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ABSTRACT: This paper presents theoretical analysis of concrete filled elliptical steel tube (CFEST) members under 
axial compression. The theoretical analysis presents the distribution rule of interaction between steel tube and core 
concrete for CFEST column, which is verified and compared with both experimental tests and finite element (FE) 
simulations. The assumption of effective confined zone distribution of core concrete is proposed and the influence of 
cross-section shape on the confinement effect is analyzed. A unified axial compressive strength formula and stability 
factor are obtained for CFEST columns based on existing formulas for concrete filled circular steel tube (CFCST) 
columns. 
 
Keywords: Theoretical analysis, Interaction, Concrete filled elliptical steel tube, Axially compressive strength, 
Stability factor 

 
 
1.  INTRODUCTION 
 
Concrete filled steel tube (CFST) is a composite structure with concrete filled in the steel tube, and 
if the steel tube is partially filled the CFST is called hollow concrete filled steel tube (HCFST), and 
if the steel tube is fully filled the CFST is called solid concrete filled steel tube (SCFST). 
According to the section shapes, CFST can be divided into concrete filled circular steel tube 
(CFCST), concrete filled elliptical steel tube (CFEST), concrete filled rectangular/square steel 
tube(CFRST, CFSST) and so on.  
 
Yu et al. [1] proposed a unified formulation to predict composite compressive strength of 
concrete-filled circular steel tube (CFCST) columns for hollow and solid sections under axial 
compression based on theory of elasticity. Chitawadagi and Narasimhan [2] studied strength 
deformation behavior of CFCST under flexure and they examined the effects of steel tube thickness, 
the cross sectional area of concrete, strength of in-filled concrete and the confinement of concrete 
on moment capacity and curvature of CFCST. Yang et al. [3] presented testing and analysis of 
concrete-filled elliptical hollow sections (CFEHS), and they found that the compressive response of 
CFEHS is sensitive to both steel tube thickness and concrete strength, i.e. higher tube thickness 
resulting in higher load carrying capacity and enhanced ductility, and higher concrete strengths 
improving load-carrying capacity but reducing ductility. Dai and Lam [4] proposed a new 
stress-strain model for the confined concrete for CFEHS member under axial compression, which is 
validated by finite element simulations. Besides circular and elliptical sections, square hollow 
sections have been studied by Guo et al. [5, 6]. The effect of eccentricity has been studied by some 
researchers [7, 8, 9] among others. Unified theory for CFST members is proposed by Zhong [10], 
in which all the CFST members can be constructed within one framework whether the section is 
solid or hollow, circular shape or other general shapes. 
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In the literature, most CFST research is focused on circular sections and axial compressive 
behavior, and there is little research work for CFEST members [11]. Therefore, the fundamental 
study of the CFEST can not only fill in the gap in this field, but also provide guidance for practical 
engineering. 
 
Figure 1 shows a typical CFEST cross section, which has the following characteristics. 

 Architectural aesthetics for the elliptical shape cross section and mobile choices of aspect 
ratios (long side length against short side length). 

 Provision of strong and weak axes in an effective manner. For example, for cross sections 
with equal size in area and with the same material, the major flexural capacity for CFEST 
member is larger than for CFCST member. In this sense, CFEST will be more economical 
compared with CFCST under one-way bending and compression. 

 Based on the smooth convex characteristic of elliptical cross section compared with round, 
square and polygonal shaped sections, the elliptical shape can be more effective in reducing 
the load on the structure caused by fluid. For example, the use of concrete filled elliptic 
steel tube as bridge pier is more effective in reducing the impact on the pier caused by water 
flow than the use of concrete filled circular steel tube and rectangular tube [11]. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical Cross Section of a CFEST Member 
 
 

In this paper, solid CFEST with steel tube fully filled by concrete will be considered. The paper is 
followed by section 2 (Stress analysis for the core concrete and external steel tube of CFEST), 
section 3 (Finite element simulation of short columns under axial compression for CFEST 
members), and section 4 (Axial compressive strength formula for CFEST short columns), section 5 
(Experimental Verification), section 6 (Stability factor under axial compression for CFEST long 
columns) and section 7 (Concluding remarks). 
 
 

steel 

concrete 
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2.   STRESS ANALYSIS FOR THE CORE CONCRETE AND  
EXTERNAL STEEL TUBE OF CFEST 

 
The analysis of CFEST is divided into two parts: one part is the vertical compressive stress for the 
steel tube and core concrete respectively, and the second part is the interaction steel tube and core 
concrete in the horizontal plane. The second part is focused in this paper. The interaction between 
concrete and steel tube is analyzed according to plane stress consideration, and a unit height is 
used. 

 
Figures 2(a) and 2(b) show half isolated free body to the symmetrical plane. According to the 
principle of static equilibrium we have: 

20 2 (0) 2 0x lxF N f b                                                   (1) 
 

10 2 (0) 2 0y lyF N f a                                                   (2) 

 
Solution of (1) and (2) gives： 
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Figure 2. Half Isolated Free Body to the Symmetrical Plane for CFEST 
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Figure 3. Part of Isolated Free Body for CFEST 

 
Part of isolated free body for concrete filled elliptical steel tube is shown in Figure 3(a) and 3(b). 

( )lxf x  is the lateral pressure of concrete along x when abscissa is x, ( )lyf y  is the lateral pressure of 
concrete along y when ordinate is y, (0)lyf  is the lateral pressure of concrete along y when ordinate 
is 0, (0)lxf is the lateral pressure of concrete along x when ordinate is 0, ( )N x  is circumferential 
tension of steel tube when abscissa is x, 1N is circumferential tension of steel tube when abscissa 
is a , i.e. x=a, 2N  is circumferential tension of steel tube when x=0,  is the angle between x axis 
and the tangential to the elliptic curve at x. ( ) ( )N x x t  , 1 1N t  , 2 2N t  , and ( )x , 1 , 2 are the 
circumferential tension of steel tube at x, x=a and x=0 respectively.  

y 

x 

y 
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According to the principle of static equilibrium we have: 
 

  20 (0) ( ) cos 0x lxF f b y N x N                                  (4) 
 

0 ( ) ( ) sin 0y lyF f y x N x                                         (5) 

 

Taking moment about A, according to 0AM  , we have： 
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Combining the Eqs. 3, 4, 5, 6, 7 we have the solutions as follows： 
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As shown in Figure 4, taking the concrete differential element, and taking each of the stresses with 
orthogonal decomposition and combine along the normal vector n


, we have 

 
( ) sin coslx lyp x ds f dy f dx                                     (12) 
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Combining Eqs. 12, 13, we have： 
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Figure 4. Core Concrete Differential Element 

 
Assuming 142a  , 71b  , 6t  as an illustrational example, we obtain the resulting 
circumferential tension of steel tube and the core concrete lateral pressure distribution shown in 
Figure 5 and Figure 6. 
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Figure 5. Circumferential Tension of External Steel Tube Along x 
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Figure 6. Core Concrete Lateral Pressure Along x 

 
Based on the above theoretical analysis, the distribution of lateral pressure of core concrete in 
CFEST, is parabolic along the x-axis. The lateral pressure reaches minimum at both ends of short 
axis of elliptical cross section. The lateral pressure reaches maximum at both ends of long axis of 
elliptical cross section. The distribution of circumferential tension of external steel tube is 
parabolic along the x-axis. The circumferential tension reaches maximum at both ends of short axis 
of elliptical cross section. The circumferential tension reaches minimum at both ends of long axis 
of elliptical cross section. The distribution of circumferential tensile strain of external steel tube is 
parabolic along the x-axis. The circumferential tensile strain reaches maximum at both ends of 
short axis of elliptical cross section. The circumferential tensile strain reaches minimum at both 
ends of long axis of elliptical cross section.  
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3.  FINITE ELEMENT SIMULATION OF SHORT COLUMNS UNDER AXIAL 
COMPRESSION FOR CFEST MEMBERS 

 
A general-purpose finite element software ABAQUS is used for simulating CFEST members. 
Solid elements are used for both steel tube and concrete, and the nodes are tied together, i.e. no 
sliding. The concrete damaged plasticity model is employed for concrete material, and the details 
can be found in [12]. The concrete axial compressive stress-strain relation is shown in Figure 7, 
and the mathematical formulation of expression can be described as follows. More details can be 
found in [13] 
 

when e  , cE  , c ck e0.3 /E f  ； 

when e c    ,    
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 

c
ck 2

d c c

/

/ 1 /
f

 
    


 

