissipation 31 

capacity; Seismic behaviour; Torsional behaviour; Torsional stiffness degradation.  32 
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 35 

1. Introduction 36 

Concrete-filled steel tube (CFST) columns with internal H-section steel (H-CFST) are a new type of 37 

structural component; they are composed of an outer steel tube with an inner H-section steel member 38 

and concrete and are classified into concrete-filled circular steel tubes with embedded internal H-section 39 

steel (H-CFCSTs) and concrete-filled rectangular steel tubes with embedded internal H-section steel (H-40 

CFRSTs). The key advantages of H-CFST columns over CFST columns are the improved fire 41 

protection, torsion resistance, and anti-buckling ability due to the internal welded steel members. 42 

Few researchers have experimentally and numerically studied the behaviour and capacities of 43 

reinforced concrete (RC) and composite columns under combined loads. Prakash et al. investigated the 44 

behaviour of RC columns under bending and torsion with low and moderate shear stresses in the early 45 

compression stage [1]. The researchers concluded that the aspect ratio changes significantly the failure 46 

mode and deformation characteristics of RC columns. Circular CFSTs with different diameter-to-47 

thickness ratios under compression were investigated by Wang et al. [2], who established a size-related 48 

model to estimate the bearing capacity of the large-size CFST columns under compression. Moreover, 49 

extensive experimental, numerical, and theoretical investigations of the behaviour of CFST columns 50 

under bending, compression, shear, torsion, and fire were conducted by Han [3], Elchalakani and Zhao 51 

[4], Wang [5], Wang et al. [6-7], Nie et al. [8], Beck and Kiyomiya [9]. The researchers mainly 52 

investigated the torsional capacity with the finite-element method based on their experimental results. In 53 

addition, steel and concrete composite columns with different forms have been investigated by 54 

researchers. For instance, Li et al. [10] studied concrete-encased CFST columns and developed finite-55 

element models to analyse the behaviour of these new structural members under compression and 56 
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torsion. Ding et al. [11] developed and investigated steel-RC-filled square steel tubular stub columns 57 

with experiments and numerical simulations, and concrete-filled double-skin steel tube columns were 58 

studied by Elchalakani et al. [12], Wang et al. [13], Elchalakani et al. [14], Farahi et al. [15], 59 

Ekmekyapar and Hasan [16-17], and Huang et al. [18-19]. The loading conditions considered in these 60 

experiments included axial compression and torsion. Recently, Shi [20] analysed the shear behaviour of 61 

H-CFST columns with square, circular, and rectangular external tubes through tests and finite-element 62 

analyses and revealed their failure modes and mechanical properties under shear: the shear capacity 63 

decreases with increasing shear span ratio. According to the available studies of concrete–steel 64 

composite columns in literature, the seismic behaviour of H-CFST columns under torsion and 65 

compressive torsion has not been investigated. However, when H-CFST columns are used as piers of 66 

curved girder bridges or side columns of multi-tower structures and bridge towers of suspension 67 

bridges, they are subjected to torsion and compression–torsion under earthquakes. This is because the 68 

stiffness centre and mass centre of curved girder bridges and multi-tower structures are not concentric, 69 

and the mass distribution of suspension bridges is unbalanced. Thus, the seismic behaviour of such new 70 

structural members must be investigated. 71 

This is the first study to investigate the seismic performance of this new type of H-CFST columns 72 

under cyclic torsional and compression–cyclic torsional loads experimentally and thereafter proposed 73 

the design methods. First, this paper presents the experimental programme comprising the tests on three 74 

creative H-CFST short columns under pure torsion and six newly H-CFST long columns under pure 75 

torsion and compression–torsion loads. It is described how the horizontal loads, horizontal 76 

displacement, and vertical loads were applied to the specimens. In this study, the failure mode, the 77 

torque versus torsional angle hysteresis, torque versus torsional angle skeleton, torsional stiffness 78 

degradation, and energy dissipation capacities of the tested composite columns were determined and 79 

analysed. Moreover, the shear capacity of the steel and concrete under pure shear stress or especially 80 

combined normal and shear stress conditions was firstly deduced and validated against the previous 81 

tested dates, and a design method for predicting the torsional capacities of H-CFST columns on pure 82 

torsion and compression–torsion loads was assessed based on the test results and the deduced shear 83 

capacity of this paper. 84 

https://www.sciencedirect.com/science/article/pii/S0263823117305621#!
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2. Experimental programme 85 

2.1 Test specimens 86 

The nine H-CFST columns for the experimental tests are composed of a circular or rectangular 87 

tube, an internal welded H-section steel profile member, and concrete (Fig. 1). The internal H-section 88 

steel member was welded to the top and bottom plates by gas shielded welding, and the concrete was 89 

casted into the tube through two holes in the top plate. Two of the nine test specimens are H-CFST 90 

columns with an outer circular tube (diameter of 159 mm); four are H-CFCST columns with an outer 91 

circular tube (diameter of 219 mm); and three are H-CFRST columns with an outer rectangular tube 92 