；  

where: 

e —compressive strain corresponding to stress with the value of ck0.3 f  at hardening stage 

c —compressive strain corresponding to stress with the peak value of ckf  

c —compressive strain corresponding to stress with the value of ck0.5 f  at softening stage  

a , d —model constants 

 
The axial tensile stress-strain relationship is based on  energy criterion for concrete, i.e. softened 
stress-fracture energy relation and the stress-strain curve is shown in Fig. 8, with the mathematical 
formulation of expression described as follows, fG and t0  are concrete fracture energy (the 

energy required to cause one continuous crack per unit area), and failure stress respectively. 
When ck 20MPaf  , f 40N/mG  ；when ck 40MPaf  , f 120N/mG  , and the values of fG can be 

obtained using linear interpolation corresponding to other values of ckf . The failure stress t0  is 

calculated according to the following formula [14]： 
 

 2/3

t0 ck0.26 1.5 f                                      (15) 
 

  
 

Figure 7. Compressive Stress-strain Relation of Concrete 
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Figure 8. Tensile Softening Model of Concrete 
 

 

     
Figure 9. Stress-strain Relation of Steel 

 
Steel axial stress-strain relation is shown in Figure 9, and the mathematical expression can be 
described as follows [15]： 
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where, 
 

pf  is proportional limit value of steel 

yf  is yield strength value of steel 

uf  is ultimate strength value of steel 

e y s0.8 /f E  , e1 e1.5  , e2 e110  , e3 e1100  , e12B A , 
2

y e1 e0.2 / ( )A f    , 2
y e e0.8C f A B    . 

 
and the details can be found in reference [15].  
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Figure 10 shows an established CFEST finite element model with solid elements for steel and 
concrete and there are three layers of meshed elements along the steel tube thickness direction.  

 
Figure 10. Finite Element Model for CFEST 

 
The boundary condition of the CFEST columns under axial compression is simply supported. The 
loading condition is by displacement control. For the long column, an initial eccentricity of 

0 /1000e L [16] (L is effective length of the column) along long and short axes of the section is 

applied. 
 
Figure 11 shows the stress contour for different aspect ratios (long side length against short side 
length for the cross section) for concrete filled steel tubes modeled by ABAQUS. It can be seen 
that circular shape is a special elliptical shape with aspect ratio of 1, and its lateral pressure is 
circlewise uniform. For the elliptical cross section, the lateral pressure is not uniform for core 
concrete, and changes with the shape of elliptical cross section. The lateral pressure distribution in 
core concrete is as follows: maximum at both ends of long axis of cross section, minimum at both 
ends of short axis of cross section. 
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Figure 11. Stress Contour for Core Concrete 

 
 
4.   AXIAL COMPRESSIVE STRENGTH FORMULA FOR  

CFEST SHORT COLUMNS  
 
In reference [1], a unified formula of axial compressive strength for concrete filled circular steel 
tube (CFCST) short columns is proposed, as shown in Eq. 17. 
 

k
sc ck

s

c

1 1.5

1

k
f f

A
A




                                                (17) 

where sA  and cA  are cross-sectional areas of steel and concrete respectively,   is characteristic 

values for the confining factor, y s

ck c

f A

f A
  , yf  and 

ckf  are the characteristic values for the yield 

strength of steel and cylinder strength of concrete respectively. k  is confining cross-section 
adjustment factor. In this paper, by changing the elliptical cross section aspect ratios ( /a b ), the 
relation between k  and /a b  is studied. 
 
According to previous theoretical analysis and finite element simulation results, it is assumed that 
stress distribution of the core concrete of CFEST is described by mathematical model as shown in 
Figure 12 [17-19]. The shaded area is effective distribution zone of lateral pressure, which consists 
of the surrounded area by two parabola lines 

1c , 
2c , and ellipse. The parabolic lines 

1c  and
2c  

are tangential to straight line y1 and y2 at the intersected points y1 , y2 and ellipse, i.e. A, B, C and 
D. As the parabola lines 

1c  and 
2c  are symmetric to X axis, straight line y1 and y2 are symmetric 

to X and Y axis, only the position of A is required in order to determine the core concrete 
compressive area. 
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Figure 12. Effective Confining Area of Core Concrete 

 
According to the parabola C1 and the straight line Y1 are tangent at A(m, n), simultaneous 
equations can be solved: 

 

   
   

   

2
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2 2

2 2

1
11 1 2

1
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1
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1

m x
k

x y
a t b t

a t b t
k

n k my y k x
k

a t b t

  
          

      


 

               (18) 

 

Parabola C1 is expressed by 2
22 2

n n
y x

m
  , and after integration, the compressive area of the core 

concrete can be obtained as follows： 
 

    

2

4 1
2

1 8
arcsin

2 3

unconfined

m m
A a t b t

a t a t

m mn

a t

          
    

                     (19) 
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4 1
2
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arcsin

2 3
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m m
a t b t a t b t

a t a t

m mn

a t





   

             
    

                 (20) 

 

  

 
  

2
1

4 1 arcsin
2 2 8

1
3

confinedA
k

a t b t

m m m
a t a t a t mn

a t b t



 


 

                  
 

                (21) 

 
Based on the fact that the compressive lateral pressure is circlewise uniform for concrete filled 
circular steel tube, and according to regression analysis of finite element simulations, the relation 
between slope of straight line y1 and a/b is as follows: 
 

1

1

1
k

a
b


   
 

                          (22) 
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Putting Eq. 22 into Eq. 18, we have： 
 

     

 
     

2

2 2 2

2

2 2 2

1

1

1

m
b

a t a b b t

b
n

b
a b

a t a b b t




  



 
  

                        (23) 

 
Considering ,  t a t b  , then ,  a t a b t b    , and we have: 
 

2
1

4 1 arcsin
2 2 8

1
3

m m m
a a a mn

k
ab 

                                  (24) 

 

 
 

 2 22 2

1
,  

1 1 1 1

b
m n

a b
a aa b a b

 
  

 

                  (25) 

 
In this paper, the cross sections for concrete filled elliptical steel tube are mainly with change of 

/a b  at value 1.0 to 3.0. Through Eq. 25 into 21, we obtain the change of k to the change of a/b. 

As shown in Figure 13, k is a power function of a/b. After regression, we obtain   0.3
/k a b

 . 
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Figure 13. Confining Factor k against a/b 
 
Therefore, axial compression formula for concrete filled elliptical steel tube short columns is as 
follows:  
 

0.3

y
sc ck

s

c

1 1.5

1

b
a

f f
A
A

   
 
                     (26) 
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5.  EXPERIMENTAL VERIFICATION 
 
Totally six axial compression tests for CFEST short columns were performed in Shenzhen Key 
Laboratory of Disaster Prevention and Mitigation HIT Shenzhen Graduate School. The specimens 
are divided into two groups, and the two groups adopt the same type of steel and concrete. The 
characteristic value for axial compressive strength of concrete is fck=22.0N/mm2, and steel yield 
strength fy=321N/mm2. The specimen ID, geometrical sizes, and number are shown in Table 1. The 
setup of the specimens for the 1st group is shown in Figure 14, where the measurement locations 
are focused in the middle height since the end effect is smaller in these locations. The loading 
device is YAS-5000 electro-hydraulic servo universal testing machine, with the loading controlled 
by GTC350 all-digital electro-hydraulic servo controller.  The specimens’ top and bottom ends 
are both pin supported. The displacement control is used for loading, with a constant loading speed 
of 4kN/s.  

 
Table 1. Geometrical Sizes and Number for CFEST Specimens 

Group ID 
Cross section shape 

factor /a b  

Geometrical size 
(2 2 )a b t L    

(mm mm mm mm)    
TY2.0-1 2.0 284 142 6 700    
TY2.0-2 2.0 284 142 6 700    1 
TY2.0-3 2.0 284 142 6 700    
TY2.5-1 2.5 300 120 6 700    
TY2.5-2 2.5 300 120 6 700    2 
TY2.5-3 2.5 300 120 6 700    

 
 

   
Figure 14. Setup of the 1st Group Specimens 

 
Figure 15 (a) and Figure 15 (b) show load-displacement curves for CFEST short columns for the 
1st and 2nd groups respectively. It can be seen from Figure 15 that all the specimens exhibit initial 
elastic stage, followed by a peak, and with further loading the specimens exhibit crisp or ductile 
behavior, i.e. the specimens TY2.0-2，TY2.5-1 and TY2.5-2 all exhibit sudden decrease after the 
peak stress state (crisp behavior), while the specimens TY2.0-1，TY2.0-3 and TY2.5-3 show 
gradual decrease after the peak, followed by increase again. This is because during the experiments, 
load eccentricity is relatively larger for the specimens TY2.0-2，TY2.5-1 and TY2.5-2. The 
increase for TY2.0-1，TY2.0-3 and TY2.5-3 is due to the fact the confining effect of the steel tube 
to concrete becomes stronger, leading to the increase of load-displacement curve. 
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Figure 15. Load-displacement Curves for CFEST Short Columns 
 
Figure 16 shows the pictures for the behavior of the specimens after loading of the concrete filled 
elliptical steel tube short columns for the 1st and 2nd groups respectively. 
 

     
 

Figure 16. Behavior of the Specimens after Loading of the CFEST Short Columns 
 

Table 2 is for test results, and table 3 is for comparison of test results and the formula-based results. 
Other test results are compared in Table 4. It can be seen from the table 3 and 4 that the calculated 
values are in good agreement with experimental results.  

 
Table 2. Ultimate Compressive Capacity and Combined Compressive Strength 

ID 
Composite cross section 

area scA 2(mm )  
Ultimate compressive 

capacity uN (kN)  

Combined compressive 
strength 
scf 2(N/mm )  

TY2.0-1 31673.54 2299.00 72.62 
TY2.0-2 31673.54 2102.00 66.40 
TY2.0-3 31673.54 2249.00 71.04 
TY2.5-1 28274.33 1827.00 64.65 
TY2.5-2 28274.33 2059.00 72.86 
TY2.5-3 28274.33 2157.00 76.33 

 
Table 3. Comparison of Test Results and the Formula-based Results 

Group 
Formula based 

2
sc (N/mm )f  

Formula 
calculated u (kN)N  

Experimental 
averaged u (kN)N  

(Formula value) / 
(experimental 

value) 
1 68.25  2161.75 2216.67 0.975 
2 69.52 1965.76 2014.33 0.976 

 

Displacement  (mm) 
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Table 4. Comparison of other Test Results and the Formula-based Results 

Ref. Group 
Formula 

based 
2

sc (N/mm )f  

Formula 
calculated u (kN)N  

Experimental averaged u (kN)N  
(Formula value) 
/ (experimental 

value) 

150X75X4-C30 .NG/ 94.94  847.82  839 1.011  

150X75X4-C60 .NG/ 111.07  991.90  974 1.018  

150X75X4-C100 .NG/ 140.87  1259.11  1265 0.995  

150X75X5-C30 .NG/ 108.12  964.37  981 0.983  

150X75X5-C60 .NG/ 122.81  1097.51  1084 1.012  

150X75X5-C100 .NG/ 151.73  1355.17  1296 1.046  

150X75X6.3-C30 .NG/ 136.18  1200.59  1193 1.006  

150X75X6.3-C60 .NG/ 152.31  1346.03  1280 1.052  

150X75X6.3-C100 .NG/ 176.55  1562.28  1483 1.053  

150X75X4-C30 .G/ 95.50  849.64  780 1.089  

150X75X4-C60 .G/ 111.70  997.84  961 1.038  

150X75X4-C100 .G/ 141.49  1259.90  1272 0.990  

150X75X5-C30 .G/ 107.82  965.67  988 0.977  

150X75X5-C60 .G/ 123.45  1102.61  1123 0.982  

[2-3] 

150X75X6.3-C100 .G/ 178.40  1579.59  1160 1.362  

EHS1–SCC-Full  128.70  1141.70  1075 1.062  

EHS2–SCC-Full  133.28  1185.55  1163 1.019  

EHS3–SCC-Full  152.32  1353.85  1310 1.033  

EHS4–SCC-Full  119.50  1881.26  1598 1.177  

EHS5–SCC-Full  133.18  2099.23  2068 1.015  

EHS6–SCC-Full  150.22  2367.13  2133 1.110  

EHS7–SCC-Full  161.75  2553.59  2290 1.115  

[20] 

EHS8–NC-Full  115.52  2216.68  2109 1.051  

 
 
6.  STABILITY FACTOR UNDER AXIAL COMPRESSION FOR  

CFEST LONG COLUMNS 
 
For the concrete filled steel tube, based on unified theory with considering the composite to be one 
material, the stability factor can be calculated as follows [1]: 
 

   
22 2 2

sc sc scsc sc2
sc

1
1 1 4

2
     



              
             (27) 

 
where slenderness ratio is defined as：  

sc
sc

sc

f

E






 

 
where 

sc  is the effective initial eccentricity of concrete filled steel tube and 
scsc K  ; K   is 

the initial eccentricity coefficient of concrete filled steel tube and 0.25 NK  ;   is steel ratio, 
equal to the ratio of the steel section area and the composite section area  s s c/A A A ; N is cross 
section shape factor.  
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In calculating the stability factor, bending stiffness is used and the composite elastic modulus is 
calculated as follows: 
 

 

c c s s
sc

sc

E I E I
E

I


                            (28) 

 
In this paper, based on Eq. 27 and a number of finite element analysis, and after regression analysis, 
the stability factor for concrete filled elliptical steel tube short and long columns is as follows [11]: 
 

   
22 2 2

sc sc scsc sc2
sc

1
1 1 4

2
     



              
            (29) 

 

scsc K                        (30) 

 
0.25 NK                       (31) 

 
m

a
N

b
   
 

                      (32) 

 
where a  is half the length of long axis of elliptical cross section, b is half the length of short axis 
of elliptical cross section, 6m    for action around long axis, 2m    for action around short 
axis. 
 
For the work reported a total of 198 finite element models are established [11]. Stability factor is 
analyzed for different parameters, as listed in table 4. Comparison of formula based value with the 
finite element results gives an average value of 1.021 and error variance is 0.002. This indicates 
that the formula can describe the stability capacity for CFEST long columns.  
 

Table 4. Parameters for Axial Compressive Long Column 
Parameter Value 

Steel yield strength y / MPaf  235, 345, 90 
Concrete axial compressive characteristic strength ck / MPaf  20.1, 26.8, 32.4 

Steel ratio a  0.098～0.160 

Section shape /a b  
1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 

2.6, 3.0 
Length / mmL  1200, 2100, 3000 

 
 
7.   CONCLUDING REMARKS 
 
This paper presents theoretical analysis of axial compressive behavior of concrete filled elliptical 
steel tube members. The theoretical analysis shows the distribution rule of interaction between 
steel tube and core concrete for CFEST column under axial compression based on limit 
equilibrium, which is verified by both experimental tests and finite element simulations. A unified 
axial compressive strength formula and stability factor are obtained for CFEST columns.  
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Appendix : Notations 
 

( )lxf x :  lateral pressure of concrete along x when abscissa is x 
( )lyf y :  lateral pressure of concrete along y when ordinate is y 
(0)lyf :  lateral pressure of concrete along y when ordinate is 0 
(0)lxf :  lateral pressure of concrete along x when abscissa is 0 
( )N x :  circumferential tension of steel tube when abscissa is x 
1N :  circumferential tension of steel tube when abscissa is a   

2N  :  circumferential tension of steel tube when x=0 
 :  the angle between x axis and the tangential to the elliptic curve at x 

( )x :  circumferential tension of steel tube at x 
1 :   circumferential tension of steel tube at x=a 
2 :  circumferential tension of steel tube at x=0 

ckf :  peak value of stress of concrete 

e :  compressive strain of concrete corresponding to stress with the value of ck0.3 f  at 

hardening stage 

c :  compressive strain of concrete corresponding to stress with the peak value of ckf  

c :  compressive strain of concrete corresponding to stress with the value of ck0.5 f  at 

softening stage  

a , d - model constants for concrete 

fG :  fracture energy required to cause one continuous crack per unit area 

t0 :  failure stress of concrete 

pf :  proportional limit value of steel 

yf :  characteristic yield strength value of steel 

uf :  ultimate strength value of steel 

sE :  Young’s modulus of elasticty 

e y s0.8 /f E   

e1 e1.5   

e2 e110   

e3 e1100   

A :  model constant for steel , 2
y e1 e0.2 / ( )A f    , 

B :  model constant for steel, e12B A  

C :  model constant for steel, 2
y e e0.8C f A B    . 