(dimension of 200 mm). In addition, all steel tubes are seamless. The mix proportions of the concrete 93 

are 1: 2.29: 0.92: 0.38 (cement: stone: sand: water (by weight)), the slump value is 84 mm, and the 94 

average 28-day compressive strength of concrete is 40.7 MPa. Note that in the study, the authors have 95 

made an effort to minimize the shrinkage cracking by: (1) employing a small water-cement ratio (0.35), 96 

and (2) pouring concrete into steel tubes twice (i.e. casting the full steel tube at the first time, and filling 97 

the gaps after an hour at the second time). 98 

The dimensions of the H-CFST columns are shown in Fig. 1, the loading information and 99 

configuration are listed in Table 1, and the material properties of the steel tubes and H-section steel 100 

member are provided in Table 2.  101 

2.2 Test set-up and loading method 102 

To apply cyclic torsion and compression–torsion loads to the H-CFST columns, a loading device 103 

was designed and fabricated (Fig. 2). As shown in Fig. 2(c), the base is a box-shaped steel structure 104 

fixed to the RC floor by high-strength anchor rods. The top and bottom plates of the columns are 105 

connected to the rigid girder and steel base by high-strength bolts. In addition, one end of the horizontal 106 

actuator or horizontal rigid link is connected to the rigid girder through a cross hinge, which can be 107 

freely rotated in the horizontal and vertical planes; the other end is attached to the connecting steel plate 108 

which is fixed to the RC shear wall. Two load cells were used to measure the applied loads with 109 

horizontal and vertical actuators. The cyclic torsion was applied (Fig. 2(d)) by the horizontal actuator 110 

and the compression load (Fig. 2(e)) by the vertical actuator. The displacements of the H-CFST columns 111 

were measured by three linear variable differential transformers (LVDTs): LVDT1 for the horizontal 112 
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actuator and LVDT2 and LVDT3 for the vertical rigid girder, as shown in Fig. 3.  113 

Furthermore, cyclic loading (Fig. 4(a)) with equal increments in the torsional angle was applied by 114 

controlling the horizontal displacement because the torsional angle and horizontal displacement exhibit 115 

linear correlation. The increments in the torsional angle (  ) of specimens CH1-T, CH2-T, and RH–T 116 

were ±1.29°, ±1.72°, and ±1.72°, and the increments in the torsional angle ( )  of specimens CH1-117 

CT1, CH2-CT1, CH2-CT2, and RH-CT2 were ±0.65°, ±0.86°, ±0.86°, and ±0.86°, respectively. The 118 

constant compression load (Table 1 and Fig. 4(b)) was first applied to specimens CH1-CT1, CH2-CT1, 119 

CH2-CT2, and RH-CT2, and the displacement was controlled with a loading rate of 4 mm/min. When 120 

the minimal or maximal torsion angle was reached in each loading loop, the loading process was paused 121 

for one minute. Moreover, the process was stopped, and the specimens were unloaded when they were 122 

damaged. All displacement and load data of the columns were collected by an automatic data acquisition 123 

system. The maximal applied compression load (N) was below 0.48Nu for the H-CFCST columns (Nu is 124 

the measured compressive capacity of the column; Table 1), and the maximal applied compression load 125 

(N) was below 0.4Nu for the H-CFRST columns. Therefore, the conclusions depend on these conditions. 126 

3. Test results and analysis 127 

3.1 Failure modes 128 

The failure modes of the H-CFST columns under cyclic torsional load in Fig. 5 are 90° X-shaped 129 

cracking with concrete crushing at the same location (Fig. 5(a)), and the H-CFCST columns exhibit 90° 130 

X-shaped uplifts on the external circular steel tube with concrete crushing (Fig. 5(b)); the H-CFRST 131 

column exhibits multiple 90° X-shaped cracks at the mid-height of the external rectangular steel tube 132 

and 90° X-shaped crushing failure in the concrete at the same location (Fig. 5(c)). Pure shear stress 133 

acted on the external steel tube, internal concrete, and H-section wielding steel when the cyclic torsional 134 

load was applied to the H-CFST columns. According to the Mohr’s circle-plane stress and maximal in-135 

plane shear stress [21], the direction of the principal maximal normal stress is 45° clockwise with 136 

respect to the horizontal axis. This led to the cracking of the internal concrete and external steel tube 137 

along the direction of the minimal normal stress (i.e. 135° clockwise with respect to the horizontal axis). 138 

The failure modes of the H-CFST columns under compression are shown in Fig. 6; the H-CFCST 139 

http://dict.youdao.com/w/increment/#keyfrom=E2Ctranslation
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and H-CFRST columns exhibit overall vertical buckling, and the H-CFRST column shows horizontal 140 

buckling on its top.  141 

The failure modes of the H-CFST columns under combined compression and cyclic torsional load 142 

are shown in Fig. 7; the H-CFCST column with a diameter of 159 mm (CH1-CT1) exhibits overall 143 

buckling (Fig. 8(a)); the H-CFCST columns with sectional diameters of 219 mm (CH2-CT1 and CH2-144 

CT2) exhibit overall buckling, oblique cracking on the concrete at the same location of the uplifts of the 145 

steel tube, and overall and local buckling on the flanges and webs of the H-section steel member (Figs. 146 

7(b) and (c)); moreover, the H-CFRST column exhibits multiple 90° X-shaped cracks at the mid-height 147 

and both ends of the external steel tube, X-shaped cracks on the concrete at the same location, and 148 

overall and local buckling of the internal H-section steel member (Fig. 7(d)). This is because shear and 149 

normal stresses acted on the H-CFST columns when the static compression and cyclic torsion loads 150 

were applied. However, different from the results of the pure cyclic torsion load, the cracks of the 151 

concrete caused by the direction of the principal maximal normal stress are located at an angle below 152 