0e :  initial eccentricity  

sA :  cross-sectional areas of steel 

cA :  cross-sectional areas of concrete  

 :   characteristic values for the confining factor, 
y s

ck c

f A

f A
   

ckf :  characteristic values for cylinder strength of concrete 
k :   confining cross-section adjustment factor 

sc :  effective initial eccentricity of concrete filled steel tube and scsc K   
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K :  initial eccentricity coefficient of concrete filled steel tube and 0.25 NK    
 :  steel ratio, equal to  s s c/A A A   

sA :   section area of steel 

cA :  section area of concrete 

N :  cross section shape factor 
a:   half length of long axis of elliptical cross section 
b :   half length of short axis of elliptical cross section 
a/b:  aspect ratio 

scE :  composite (steel and concrete) elastic modulus  

cE :  elastic modulus of concrete 

cI :  area moment of inertia for concrete 

sE :  Young’s modulus of elasticty 

sI :  area moment of inertia for steel 

scI :  area moment of inertia for concrete and steel 
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ABSTRACT: In this paper, based on the ideology of “unified theory”, the theoretical calculation equations of 
ultimate flexural capacity for concrete filled elliptical steel tube members (CFEST) around long and short axes are 
derived and compared with and verified by finite element simulations. Modified equations are then proposed for 
practical applications on the basis of the flexural capacity for circular concrete filled steel tube members. Under the 
guidance of “unified theory” and parametric analysis, the simplified practical calculation equations of capacity for 
CFEST members under eccentric compression are obtained, and mechanical behavior of a series of CFEST members 
with different section dimensions is conducted using finite element analysis. 
 
Keywords: Elliptical concrete filled steel tube, Unified theory, Bending, Eccentric compression, Finite element, 
Parametric analysis 

 
 
1.  INTRODUCTION 
 
In the framework of "unified theory" proposed by Zhong [1], the concrete filled steel tube (CFST) 
can be considered to be one unified material, on which the unified capacity is based rather than the 
simple superposition of capacity of concrete and steel tube. In other words, the unified compressive 
strength can be expressed by one parameter y

scf , which incorporates the effect of the concrete-steel 

interaction. According to ultimate balance theory, the ultimate flexural bending capacity is derived 
for CFEST members around strong and weak axes. Then the theory is modified and amended with 
the help of finite element simulation results, and simplified equations are obtained for ultimate 
flexural bending capacity for CFEST members. Based on the existing interaction equation of 

0 0/ /N N M M for flexural capacity for concrete filled circular steel tube, a series of flexural 
members are analyzed by using finite element simulations for different elliptical aspect ratios. And 
interaction equations of 0 0/ /N N M M  are obtained for the CFEST members. 
 
2. FINITE ELEMENT SIMULATION OF CFEST FOR COMPRESSIVE AND 

FLEXURAL MEMBERS 
 
A general-purpose finite element software ABAQUS is used for simulating CFEST members. Solid 
elements are used for both steel tube and concrete, and the nodes are tied together, i.e. no sliding. 
The concrete damaged plasticity model is employed for concrete material. The concrete axial 
compressive stress-strain relation is shown in Figure 1, and the mathematical equation of 
expression can be described as follows. More details can be found in GB50010 [2] 

when e  , cE  , c ck e0.3 /E f  ； 

 

when e c    ,    
2 3

ck a a a
c c c

3 2 2f
     
  

      
          
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when c u    ,
 

c
ck 2

d c c

/

/ 1 /
f

 
    


 

；  

 
where: 

e —compressive strain corresponding to stress with the value of ck0.3 f  at hardening stage 

c —compressive strain corresponding to stress with the peak value of ckf  

c —compressive strain corresponding to stress with the value of ck0.5 f  at softening stage  

a , d —model constants 

 
The axial tensile stress-strain relationship is based on  energy criterion of concrete, i.e. softened 
stress-fracture energy relation and the stress-strain curve is shown in Figure 2, with the 
mathematical equation of expression described as follows. fG and t0  are concrete fracture energy 

(the energy required to cause one continuous crack per unit area), and failure stress respectively. 
When ck 20MPaf  , f 40N/mG  ; when ck 40MPaf  , f 120N/mG  , and the values of fG can be 

obtained using linear interpolation corresponding to other values of ckf . 

 

  
Figure 1. Concrete Compressive Stress-strain Relation of concrete 

 
 

 
Figure 2. Concrete Tensile Softening Model of concrete 
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Figure 3. Steel Stress-strain Relation of steel 

 
 Axial stress-strain relation of steel is shown in Figure 3, and the mathematical expression can be 
described as follows ： 
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where, 

pf  is  proportional limit value of steel 

yf  is yield strength value of steel 

uf  is ultimate strength value of steel 

e y s0.8 /f E  , e1 e1.5  , e2 e110  , e3 e1100  , e12B A , 
2

y e1 e0.2 / ( )A f    , 2
y e e0.8C f A B    . 

and the details can be found in Han [3].  
 
Figure 4 shows an established CFEST finite element model with solid elements for steel and 
concrete and there are three layers of meshed elements along the steel tube thickness direction.  
 

 
Figure 4. Finite Element Model for CFEST 
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In order to verify the accuracy of the finite element model, concrete filled steel circular tube for 
eccentric compression is simulated using finite element in Chen et al. [4] and Yu and Ding [5], and 
the simulation results agree well with the test results, see Liu [6]. 
 
 
3.  THE FLEXURAL BEHAVIOR AROUND THE LONG/WEAK AXIS 

OF CONCRETE FILLED ELLIPTICAL STEEL TUBE 
 
3.1  Theoretical Equation Derivation of Flexural Bending Capacity around Long Axis 
 
All the derivations in this paper are limited to uniaxial bending only. The stress distribution of 
CFEST at limit state, and the cross section dimensions are shown in Figure 5.  

 
Figure 5. Stress Distribution Bent Around Long Axis for CFEST at  

Limit State and Section Dimensions  
 

When the member is at limit state, the section stress distribution is as shown in Figure 5. According 
to static equilibrium, the location of neutral axis can be determined, i.e. y0 (distance of the section 
centroid to neutral axis). 
. 0N  => 

y
st y scc sc 0A f A f 

                     
(1)
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(3) 

 
where stA —section area for steel tube in tension zone； 

sccA —combined section area in compression zone 

a —half length of long axis for elliptical section 
b —half length of short axis for elliptical section 
t —steel tube thickness 

0y — distance of the section centroid to neutral axis. 

yf —yield strength of steel 
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y
scf —combined characteristic strength for concrete filled steel tube 

 
According to the location of neutral axis based on Eq. 1, the limit bending moment capacity can be 
obtained by taking moment about the neutral axis contributed by tensile stress and compressive 
stress： 
 

0 s scM M M                      (4) 
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(6) 

 
As the tension strength of concrete is ignored in the above derivation, the actual limit bending 
capacity will be larger than calculated by Eq. 4. By comparison with finite element analysis results, 
the bending capacity of CFEST can be approximately expressed as follows:  
 

01.2M M                      (7) 

 
From Eqs. 4, 5, 6, we know that the factors affecting the limit flexural capacity for CFEST are 
mainly steel strength, concrete compressive strength and member section shape. In order to verify 
the applicability of the theoretical Eq. 5 to 7, a total of 77 finite element models are established and 
the results are compared with those from the equations, with an average of 1.004 and variance of 
0.0008 , see Liu [6]. 
 
3.2  Practical Equation of Flexural Bending Capacity around Long Axis 
 
Comparison of theoretical results and finite element simulation results indicates that the limit state 
equilibrium based limit state flexural capacity for concrete filled steel tube can be reasonably used 
to calculate the limit flexural capacity. However, the solution procedures are quite complex and not 
applicable to practical engineering. With finite element analysis results, an equation of flexural 
bending capacity around long axis for practical purpose is obtained as follows:  
 

y
m sc scM W f                     (8) 

 

 0.5

m 0.4832 1.9264k k                     (9) 
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where 
m  is cross section plastic development coefficient 

scW  is modulus of the combined section 

k is confining adjustment factor，when around long axis， 

 0.12
/k a b

 

 
The comparison of finite element simulation results and Eq. 8 shows that an average of 1.017 and 
variance of 0.004, see Appendix 2 and also Liu [6]. Compared with Eq. 7, Eq. 8 gives a relatively 
little larger value, but the equation form is simplified, which is more suitable for practical 
engineering. 
 
4.  THE FLEXURAL BEHAVIOR AROUND THE SHORT/STRONG AXIS 

OF CFEST [7-9] 
 
4.1  Theoretical Derivation of Flexural Bending Capacity around Short Axis 
 
The stress distribution of CFEST at limit state, and the cross section dimensions are shown in 
Figure 5. y0 is the distance of the section centroid to neutral axis. 
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Figure 6. Stress Distribution Bent around Short Axis for  

CFEST at Limit State and Section Dimensions 
 

When the member is at limit state, the section stress distribution is as shown in Figure 6. According 
to static equilibrium, the location of neutral axis can be determined, i.e. x0 . 0N  => 

 
y

st y scc sc 0A f A f                        (10) 
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According to the location of neutral axis based on Eq. 10, the limit bending moment capacity can 
be obtained by taking moment about the neutral axis contributed by tensile stress and compressive 
stress： 
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      (15) 

 
By finite element analysis, the bending capacity of CFEST can be approximately expressed as 
follows:  
 

01.17M M                       (16) 

 
The theoretical results are compared with those from finite element simulations, with an average of 
1.003 and variance of 0.0003, see Liu [6]. 
 