45° clockwise with respect to the horizontal axis [21]. 153 

3.2 Torque versus torsional angle hysteresis loops 154 

The torque versus torsional angle hysteresis loops of the H-CFST columns under cyclic 155 

torsional load are shown in Fig. 8. They exhibit a plump shape without a significant ‘pinching’ 156 

phenomenon. The unloading and reverse loading stiffness values are approximately equal to the initial 157 

elastic stiffness, and their degeneration is small. According to [21], the ‘effective lengths’ of the H-158 

section steel and steel tube decrease when fixed or supported by in-filled concrete, thereby improving 159 

the capacity, stability, and stiffness of the H-section steel member. In addition,  the steel tube buckled 160 

outwards at the mid-height of of the H-CFRST columns, and its torsion decreased rapidly owing to 161 

the shrinking internal steel tube and peeling of the concrete in the corner. This resulted in the 162 

‘pinching’ of the torque with respect to the torsional angle. 163 

The torque versus torsional angle hysteresis loops of the H-CFST columns under combined 164 

compression and cyclic torsional load are shown in Fig. 9: (1) the loop of the H-CFCST column (CH1-165 

CT1) with the high aspect ratio (L/i ≥ 17.3) and low compression ratio (N/Nu ≤ 0.2) exhibits a dumpy 166 
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shape. According to Euler’s stability theory in [21], the lateral displacement of the H-CFCST column 167 

under compression increases with the aspect ratio, which is equivalent to the effect of applying an 168 

eccentric compression load to the columns at mid-height. The loops of the H-CFST columns (CH2-CT1, 169 

CH2-CT2, and RH-CT2) with low aspect ratios (L/i ≤ 12.6 or 11.9) and medium compression ratios 170 

(N/Nu ≤ 0.48 for CH2-CT1 and CH2-CT2 or N/Nu ≤ 0.4 for RH-CT2) have plump shapes. Thus, the 171 

compression and torsion resistance improves with increasing supporting ‘effective length’ of the 172 

members. (2) The unloading and reverse loading stiffness values are similar to the initial elastic 173 

stiffness; their degradation is small, which indicates that the torsional stiffness of the H-CFST columns 174 

have been hardly affected by the medium compression ratios. (3) The torsional ductility of the H-CFST 175 

columns under compression–torsion load is lower than the values under pure torsion. This is because the 176 

shear strain or conservation of shear strain energy produced by torsion decreases with increasing normal 177 

strain or conservation of normal strain energy under the compression load according to the ‘energy 178 

method’ which tells the work of the loads equal to the shear and normal strain energy. 179 

3.3 Skeleton curves of torque–torsional angle procedure  180 

The torque–torsional angle skeleton curves of the H-CFST columns are shown in Fig. 10, and the 181 

key mechanical properties are summarised in Table 3. The yielding point and yield torsional angle (y) 182 

were defined by the graphical method [5], and the ultimate torsional angle (u) is defined as the torsional 183 

angle at 85% peak torque or torsional angle at failure. Moreover, the ductility coefficient of the column 184 

(d) is expressed as the ratio between the ultimate and yield torsional angles [22]. 185 

As shown in Fig. 10, three stages (elastic, plastic, and failure stages) are presented in the torque–186 

torsional angle skeleton curves of the H-CFST columns under cyclic torsional load, while two stages 187 

(elastic and plastic stages) occurred under combined compression and cyclic torsional loads (Figs. 188 

10(a)–(c)). The initial stiffness, peak torsion, and ductility coefficient of CH1-CT1 under compression 189 

and cyclic torsional loads were below those under cyclic torsional load. Thus, they were reduced by the 190 

compression load at a high aspect ratio (L/i ≥ 17.3). However, the peak torsion values of CH2-CT1 and 191 

CH2-CT2 increased by 22%, while the ductility coefficient of CH2-CT2 decreased by 12.2% under 192 

compression and cyclic torsional loads compared to those under pure cyclic torsional loads. Thus, the 193 
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torsional capacity of the H-CFCST column can be enhanced, whereas its ductility degenerates under 194 

compression loads for a low aspect ratio (L/i ≤ 12.6). Compared to those under pure cyclic torsion, the 195 

peak torsion and ductility coefficient of RH-CT2 with a low aspect ratio (L/i = 11.9) decreased under 196 

static compression and cyclic torsional loads. This is believed to be because the rectangular tubes are 197 

less constrained to the concrete at the corners. 198 

3.4 Degradation of torsional stiffness 199 

According to [23], the secant torsional stiffness (K) of H-CFST columns can be defined by the 200 

relationship between the torsional angle (i) and maximal torsion (Ti): 201 

.                                                                              (1)  202 

The degradation of the torsional stiffness of the H-CFST columns is presented in Fig. 11. The ratio 203 

of K K e (K e is the elastic torsional stiffness) decreased sharply when θ/θy increased (θ/θy ≤ 4); 204 

however, the change in K K e was less pronounced than for θ/θy > 4. This is because the shear 205 

deformation capacity of the concrete was low, and the degradation of the torsional stiffness was 206 

accelerated by the early shear deformation failure of the concrete. In general, the applied compression 207 

has more significant effects on the torsional stiffness of H-CFCST columns with high aspect ratios (L/i 208 

= 17.3) and H-CFRST columns. 209 

3.5 Dissipated energy 210 

The equivalent viscous damping coefficient (he) was used to represent the energy dissipation 211 

capacity of the H-CFST columns; the calculation method was based on [23]. 212 

The equivalent viscous damping coefficients and energy dissipation (area of torque versus 213 

torsional angle hysteresis loops) of the H-CFST columns are shown in Figs. 12 and 13, respectively. 214 

They increased with increasing y in the early period ( y ≤ 4); over 4, the increase slowed down or 215 

even transformed into a decrease (Fig. 12(c)). In addition, the maxima of the equivalent viscous 216 

damping coefficient and energy dissipation decreased with increasing compression loads. 217 

4. Proposed design method 218 

The design method for the determination of the torsional capacities of the H-CFST columns based 219 
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on the shear capacities of the concrete and steel components is presented in the following sections.  220 

4.1 Shear capacity of concrete  221 

The Mohr’s circle-plane stress of the concrete element subjected to pure shear stress or combined 222 

normal and shear stresses is shown in Fig. 14. According to Fig. 14(a), the shear stress c of the concrete 223 

element is equal to the maximal normal stress max; in Fig. 14(b), the relationship between the shear 224 

strength c and maximal shear stress max is expressed as the equation 
2 2

max ( )
2

le
c


 

−
= + . 225 

The tension and compression properties are different in brittle materials like concrete, and the 226 

principle stress coordinate () of the concrete element is presented according to the Mohr–Coulomb 227 

failure criterion [21]. When the concrete is subjected to the bi-axial stresses  and  (  is tension 228 

stress and   is compression stress), the following expression holds: 229 

1 2 1
( )ult t ult c

 

 
− =
（ ）

.                                                                          (2) 230 

The tensile strength of the concrete can be expressed as ft = (ult)t = 0.26 (fcu)2/3 [24-25] and its 231 

compressive strength as fcu = (ult)c. In addition, 2 2

1= ( )
2 2

le le
c

 
 − + − +  and 2 2

2 = ( )
2 2

le le
c

 
 − − − +

 
are 232 

presented in Fig. 14. This leads to the following equation: 233 

2 2 2 2

2/3

( ) ( )
2 2 2 2 1

(0.26 )

le le le le
c c

cu cuf f

   
 − + − + − − − +

− = .                                         (3) 234 

The normal stress le is produced by the axial force, which is fcu caused by the cube compression 235 

test. The c in Eq. (3) can be solved with the iterative method. The relationship of c and le of the 236 

concrete (fcu = 40.7 MPa) under shear and normal stresses is presented in Table 4.  237 

According to Table 4, (1) the maximal shear stress c of the concrete is 5.59 MPa when its normal 238 

stress le reaches 20.3 MPa; 2) the shear stress c of the concrete is zero when its normal stress le 239 

increases to 40.7 MPa (fcu); thus, its compression strength increases to the maximum, whereas the shear 240 

strength decreases to zero; 3) owing to the radial constraint of the steel tube, the normal stress le of the 241 

concrete remains fcu until the force acting on the steel tube exceeds the compression and shear strength. 242 
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4.2 Shear capacity of steel 243 

Mohr’s circle-plane stress of the steel element subjected to shear stress or combined normal and 244 

shear stresses is shown in Fig. 15. According to Fig. 15(a), the shear stress si of the steel element is 245 

equal to the maximal shear stress max, and according to Fig. 15(b), the relationship between the shear 246 

stress si and maximal shear stress max can be expressed as 2 2

max i( )
2

le
s


 

−
= + , where le is the normal 247 

stress produced by the compression. 248 

To determine the shear strength s of the steel under different normal stress values, the failure 249 

criterion of the maximum distortion energy theory developed by Huber and von Mises [18] was 250 

considered. The maximal distortion of a regular hexahedron subjected to the principal normal stress is 251 

presented in [21]. Based on the equations of the strain energy density u = ()  and u 252 

= ()(++), Eq. (4) is presented as follows: 253 

2 2 2

1 2 3 1 2 1 3 2 3

1
2 ( )

2
u

E
          = + + − + +  .                                   (4) 254 

When  are substituted into Eq. (5), the strain energy density ud can be obtained: 255 

' ' ' 1 2 3
1 1 2 2 3 3, , ,

3
avg avg avg avg

  
         

+ +
= − = − = − = ,                        (5) 256 

' ' 2 ' ' 2 ' ' 2

1 2 2 3 3 1

1
(1 )(( ) ( ) ( ) )

6
du

E
      = + − + − + − .                             (6) 257 

Under uniaxial tension, '

1 Y = , '

2 = '

3 = 0, 
21

( )
3

d Y Yu
E




+
= . Consequently, 258 

' ' 2 ' ' 2 ' ' 2 2

1 2 2 1 3 1( ) ( ) ( ) 2 Y      − + − + − = .                                         (7) 259 

 260 

Under plane stress, '

3 = 0, and Eq. (6) can be shortened as follows:  261 

' 2 ' ' ' 2

1 1 2 2

1
( )

3
du

E


   

+
= − + .                                                       (8) 262 

As the maximum distortion energy theory requires, ( )d d Yu u=  and 
21

( )
3

d Y Yu
E




+
= . In the case 263 
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of biaxial stress, the following equation holds: 264 

' 2 ' ' ' 2 2

1 1 2 2 Y    − + = .                                                                          (9) 265 

In the case of a pure torsion test, '

1 1 si  = = , '

2 2 si  = = − , which leads to Eq. (10):  266 

'
'

1 1
3 3

yY
si

f
  = = = = .                                                                       (10) 267 

Because 268 

  269 

Eqs. (5) and (7) can be used to establish Eq. (11): 270 

2 2 2 2 2 2 2 2[( ) ] [( ) ] [( ) ]
2 2 2

le le le
si si si Y yf

  
   + + + + + = = ,                                        (11) 271 

which can be converted into 272 

2

21
=

3 4

y

si le

f
 −  (

2
0

3
le yf≤ ≤ ).                                                   (12) 273 

Eq. (12) states that the normal stress of a steel tube and welded H-section steel le  is up to (2
yf / 3 ) 274 

when its shear strength si becomes zero. The steel tubes did not crack or experience failure in the 275 

experiments, in particular in the compressive torsional tests of the H-CFST columns. Thus, it is 276 

appropriate to replace fy in Eq. (12) with the yielding tensile strength of steel. 277 