4.2  Practical Flexural Bending Capacity around Short Axis 
 
Comparison of theoretical results and finite element simulation results indicates that the limit state 
equilibrium based limit state flexural capacity for concrete filled steel tube can reasonably used to 
calculate the limit flexural capacity. However, the solution procedures are quite complex and not 
applicable to practical engineering. With finite element analysis results, an equation of flexural 
bending capacity around long axis for practical purpose is obtained as follows:  
 

y
m sc scM W f                      (17) 
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m 0.4832 1.9264k k                       (18) 
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where 
m  is cross section plastic development coefficient 

scW  is modulus of the combined section 

k is confining adjustment factor，when around short axis， 

 0.6
/k b a . 

 
The comparison of finite element simulation results and Eq. 17 shows that an average of 0.993 and 
variance of 0.006, see Appendix 3 and also Liu [6]. Compared with Eq. 16, Eq. 17 gives a 
relatively little smaller value, but the equation form is simplified, which is more suitable for 
practical engineering. 
 
 
5.  INTERACTION EQUATIONS OF ECCENTRIC COMPRESSION  

CAPACITY FOR CFEST MEMBERS [9-11] 
 
The actions of compression and bending moment on compressive and flexural member may be 
caused by different loads, i.e. pressure and bending moment can be two independent variables. For 
the one-way compressive flexural/bending structures, there are mainly three different loading paths, 
as shown in Figure 7 [3]. 

N

M

ⅡⅢ

Ⅲ

Ⅰ

Ⅰ

o

 
Figure 7. Loading Paths for Compressive and Flexural Member 

 
In this paper, loading pathⅡis adopted for finite element simulation of concrete filled elliptical 
steel tube, and the main concern is to analyze the concrete filled elliptical steel tube behavior with 
different cross sections and under different eccentricities.   
 
5.1  Interaction Equations of Eccentric Compression Capacity around Long Axis for  

CFEST Members 
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Figure 8. 0 0/ /N N M M of Eccentric Compression Capacity around Long Axis for  

Concrete Filled Elliptical Steel Tube 
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In this paper, finite element analysis is used for obtaining the 0 0/ /N N M M interaction curves. In 
Figure 8, there are balanced points in the curve of 0 0/ /N N M M , which moves down as the increase 
of steel ratio. Considering that limited value range for the steel ratio, the balanced points are 
different curves are unified to one point 0/ 0.2N N   [2]. The interaction curve is divided to two 
segments. Curve fitting is used for obtaining the equation. Considering safety factors, modification 
factor is introduced and the final interaction equations of eccentric compression capacity around 
long axis for CFEST is as follows 
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5.2  Interaction Equations of Eccentric Compression Capacity around Short Axis for  

CFEST Members 
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Figure 9. 0 0/ /N N M M of Eccentric Compression Capacity around Short Axis for  

Concrete Filled Elliptical Steel Tube 
 
Finite element analysis is used for obtaining the 0 0/ /N N M M interaction curves as shown in Figure 
9. Curve fitting is used for obtaining the equation. Considering safety factors, modification factor is 
introduced and the final interaction equations of eccentric compression capacity around short axis 
for CFEST is as follows 
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2)  when y
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6.   CONCLUDING REMARKS 
 
In this paper the limit equilibrium method is used to derive theoretical bending capacity equation 
for elliptical concrete filled steel tube members under uniaxial bending, and the equation based 
results are compared with and verified by the finite element simulation results. In view of 
complexity in the theoretical equations, modifications are made and simplified and practical 
equations are obtained which are suitable for practical engineering and also verified by finite 
element simulation analysis.  
 
For eccentric compression members of concrete filled steel tubes, a series of elliptical cross section, 
around long and short axis eccentric compression models are established based on finite element 
analysis. The interaction curves 

0 0/ /N N M M  are obtained by finite element simulations. 

Finally, according to the 
0 0/ /N N M M  curves for different elliptical section dimensions and 

for different eccentricities around long and short axes, equations are obtained which can be applied 
to practical engineering. 
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Appendix 1: Notations 
 

e :  compressive strain corresponding to stress with the value of ck0.3 f  at hardening stage 

c :  compressive strain corresponding to stress with the peak value of ckf  or ck0.5 f   

at softening stage  

a , d : model constants 

pf :   proportional limit value of steel 

yf :  yield strength value of steel 

uf :  ultimate strength value of steel 

stA :  section area for steel tube in tension zone 

sccA :  combined section area in compression zone 

a :   half length of long axis for elliptical section 
b :   half length of short axis for elliptical section 
t :   steel tube thickness 

0y :  distance of the section centroid to neutral axis. 
y

scf :  combined characteristic strength for concrete filled steel tube 

m :   cross section plastic development coefficient 

scW :  section modulus of the combined section 

k :   confining adjustment factor 
 
Appendix 2: Comparison of Finite Element Analysis and Theoretical Equation for Flexural 
Capacity for CFEST Members Bent around Long Axis 
 

2

(mm)

a
 

2

(mm)

b
 

(mm)

t
 ck

2(N/mm )

f y

2(N/mm )

f
c

(kN m)

M

×
 FEM

(kN m)

M

×
 c

FEM

M

M
 

151.79 94.87 2.91 20.1 235 14.86 15.06 0.987 
161.00 89.44 2.87 20.1 235 15.20 15.80 0.962 
169.71 84.85 2.82 20.1 235 15.52 16.46 0.943 
151.79 94.87 2.91 26.8 235 15.55 15.70 0.990 
161.00 89.44 2.87 26.8 235 15.89 16.50 0.963 
169.71 84.85 2.82 26.8 235 16.20 17.22 0.941 
151.79 94.87 2.91 20.1 345 21.34 20.92 1.020 
161.00 89.44 2.87 20.1 345 21.91 21.90 1.000 
151.79 94.87 2.91 32.4 235 16.16 16.19 0.998 
161.00 89.44 2.87 32.4 235 16.51 17.04 0.969 
169.71 84.85 2.82 20.1 345 22.44 22.78 0.985 
177.99 80.90 2.77 20.1 345 22.92 23.82 0.962 
185.90 77.46 2.72 20.1 345 23.37 24.78 0.943 
151.79 94.87 2.91 20.1 390 24.12 23.25 1.037 
161.00 89.44 2.87 20.1 390 24.81 24.33 1.020 
169.71 84.85 2.82 20.1 390 25.45 25.28 1.006 
177.99 80.90 2.77 20.1 390 26.03 26.43 0.985 
185.90 77.46 2.72 20.1 390 26.58 27.49 0.967 
193.49 74.42 2.67 20.1 390 27.09 28.41 0.954 
200.80 71.71 2.63 20.1 390 27.58 29.16 0.946 
207.85 69.28 2.58 20.1 390 28.04 30.27 0.926 
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141.99 101.42 3.94 20.1 345 26.74 25.02 1.069 
151.79 94.87 3.88 20.1 345 27.74 26.41 1.050 
161.00 89.44 3.82 20.1 345 28.64 27.70 1.034 
169.71 84.85 3.76 20.1 345 29.46 28.92 1.019 
177.99 80.90 3.69 20.1 345 30.22 30.02 1.007 
185.90 77.46 3.62 20.1 345 30.94 31.20 0.992 
193.49 74.42 3.56 20.1 345 31.61 32.12 0.984 
200.80 71.71 3.50 20.1 345 32.25 33.19 0.972 
207.85 69.28 3.43 20.1 345 32.86 34.30 0.958 
151.79 94.87 4.85 20.1 345 33.79 31.66 1.067 
161.00 89.44 4.77 20.1 345 35.08 33.16 1.058 
169.71 84.85 4.69 20.1 345 36.26 34.73 1.044 
177.99 80.90 4.61 20.1 345 37.37 36.05 1.037 
185.90 77.46 4.52 20.1 345 38.40 37.35 1.028 
193.49 74.42 4.44 20.1 345 39.38 38.65 1.019 
200.80 71.71 4.36 20.1 345 40.32 39.90 1.011 
207.85 69.28 4.28 20.1 345 41.22 41.11 1.003 

 
Appendix 3: Comparison of Finite Element Analysis and Theoretical Equation for Flexural 
Capacity for CFEST Members Bent around Short Axis 
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2

(mm)
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t
 ck

2(N/mm )
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2(N/mm )

f
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(mm)

x c

(kN m)

M

×
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(kN m)