4.3 Torsional capacity of H-CFST columns  278 

The shear and normal stresses of the H-CFST columns subjected to compression–torsion load in 279 

the failure state are shown in Fig. 16; the concrete is divided into two zones: an elastic core and a plastic 280 

annulus. The shear stress of the concrete plastic annulus is denoted as c, while the shear stresses of the 281 

H-section steel and steel tube are represented by s1 and s2, respectively. Because of the in-filled 282 

concrete, the shear stress transmission of the flanges of the welded H-section steel was considered a 283 

closed loop. The normal stress values of the steel and concrete (le) affect their shear capacity.  284 

4.3.1 Torsional capacity of H-CFCST columns  285 

The shear and normal stresses of the H-CFCST columns subjected to compression–torsion load 286 

2 2 2 2

1 2, ( ) , ( ) ,
2 2 2

le le le
avg avg si avg si

  
      = − − = + − = − +
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and in the failure state are shown in Fig. 16(a), and the shear stress distribution of the cross-section is 287 

shown in Fig. 17(a). The torsional capacity of the cylinder concrete is defined as Tcu, which includes the 288 

torsional capacities of the plastic annulus Tpa and elastic core cylinder Tec. The radius of the internal 289 

cylinder concrete is  and the maximal radius of the elastic core and plastic annulus are denoted as c1 290 

and c2, respectively. Moreover, the maximal shear stress of the elastic core is c. According to the 291 

proportionality of triangles and Hooke’s law, the shear stress of the elastic core concrete   can be 292 

expressed as (c) c for the cross-section of the H-CFCST column, and the shear stresses of the H-293 

section steel member and steel tube can be denoted as s1 and s2, respectively. 294 

Specifically, each area element dA of the concrete that is located at  is subjected to a force dF 295 

=  dA. The torsion produced by this force is dT =  ( dA), and the torsional capacity of the entire 296 

cross-section of the concrete cylinder is as follows: 297 

2 1

1

3 3 3
c c

c 2 1 1
c

0
1

2 ( )
= 2 ( )2

3 2

c
cu pa ec c

c

c c c
T T T d d

c

  
      

−
+ = + = +  .           (13) 298 

Similarly, each area element tCs ds of the circular steel that is located at c2 is subjected to a force 299 

dF = s2 dA = s2 tCs ds. The torsion produced by this force is dT = c2 (s2 tCs ds) = 2s2 tCs dA, and the 300 

torsion of the flange of the H-section steel is similar to that of the circular steel, which can be expressed 301 

as 2s1 tHs,f As1. The torsion of the web of the H-section steel can be determined with the torsional 302 

capacity equation (s1J/0.5LHs,w). Therefore, the torsional capacity of the circular steel tube and H-303 

section steel member of the H-CFCST column can be calculated with Eq. (14): 304 

, ,

1 1
2 1 1 2 1 1

0 2
, ,

2 2
(2 ) 2 2

m

Cs Hs f Cs Hs f

L
s s

su Cs Hs s s s s Cs s s

Hs w Hs w

J J
T T T c t ds t A t A t A

L L

 
   = + = + + = + + .         (14) 305 

Accordingly, the torsional capacity of the H-CFCST column can be determined as follows: 306 

,

3 3 3

c 2 1 1 1
2 1 1

,

2 ( ) 2
2 2

3 2 Cs Hs f

c s
u cu su s Cs s s

Hs w

c c c J
T T T t A t A

L

  
 

−
= + = + + + + .                  (15) 307 

 308 
4.3.2 Torsional capacity of H-CFRST columns  309 

The shear and normal stresses of the H-CFCST columns subjected to compression–torsion loads 310 
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and in the failure state are shown in Fig. 16(a), and the shear stress of the cross-section subjected to 311 

torsion or combined compression and torsion is shown in Fig. 17(b). The torsional capacity of the 312 

rectangular concrete is defined as Tcu; it consists of the torsional capacity of the plastic annulus Tpa and 313 

elastic core of the cylinder Tec. The side length of any element of the internal rectangular concrete is 314 

x and the maximal side length of the elastic core and plastic annulus of the cylinder concrete are b1 and 315 

b2, respectively. Moreover, an unbalance coefficient  should be added to c because the distribution of 316 

the shear stress in the cross-section is inhomogeneous. The value of the unbalance concrete 317 

coefficient  is 0.5, which is the average shear value coefficient of the middle and corner point of the 318 

rectangular side. According to the proportionality of triangles and Hooke’s law ( = G ) and [  = 319 

(b) max], the shear stress of the elastic core can be expressed as [ = (x b1)    c] for the H-CFRST 320 

column.  321 

Specifically, each area element dA of the concrete that is located at x is subjected to a force dF =  322 

dA. The torsion produced by this force is dT = (x/2 )( dA). Because the shear stress of the plastic 323 

annulus and elastic core are c and   = (x  b1)    c, dTpa and dTec can be expressed as (x/2 )  c 4xdx 324 

and (x/2 ) (x  b1)    c 4xdx]. The torsional capacity of the entire cross-section of the cylinder concrete 325 

can be obtained with Eq. (16): 326 

2 1

1

b b
3 3 3

c c 2 1 1
b 0

1

2 1
= ( )4 ( )4 = ( )

2 2 3 2
cu pa ec c c

x x x
T T T xdx xdx b b b

b
   + = + − +  .              (16) 327 

The derivation process of the torsional capacity Tsu of the rectangular steel tube and H-section 328 

steel is similar to that of Eq. (17): 329 

, ,

1 1
2 1 1 2 1 1

0 2
, ,

2 2
2 2 2

m

Rs Hs f Rs Hs f

L
s s

su Rs Hs s s s s Rs s s

Hs w Hs w

J J
T T T c t ds t A t A t A

L L

 
   = + = + + = + + .        (17) 330 

Thus, the torsional capacity of the H-CFRST column can be determined as follows: 331 

,

3 3 3 1
c 2 1 1 2 1 1

,

2 1 2
= = ( ) 2 2

3 2 Rs Hs f

s
u su cu c s Rs s s

Hs w

J
T T T b b b t A t A

L


   + − + + + + .                 (18) 332 

 333 
4.4 Discussion: equation for shear capacity of steel  334 

The shear strength si of the steel in Eq. (12) is based on Mohr’s circle-plane stress and the von 335 



 

14 

 

Mises failure criterion. Bresler and Pister [26] determined the shear strength of the concrete of a thin-336 

walled cylinder by torsion tests. According to the results, the shear stress strength of steel in CFSTs is 337 

easier to determine with torsion tests than that of hollow thin-walled steel tubes, in particular when the 338 

steel experiences combine normal stress and shear stress. The torsional capacity data of the CFST 339 

columns under pure cyclic and compressive torsion in [5] [9] [27] [28] are summarised in Table 5. 340 

According to Eq. (15) in Section 4.3 and the theoretical analysis, the tested shear stress strength si of 341 

the steel of the CFST columns under normal stress can be expressed with Eq. (19): 342 

3

2
i =( ) / (2 )

2 Cs

c
s u Cs

c
T t A


 − .                                                             (19) 343 

The torsional capacity Tu in Eq. (19) was replaced by the experiment results in [5] [9] [27] [28] 344 

and c by the calculated results of Eq. (3), and the tested shear strength si or si/fu of the steel under 345 

different normal stresses le or le/fu are listed in Table 5. Evidently, the theoretical value of si/fu is 346 

lower than -3.8% to 15.5% of the tested value when the normal stress ratio le/fu is not over 0.24. Thus, 347 

the theory of the shear stress strength based on the von Mise failure criterion is accurate when the steel 348 

tube experiences moderate normal stress. 349 

5. Comparison of results 350 

The torsional capacities of the H-CFST columns under monotonic compression and cyclic torsion 351 

were determined by the proposed design method in Section 4, and the predicted results were compared 352 

with the test results (Fig. 18). The proposed design method provides conservative results for most 353 

specimens, and the mean predicted-to-tested ratio is 0.89 with a coefficient of variation of 0.15. In 354 

general, the results show that the capacity of the H-CFST columns under monotonic compression and 355 

cyclic torsion can be predicted accurately and consistently with the design method. The theoretical 356 

contribution of the H-section steel members, steel tubes, and concrete to the torsional capacity of the H-357 

CFST columns are presented in Fig. 19. Owing to its high shear strength and long level arm, the 358 

external steel tube has the greatest contribution among the three components.  359 

6. Conclusions 360 

This is the first study to investigate the seismic performance of this new type of H-CFST columns 361 

under cyclic torsional and compression–cyclic torsional loads experimentally and thereafter proposed 362 
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the design methods. Based on the attempt to analyse the torsional behaviours and mechanical properties 363 

of H-CFST columns on torsion and compressive torsion, the following observations and conclusions are 364 

made: 365 

(1) The torsional behaviour of H-CFST columns under torsion or compression and torsion is 366 

revealed from the tests which is carried out by the designed newly setup. 367 

(2) The shear capacities of the steel and concrete under normal stress or combined normal and 368 

shear stress are firstly deduced by the Mohr’s circle-plane stress, Mohr–Coulomb failure criterion and 369 

maximum distortion energy theory, and a comparison of results using the shear capacity of steel shows 370 

good agreement with test results. 371 

(3) The design method for the determination of the torsional capacity of H-CFST columns under 372 

torsion or compression and torsion is proposed based on the test results. 373 
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 378 

Notation 379 

b1       width and height of welded H-section steel 

b2       width and height of steel tube 

c1       maximal radius of elastic core 

c2       maximal radius of plastic annulus 

fcu      compression strength of concrete 

ft         axial  tension strength of concrete 

fy        tension strength of steel 

he       equivalent viscous damping coefficient 

i          radius of gyration; equal to radius of circular column divided by 0.707 and equal to the side length of  

rectangular column divided by 0.401 

n         ratio of axial force load and compressive bearing capacity 

tCs        thickness of circular steel tube 

tHs        thickness of web of welded H-section steel 

tHs,f      thickness of flange of welded H-section steel 

tRs        thickness of rectangular steel tube 

x           side length of elastic core and plastic annulus; from 0 to b2 

ACs       cross-sectional area of H-CFCST column 

ARs     cross-sectional area of H-CFRST column  

As1     area of elastic core of H-CFST column 

G     shear modulus of steel 
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J      polar moment of inertia of web of welded H-section steel 