M

×
 c

FEM

M
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131.45 109.54 2.99 20.1 235 22.64 11.57 13.19 1.004 
169.71 84.85 2.82 20.1 235 26.42 9.09 16.46 0.993 
200.80 71.71 2.63 20.1 235 29.28 7.76 19.08 0.987 
207.85 69.28 2.58 20.1 235 29.99 7.50 19.81 0.977 
131.45 109.54 2.99 26.8 235 26.05 11.96 13.71 1.001 
141.99 101.42 2.96 26.8 235 27.42 11.13 14.69 0.998 
151.79 94.87 2.91 26.8 235 28.77 10.42 15.70 0.986 
161.00 89.44 2.87 26.8 235 29.88 9.87 16.50 0.987 
169.71 84.85 2.82 26.8 235 30.98 9.39 17.22 0.989 
177.99 80.90 2.77 26.8 235 32.01 8.97 18.07 0.981 
185.90 77.46 2.72 26.8 235 32.99 8.60 18.84 0.976 
193.49 74.42 2.67 26.8 235 33.94 8.27 19.50 0.975 
200.80 71.71 2.63 26.8 235 34.74 8.00 20.05 0.980 
207.85 69.28 2.58 26.8 235 35.64 7.73 20.84 0.970 
207.85 69.28 2.58 32.4 235 39.70 7.89 21.64 0.963 
131.45 109.54 2.99 20.1 345 19.03 16.39 18.42 1.017 
141.99 101.42 2.96 20.1 345 19.78 15.26 19.65 1.014 
185.90 77.46 2.72 20.1 345 22.92 11.84 24.78 1.000 
193.49 74.42 2.67 20.1 345 23.48 11.40 25.61 1.000 
185.90 77.46 2.72 20.1 390 21.72 13.28 27.49 1.008 
193.49 74.42 2.67 20.1 390 22.25 12.79 28.41 1.008 
200.80 71.71 2.63 20.1 390 22.52 12.36 29.16 1.014 
207.85 69.28 2.58 20.1 390 23.20 11.96 30.27 1.005 
131.45 109.54 3.98 20.1 345 16.32 20.96 23.37 1.024 
141.99 101.42 3.94 20.1 345 16.89 19.53 25.02 1.018 
185.90 77.46 3.62 20.1 345 19.41 15.20 31.20 1.015 
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193.49 74.42 3.56 20.1 345 19.82 14.66 32.12 1.020 
200.80 71.71 3.50 20.1 345 20.24 14.17 33.19 1.019 
151.79 94.87 4.85 20.1 345 15.23 22.19 31.66 1.024 
161.00 89.44 4.77 20.1 345 15.69 21.02 33.16 1.026 
169.71 84.85 4.69 20.1 345 16.10 20.04 34.73 1.023 
177.99 80.90 4.61 20.1 345 16.49 19.19 36.05 1.026 
185.90 77.46 4.52 20.1 345 16.97 18.42 37.35 1.026 
193.49 74.42 4.44 20.1 345 17.39 17.76 38.65 1.026 
200.80 71.71 4.36 20.1 345 17.82 17.16 39.90 1.026 
207.85 69.28 4.28 20.1 345 18.28 16.62 41.11 1.025 

 
Appendix 4: Comparison of Finite Element Analysis and Theoretical Equation for CFEST 
Members under Eccentric Compression around Long Axis 
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×  
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141.99 101.42 2.96 1000 39.44 5 411.66 2.06 1.001 
141.99 101.42 2.96 1000 39.44 10 365.14 3.65 1.023 
141.99 101.42 2.96 1000 39.44 50 180.26 9.01 1.031 
141.99 101.42 2.96 1000 39.44 60 156.85 9.41 1.010 
141.99 101.42 2.96 1000 39.44 70 138.14 9.67 0.990 
141.99 101.42 2.96 1000 39.44 80 122.98 9.84 0.970 
141.99 101.42 2.96 1000 39.44 90 110.90 9.98 0.955 
141.99 101.42 2.96 1000 39.44 200 51.62 10.32 0.972 
141.99 101.42 2.96 1000 39.44 300 34.57 10.37 0.980 
141.99 101.42 2.96 1000 39.44 400 25.97 10.39 0.983 
141.99 101.42 2.96 1000 39.44 500 20.81 10.40 0.986 
141.99 101.42 2.96 1000 39.44 600 17.37 10.42 0.988 
141.99 101.42 2.96 1000 39.44 700 14.91 10.43 0.990 
141.99 101.42 2.96 1000 39.44 800 13.06 10.45 0.992 
141.99 101.42 2.96 1000 39.44 900 11.62 10.46 0.993 
141.99 101.42 2.96 1000 39.44 1000 10.47 10.47 0.994 
169.71 84.85 2.82 1000 47.14 5 375.22 1.88 0.988 
169.71 84.85 2.82 1000 47.14 10 325.95 3.26 0.999 
169.71 84.85 2.82 1000 47.14 15 288.90 4.33 1.009 
169.71 84.85 2.82 1000 47.14 20 260.83 5.22 1.022 
169.71 84.85 2.82 1000 47.14 25 236.73 5.92 1.028 
207.85 69.28 2.58 1000 57.74 900 8.63 7.77 0.991 
207.85 69.28 2.58 1000 57.74 1000 7.79 7.79 0.993 
169.71 84.85 2.82 1000 47.14 30 215.50 6.47 1.026 
169.71 84.85 2.82 1000 47.14 35 197.42 6.91 1.023 
169.71 84.85 2.82 1000 47.14 40 182.42 7.30 1.022 
169.71 84.85 2.82 1000 47.14 50 155.60 7.78 1.002 
169.71 84.85 2.82 1000 47.14 500 17.91 8.95 0.981 
169.71 84.85 2.82 1000 47.14 600 14.94 8.97 0.983 
169.71 84.85 2.82 1000 47.14 700 12.82 8.97 0.984 
169.71 84.85 2.82 1000 47.14 800 11.22 8.98 0.985 
169.71 84.85 2.82 1000 47.14 900 9.98 8.99 0.986 
169.71 84.85 2.82 1000 47.14 1000 9.02 9.10 1.000 
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185.90 77.46 2.72 1000 51.64 5 394.42 1.80 0.981 
185.90 77.46 2.72 1000 51.64 10 340.65 3.11 0.992 
185.90 77.46 2.72 1000 51.64 20 268.37 4.90 1.006 
185.90 77.46 2.72 1000 51.64 30 220.76 6.04 1.010 
185.90 77.46 2.72 1000 51.64 40 185.50 6.77 1.002 
185.90 77.46 2.72 1000 51.64 50 158.89 7.25 0.988 
185.90 77.46 2.72 1000 51.64 60 137.81 7.54 0.970 
185.90 77.46 2.72 1000 51.64 70 121.21 7.74 0.952 
185.90 77.46 2.72 1000 51.64 200 45.17 8.24 0.963 
185.90 77.46 2.72 1000 51.64 300 30.30 8.30 0.972 
185.90 77.46 2.72 1000 51.64 400 22.79 8.32 0.976 
185.90 77.46 2.72 1000 51.64 500 18.27 8.33 0.978 
185.90 77.46 2.72 1000 51.64 600 15.25 8.35 0.980 
185.90 77.46 2.72 1000 51.64 700 13.10 8.37 0.983 
185.90 77.46 2.72 1000 51.64 800 11.46 8.36 0.983 
185.90 77.46 2.72 1000 51.64 900 10.19 8.37 0.984 
185.90 77.46 2.72 1000 51.64 1000 9.18 8.38 0.984 
207.85 69.28 2.58 1000 57.74 5 342.73 1.71 0.977 
207.85 69.28 2.58 1000 57.74 10 292.18 2.92 0.980 
207.85 69.28 2.58 1000 57.74 20 228.25 4.57 0.993 
207.85 69.28 2.58 1000 57.74 30 185.83 5.57 0.991 
207.85 69.28 2.58 1000 57.74 40 155.62 6.22 0.982 
207.85 69.28 2.58 1000 57.74 50 132.42 6.62 0.965 
207.85 69.28 2.58 1000 57.74 200 37.77 7.55 0.958 
207.85 69.28 2.58 1000 57.74 300 25.41 7.62 0.969 
207.85 69.28 2.58 1000 57.74 400 19.14 7.66 0.974 
207.85 69.28 2.58 1000 57.74 500 15.37 7.69 0.979 
207.85 69.28 2.58 1000 57.74 600 12.85 7.71 0.982 
207.85 69.28 2.58 1000 57.74 700 11.05 7.73 0.985 
207.85 69.28 2.58 1000 57.74 800 9.69 7.75 0.988 

 
Appendix 5: Comparison of Finite Element Analysis and Theoretical Equation for CFEST 
Members under Eccentric Compression around Short Axis 
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131.45 109.54 2.99 1200 36.51 5 585.14 2.93 0.975 
131.45 109.54 2.99 1200 36.51 20 443.82 8.88 0.997 
131.45 109.54 2.99 1200 36.51 40 327.63 13.11 0.985 
131.45 109.54 2.99 1200 36.51 60 252.69 15.16 0.951 
131.45 109.54 2.99 1200 36.51 80 202.93 16.23 0.916 
131.45 109.54 2.99 1200 36.51 100 168.09 16.81 0.885 
131.45 109.54 2.99 1200 36.51 300 60.32 18.10 0.974 
131.45 109.54 2.99 1200 36.51 500 36.67 18.33 0.991 
131.45 109.54 2.99 1200 36.51 800 23.17 18.53 1.003 
141.99 101.42 2.96 1200 33.81 5 592.22 3.86 1.021 
141.99 101.42 2.96 1200 33.81 20 461.12 12.02 1.044 
141.99 101.42 2.96 1200 33.81 40 348.06 18.14 1.037 
141.99 101.42 2.96 1200 33.81 60 270.80 21.17 0.998 
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141.99 101.42 2.96 1200 33.81 80 217.95 22.72 0.957 
141.99 101.42 2.96 1200 33.81 500 39.41 25.68 0.997 
141.99 101.42 2.96 1200 33.81 800 24.86 25.91 1.008 
151.79 94.87 2.91 1200 31.62 5 593.99 2.42 0.987 
151.79 94.87 2.91 1200 31.62 20 470.49 7.67 1.021 
151.79 94.87 2.91 1200 31.62 40 361.87 11.79 1.027 
151.79 94.87 2.91 1200 31.62 60 285.87 13.98 1.001 
151.79 94.87 2.91 1200 31.62 80 231.97 15.12 0.966 
151.79 94.87 2.91 1200 31.62 300 69.53 17.00 0.987 
151.79 94.87 2.91 1200 31.62 500 42.13 17.16 1.001 
151.79 94.87 2.91 1200 31.62 800 26.56 17.31 1.012 
161.00 89.44 2.87 1200 29.81 5 590.54 2.95 0.984 
161.00 89.44 2.87 1200 29.81 20 472.05 9.44 1.015 
161.00 89.44 2.87 1200 29.81 40 368.56 14.74 1.028 
161.00 89.44 2.87 1200 29.81 100 202.05 20.20 0.947 
161.00 89.44 2.87 1200 29.81 300 73.06 21.92 0.989 
161.00 89.44 2.87 1200 29.81 500 44.24 22.12 1.003 
161.00 89.44 2.87 1200 29.81 800 27.85 22.28 1.013 
169.71 84.85 2.82 1200 28.28 5 589.02 2.95 1.011 
169.71 84.85 2.82 1200 28.28 20 474.82 9.50 1.036 
169.71 84.85 2.82 1200 28.28 40 375.13 15.01 1.049 
169.71 84.85 2.82 1200 28.28 60 302.11 18.13 1.029 
169.71 84.85 2.82 1200 28.28 80 249.31 19.94 1.001 
169.71 84.85 2.82 1200 28.28 100 209.88 20.99 0.970 
169.71 84.85 2.82 1200 28.28 300 76.57 22.97 0.995 
169.71 84.85 2.82 1200 28.28 800 29.17 23.34 1.020 
177.99 80.90 2.77 1200 26.97 40 379.04 13.94 1.026 
177.99 80.90 2.77 1200 26.97 60 307.78 16.98 1.012 
177.99 80.90 2.77 1200 26.97 80 255.06 18.77 0.987 
177.99 80.90 2.77 1200 26.97 100 215.63 19.83 0.960 
177.99 80.90 2.77 1200 26.97 300 79.41 21.91 0.987 
177.99 80.90 2.77 1200 26.97 500 48.10 22.12 1.002 
177.99 80.90 2.77 1200 26.97 700 34.51 22.21 1.008 
177.99 80.90 2.77 1200 26.97 800 30.24 22.25 1.011 
185.90 77.46 2.72 1200 25.82 5 586.42 2.93 1.018 
185.90 77.46 2.72 1200 25.82 60 314.95 18.90 1.035 
185.90 77.46 2.72 1200 25.82 80 262.34 20.99 1.009 
185.90 77.46 2.72 1200 25.82 100 222.74 22.27 0.981 
185.90 77.46 2.72 1200 25.82 500 50.06 25.03 1.001 
193.49 74.42 2.67 1200 24.81 40 388.17 15.53 1.033 
193.49 74.42 2.67 1200 24.81 60 320.32 19.22 1.026 
193.49 74.42 2.67 1200 24.81 80 267.92 21.43 1.003 
193.49 74.42 2.67 1200 24.81 100 228.16 22.82 0.978 
193.49 74.42 2.67 1200 24.81 300 85.37 25.61 0.984 
193.49 74.42 2.67 1200 24.81 500 51.74 25.87 1.001 
193.49 74.42 2.67 1200 24.81 800 32.53 26.02 1.010 
200.80 71.71 2.63 1200 23.90 5 585.58 2.84 0.997 
200.80 71.71 2.63 1200 23.90 20 483.37 9.39 1.016 
200.80 71.71 2.63 1200 23.90 80 272.66 21.19 1.004 
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200.80 71.71 2.63 1200 23.90 100 232.85 22.62 0.980 
200.80 71.71 2.63 1200 23.90 300 87.74 25.57 0.982 
200.80 71.71 2.63 1200 23.90 800 33.43 25.99 1.009 
207.85 69.28 2.58 1200 23.09 5 586.52 2.93 1.013 
207.85 69.28 2.58 1200 23.09 20 486.68 9.73 1.028 
207.85 69.28 2.58 1200 23.09 80 278.69 22.30 1.014 
207.85 69.28 2.58 1200 23.09 100 238.93 23.89 0.991 
207.85 69.28 2.58 1200 23.09 300 90.78 27.23 0.980 
207.85 69.28 2.58 1200 23.09 800 34.60 27.68 1.008 
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ABSTRACT: The concrete-filled square steel tubular structure has been applied wildly in the practical projects 
around the world. To install CFRP into the column is beneficial not only to overcome the disadvantages of the 
high-strength concrete, but also to improve the bearing capacity and the stability of the concrete-filled square steel 
tube. This paper adopts finite element analysis software ABAQUS 6.7 to make nonlinear finite element analysis on a 
large number of long columns of high-strength concrete-filled square steel tube with inner CFRP circular tube 
subjected to axial compression. The analysis results are verified by the tests. In addition, the load-axial strain curves 
in the whole process are calculated and analyzed, and they are divided into 4 segments: elastic phase, plastic phase, 
descending phase and rebound phase. Based on the curves of load-axial strain, the stresses analysis on the core 
concrete, CFRP tube and square steel tube are conducted. The results of finite element simulation analysis show the 
destruction of long columns subjected to axial compression are all buckling failure. It indicates that slenderness ratios 
are the key to decide the type of buckling failure for long columns under axial compressive loading. The boundary 
slenderness ratio between elastic buckling and plastic buckling is discussed. 
 
Keywords: ABAQUS finite element, inner CFRP circular tube, axial compression, working mechanism, boundary 
slenderness ratio. 

 
 
1.  INTRODUCTION 
 
Many advantages, such as high bearing capacity, good stability, and simple type of joint available 
in the structure, can be shown in the concrete-filled square steel tube structure, so it is widely 
applied in practical engineering. Especially, the simple type of joint turns the concrete-filled square 
steel tubular column into a good component in frame structure. Some relative researches have been 
accomplished before, as shown in Cai and Gu [1] and Tan et al. [2]. On the basis of the theory in 
Han [3] and Zhong [4], some new materials are used and analyzed in the papers. Liang et al. [5] ~ 
[7] investigated the strengths and behavior of short concrete filled thin-walled steel box columns 
with local buckling effects by nonlinear fiber element analysis, with the study of several essential 
effects on the stiffness, strength and ductility of high strength thin-walled CFST beam columns 
under combined axial load and biaxial bending, and studied the critical local and post-local 
buckling behavior of steel plates in concrete-filled thin-walled steel tubular beam–columns. 
Mohanad and Uy [8] ~ [9] presented the experimental and theoretical studies of the behavior of 
hollow and concrete filled steel columns fabricated with high strength structural steel plate and 
subjected to biaxial bending. With the continuous development of concrete technology and new 
material, high-strength concrete and CFRP are used to cooperate with the steel tube and then the 
high-strength concrete-filled square steel tube with built-in CFRP circular tube is formed. 
According to Li et al. [10], this method can overcome effectively the weaknesses of brittleness of 
high-strength concrete and improve the bearing capacity and stability of concrete-filled steel 
tubular column. 
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The CFRP circular steel tube is installed into the high-strength concrete filled square steel tube to 
form a new type of composite component. With the development of society and economy, there are 
a large number of high-rise buildings and the constructional members with big slenderness ratio 
which have been and will be used in practice engineering, so it is necessary to study further in the 
mechanical properties of the long columns. By the finite element analysis software ABAQUS 6.7, 
the entire process analysis on long columns (λ＞45) of concrete-filled square steel tube with inner 
CFRP circular tube under axial load is conducted and the working mechanism of the long columns 
is deeply investigated in the paper. 
 