K      torsional secant stiffness  

K e   torsional yield stiffness 

L          height of specimen 

LHs,w  length of web of welded H-section steel 

N      applied axial force load 

Nu     tested compressive bearing capacity 

Nu,c  theoretical compressive bearing capacity 

S           area of hysteresis loop 

Ti      maximal torsion of class i cycle 

Tcu    yielding torsional moment capacity of cylinder concrete 

Tec    torsional moment capacity due to elastic core of cylinder concrete 

Tpa    torsional moment capacity due to plastic annulus of cylinder 

Tu0,t   torsional capacity under torsion 

Tu0,t   measured torsional capacity under torsion  

Tu0,c   calculated torsional capacity under torsion 

Tuc,t    measured torsional capacity under compression and torsion 

Tuc,c   calculated torsional capacity under compression and torsion concrete 

Tsu     torsional capacity of steel tube and welded H-section steel 

Tu       torsional capacity of H-CFST columns 

TCs    yield torsional moment capacity of steel tube 

THs    yield torsional moment capacity of welded H-section steel 

     increment in torsional angle  

        torsioal angle  

 i      maximal torsional angle of class i cycle 

u     ultimate torsional angle 

θy      yield torsional angle 

c       failure shear stress of concrete under pure shear or shear and compression 

s1     failure shear stress of welded H-section steel under pure shear or shear and compression 

s2     failure shear stress of steel tube under pure shear or shear and compression 

d      ductility coefficient of column 

       unbalance concrete coefficient of shear stress 

       radius of elastic core and plastic annulus; from 0 to c2  

le     normal stress of steel tube of H-CFST column  

le,c   normal stress of concrete of H-CFST column  

avg  average principal stress 

1    principal normal stress of x′-axial direction 

2    principal normal stress of y′-axial direction 

3    principal normal stress of z′-axial direction 

1′2′,  3′     remaining part of principle normal stress of 1-avg, 2-avg, 3-avg  causes distortion 

       shear strain 
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 453 

                         454 

              (a) Elevation view                           (b) Cross-section 455 

Fig. 1 Geometric dimensions of H-CFST columns 456 
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 457 

   458 

(a)Sketch of set-up                        (b) Sketch of cross hinge          (c) Sketch of rigid girder and steel base 459 

              460 

(d) Set-up of torsion experiments                   (e) Set-up of compression–torsion experiments 461 

                               462 

(f) Torsion                                           (g) Compression–torsion 463 
Fig. 2 Test set-ups for torsion and compression–torsion experiments 464 
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 466 
 (a) Side view                         (b) Front view                         (c) Top view 467 

Fig. 3 Measurement points of displacement gauges 468 

 469 

LVDT-1

LVDT-2
LVDT-2 LVDT-3 LVDT-1



 

22 

 

           470 
(a) Torsional loading                                (b) Compression 471 

Fig. 4 Cyclic loading mode 472 
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 474 
(a) CH1-T                              (b) CH2-T                                            (c) RH-T 475 

Fig. 5 Failure modes of H-CFST columns under torsion 476 
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                                       478 

(a) CH2-C                                                (b) RH-C 479 
Fig. 6 Failure modes of H-CFST columns under compression 480 
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  482 

(a) CH1-CT1                                              (b) CH2-CT1 483 

 484 

(c) CH2-CT2                                              (d) RH-CT2 485 

Fig. 7 Failure modes of H-CFST columns under compression–torsion load 486 
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   488 

( a )                               ( b )                           ( c ) 489 

Fig. 8 Hysteretic torque–torsional angle curves of H-CFST columns under torsion 490 
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  492 

( a )                               ( b ) 493 

  494 

( c )                               ( d ) 495 

Fig. 9 Hysteretic torque–torsional angle curves of H-CFST columns under compression–torsion load 496 

 497 

-30 -20 -10 0 10 20 30
-100

-75

-50

-25

0

25

50

75

100

N/Nu=0.20

CH1-CT1

T
o

rq
u

e 
(k

N
.m

)

orsional angle (°)
-25 -20 -15 -10 -5 0 5 10 15 20 25

-160

-120

-80

-40

0

40

80

120

160

N/Nu=0.24

CH2-CT1

T
o

rq
u

e
 (

k
N

.m
)

orsional angle (°)

-25 -20 -15 -10 -5 0 5 10 15 20 25
-160

-120

-80

-40

0

40

80

120

160

N/Nu=0.48

CH2-CT2

T
o
rq

u
e
 (

k
N

.m
)

orsional angle (°)
-20 -15 -10 -5 0 5 10 15 20

-80

-60

-40

-20

0

20

40

60

80

N/Nu=0.40

 RH-CT2

T
o

rq
u

e 
(k

N
.m

)

orsional angle (°)



 

28 

 

   498 
( a )                                                      ( b )                                                     ( c ) 499 

Fig. 10 Skeleton torque–torsional angle curves 500 
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 502 
( a )                                                      ( b )                                                     ( c ) 503 

Fig. 11 Degradation curves of torsional stiffness  504 
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   506 

( a )                                                      ( b )                                                     ( c ) 507 
Fig. 12 Equivalent viscous damping coefficient of torsion 508 
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   510 
( a )                                                      ( b )                                                     ( c ) 511 

Fig. 13 Dissipated energy 512 
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 514 
(a) Concrete element under shear stress 515 

 516 

 517 
 (b) Concrete element under normal and shear stresses 518 

Fig. 14 Mohr’s circle-plane stress of concrete element in H-CFST column 519 
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   521 
(a) Steel element under shear stress      (b) Steel element under normal and shear stresses 522 

Fig. 15 Mohr’s circle-plane stress of steel element in H-CFST column 523 

 524 





si

si

(0，-max)

 =90°

A

A

maxmin

max=-max=-si

z

y





(-le，-si)

le

si

si

le

si

(avg，0)

(avg，-max)



max

avg avg

max

 z
z'

y'
A B

A

B
C

y

avg=-le/2

R

maxmin

min=avg-R

max=avg+R max = R =                +si(      )
-le



2        2

avg=-le/2

z

y

avg

avg



 

34 

 

 525 
(a) H-CFCST column                      (b) H-CFRST column 526 

Fig. 16 Stress distribution of H-CFST columns under compression and torsion 527 
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               529 
(a) H-CFCST column                      (b) H-CFRST column 530 

Fig. 17 Shear stress and area element of cross-section of H-CFST columns 531 
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  533 
Fig. 18 Comparison of experimentally and numerically predicted torsional capacity  534 
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  536 
Fig. 19 Contribution of H-section steel, steel tube, and concrete to torsional capacity of H-CFST 537 

columns 538 
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 540 

 541 

Table 1: Details of H-CFST columns 542 

H-CFST 

column 
Details 

Tube size 

(mm) 

Height 

(L/mm) 
L/i 

Axial force 

(kN) 

n / 

(n=N/Nu) 
Loading mode 

CH1-T 

 

  159×4.3 

375 6.7 0 0 Torsion 

CH1-CT1 975 17.3 396 0.2 
Compression–

torsion 

CH2-T 

 

   

  219×6.3 

375 4.8 0 0 Torsion 

CH2-C 975 12.6 3088 1.0 Compression 

CH2-CT1 975 12.6 730 0.24 
Compression–

torsion 

CH2-CT2 975 12.6 1459 0.48 
Compression–

torsion 

RH-T  

   

 R200×3.5 

375 4.6 0 0 Torsion 

RH-C 975 11.9 2388 1.0 Compression 

RH-CT2 975 11.9 952 0.4 
Compression–

torsion 

Where n is the ratio of the axial force load to compressive bearing capacity, L/i the aspect ratio, L the specimen height, and i the 543 
radius of gyration  544 

 545 

Φ159mm×4.3mm

159mm
Concrete

Welded H-section steel

219mm
Concrete

Φ219mm×6.3mm

Welded H-section steel

200mm
Concrete

R200mm×3.5mm

Welded H-section steel
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Table 2: Material properties of steel materials 546 

Mechanical 

properties 

Types of steel materials 

 R 200×3.5 Φ159×4.3  Φ219×6.3 Welded H-section steel 

Yield strength 

(MPa) 
283.0 329.0 361.3 353.3 

Ultimate strength 

(MPa) 
403.7 475.5 481.9 430.3 

Modulus of 

elasticity (GPa) 
220 230 210 230 

 547 

 548 
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Table 3 Mechanical characteristics of specimens determined in tests 549 

Specimen

s 

Yield 

torsion 

(kN.m) 

Yield 

torsional 

angle (°) 

Peak 

 

torsion 

(kN.m) 

Peak 

torsional 

angle (°) 

Ultimat

e torsion 

(kN.m) 

Ultimate  

torsional 

angle (°) 

Ductility 

factor 

CH1-T 41.3 1.8 69.5 23.5 69.5 23.5 13.1 

CH1-CT1 36.4 4.1 45.4 13.1 44.7 14.0 3.4 

CH2-T 99.4 1.8 120.9 20.2 120.9 20.9 13.9 

CH2-CT1 95.0 1.8 149.9 16.9 149.9 16.9 13.0 

CH2-CT2 100.7 3.0 147.5 11.0 147.5 11.0 12.2 

RH-T 61.4 1.9 74.0 10.0 62.9 16.5 8.7 

RH-CT2 58.2 1.6 65.6 5.2 62.6 8.6 5.4 

 550 

 551 
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Table 4 Relationship of c and le of concrete under shear and normal stress (fcu = 40.7 MPa) 552 

le /(MPa) 0 5.0 10.0 15.0 20.3 25.0 30.0 35.0 37.0 39.0 40.0 40.7 

c /(MPa) 3.26 4.35 5.12 5.51 5.59 5.37 4.82 3.78 3.11 2.15 1.42 0 

 553 

 554 
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Table 5 Tested shear strength of steel under biaxial stress (normal and shear stress) 555 

Specimens 

Dcs tcs H fu fcu N le 

le/ fu 

Tu si si/ fu 

(mm) N/mm2 kN N/mm2 kN.m N/mm2 Test Theory 

C-T1a  200.0 6.2 475 481.2 51.2 0 0 0 134.0 328.9 0.68 0.577 

C-T2b  220.2 6.2 1100 465.0 57.9 0 0 0 134.9 285.8 0.62 0.577 

C-T3c  139.8 3.5 1000 459.6 31.2 0 0 0 33.4 299.1  0.65  0.577 

C-T4c  139.8 4.5 1000 426.8 33.0 0 0 0 40.1 280.8  0.66  0.577 

C-CT1b  220.3 5.9 1100 465.0 49.4 700.5 18.4 0.04 144.8 291.8 0.63 0.577 

C-CT2d  101.4 1.55 609.6 315 35.0 89.0 11.02  0.03  5.67 181.78  0.607  0.577  

C-CT3d  101.4 1.55 609.6 315 35.0 151.2 18.73  0.06  5.61 181.62  0.596  0.577  

C-CT4d  101.4 1.55 609.6 315 35.0 249.0 30.85  0.10  5.14 181.21  0.579  0.575  

C-CT5d  101.4 1.55 609.6 315 35.0 302.5 75.15  0.24  4.29 177.94  0.544  0.565  
a Test results from Yu-Hang Wang et al. [21]; b test results from Yu-Hang Wang [5]; c test results from Beck J [9]. Dcs—556 
diameter of specimen; tcs—thickness of circular steel tube; H—height of specimen; fu —tension strength of steel; fcu —557 

compression strength of concrete; N—axial force applied to specimen; le—normal stress of steel; Tu—tested torsional capacity 558 
of CFST column; si—tested shear strength of steel on normal and shear stress using the Eq. (19) 559 