 
2.  FINITE ELEMENT MODEL 
 
2.1  Constitutive Model of Materials 
 
2.1.1 Steel  
 
In the paper, the elastic-plastic material behavior provided by ABAQUS 6.7 is applied to emulate 
the steel. Since the cold-formed steel tube which is divided into the corner zone and the plate zone 
with the different residual stress is adopted in the research, an idealized multi-liner stress-strain 
model proposed by Abdel-Rahman and Sivakumaran [11] is used to simulate the constitutive 
relation of the steel, as shown in the Figure 1. The first part of the curve is defined as the elastic 
stage with the Young’s modulus Es=206000MPa, and Poisson’s ratio ( ) is taken as 0.3. 
 

    




f

f  
 

Figure 1. Idealized stress-strain curves     Figure 2. Stress-strain curve of CFPR 
        of cold-formed steel 

 
 
2.1.2  CFRP  
 
The Lamina model provided by ABAQUS 6.7 is elected to simulate the mechanical performance of 
the CFPR in the elastic stage. The Hashin damage model is applied to emulation of the abrupt 
fracture behavior. On the basis of the previous researches, the interaction between CFRP and 
concrete can be neglected, since the bonding strength between CFRP and concrete is less than the 
strength of CFRP. Therefore, CFRP is assumed to be in the elastic state before its failure, and CFRP 
is ruptured and removed from the analysis owing to disability to bear load when CFRP reaches the 
ultimate strain. Figure 2 shows the stress-stain curve of the CFRP and the formulas of the 
constitutive relation are as follows: 

 

f  ，     ff E                                               (1) 
 

f  ，    0f                                                   (2) 
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Where, f  is the ultimate stress of the fiber; fE  is the modulus of elasticity; f is the ultimate 
strain. 
 
2.1.3  Concrete  
 
In the paper, the damage plastic model provided by ABAQUS 6.7 is used to emulate the concrete 
material. Since taking into consideration the confinement effects of the CFPR tube and steel tube 
on the core concrete, the stress-strain relationship of the high-strength concrete developed by Liu 
[12] is applied to emulate the concrete in the analysis. 
 
2.2.  Element  
 
For taking into consideration the shear deformation along the thickness direction, the shell element 
of four nodes reduced integration scheme (S4R) is used to simulate steel. With the change of shell 
thickness, the method will automatically fit to the thick or thin shell theory. In order to satisfy the 
required accuracy, 9 integration points of Simpson theory along the thickness direction in the shell 
element are needed. The composite shell element of four nodes reduced integration scheme (S4R) 
is applied to emulate CFRP with 3 integration points of Simpson theory along the thickness 
direction in the shell element. The three-dimensional solid element (C3D8R) of eight nodes 
reduced integration scheme is used as the element model to emulate the concrete and the loading 
plate. In addition, the loading plate can be seen as rigid body, because it almost has no distortion in 
the process of experiment. The elastic modulus of the loading plate should be set largely enough 
and the Poisson ratio is set diminutively enough in the material properties to emulate the rigid body. 
 
2.3  Boundary Conditions and Mode of Loading 
 
For the symmetry of cylinder geometry and boundary conditions of the model, a quarter of the 
actual component is selected to simulate. There are symmetric boundary conditions on the two 
symmetric planes in the components of concrete-filled steel tube, as shown in Figure 3(a). When 
making nonlinear finite element analysis on long columns of concrete-filled square steel tube under 
axial compression, initial defects of specimen should be taken into consideration due to its large 
effect on the mechanical properties of long columns of high-strength concrete-filled square steel 
tube with built-in CFRP circular tube under axial compression. The initial defects in columns of 
concrete-filled steel tube belong to small eccentricity, so loading cannot be completely exerted on 
axle center in the process of simulation on components. The initial deflection of components should 
be set as thousandth length of rod (taking initial eccentricity e0=L/1000). The loading path is that 
when fixing the displacement of X, Z direction, the line load is applied on the loading plate (the 
loading program is the displacement.), as shown in Figure 3 (b). 
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Figure 3. Axial Compression Model of Long Columns Considering Initial Defects 

 
2.4  Contact 
 
Owing to analysis on three materials, including steel, concrete and carbon fiber, the columns of 
high-strength concrete-filled square steel tube with built-in CFRP circular tube studied in this paper 
are relatively special. Therefore, on the basis of the practical situation, the contact relation that is as 
simple as possible to avoid complicated contact among different materials is emulated in the paper. 
 
 

 
Core concrete          CFRP          Sandwich concrete             Steel tube 

Figure 4. Finite Element Model of Specimen 
 

Since the contacts between the loading plates and the top zones of the concrete are only considered 
in the normal direction, "hard" contact (hard contact) is used to simulate to transmit the reaction 
force perpendicular to the loading plate between the interfaces. “Shell to solid” provided by 
ABAQUS 6.7 is applied to contact between steel tube and the loading plate, for the steel tube is 
simulated by shell element model. Taking into account cooperative deformation of CFRP with core 
concrete or sandwich concrete, binding constraints (tie) is used to emulate both the interface 
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between core concrete and CFRP tube and interface between sandwich concrete and CFRP tube. 
The model proposed by Liu [12] is applied to simulation of the contact between steel tube and 
concrete. The contact along the normal direction is hard contact and that along the tangent direction 
is sliding frictional contact. The friction coefficient is 0.6 and the contact relations among materials 
are shown in the Figure 4. 

 
 

3.  RESULTS OF THE ANALYSIS 
 
3.1  Comparison of the Ultimate Bearing Capacity. 
 

Table 1. Comparison of the Ultimate Bearing Capacity 

number 
B 

(mm) 
L 

(mm) 
t 

(mm) 
yf  

(MPa) 
    cfrp  

(mm) 
uN  

(kN) 

'
uN  

(kN) 

'
u

u

N

N
 

2600AL50 200 2600 5 320 45.033 0.108 0 3950 3920 0.992 

2800AL50 200 2800 5 320 48.497 0.108 0 3900 3889 0.997 

3000AL50 200 3000 5 320 51.962 0.108 0 3750 3848 1.026 

3200AL50 200 3200 5 320 55.426 0.108 0 3687 3801 1.031 

2600AL52 200 2600 5 320 45.033 0.108 0.334 4086 3943 0.965 

2800AL52 200 2800 5 320 48.497 0.108 0.334 3934 3901 0.992 

3000AL52 200 3000 5 320 51.962 0.108 0.334 3795 3852 1.015 

3200AL52 200 3200 5 320 55.426 0.108 0.334 3690 3809 1.032 

Note:  
The first letter A of specimen No. means axial compression;  
The second letter L means long column;  
The first Roman numbers 5 behind letters represents that thickness of tube wall is 5mm;  
The second Roman numbers 0, 2 under letters represent that the number of carbon fiber layers 
around CFRP circular tube is 0 and 2 respectively.  
B represents the outside length of square specimen section, 
L represents the length of the specimen,  
t represents the thickness of steel tube wall,  

yf  represents the yield strength of steel tube,  

2 3 L B   represents the slenderness ratios, 
  represents steel radio;  

cfrp  represents the thickness of carbon fiber cloth,  

uN and '
uN  represent ultimate compressive strength obtained from specimen experiments and 

from the finite element method separately. 
 
Table 1 shows the detailed information and ultimate bearing capacity value of specimens of long 
columns of high-strength concrete filled square steel tube with CFRP circular tube under axial 
compression corresponding to the experiment. The results of analysis show that the error between 
calculated values and experimental values of ultimate bearing capacity obtained by nonlinear finite 
element analysis is less than 10%.The mean and variance of the '

u uN N value of concrete filled 
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square steel tubes are 1.006 and 0.005 respectively. It shows that the calculated results agree well 
with the experimental results. Thus, the calculation method which analyzed the mechanical 
property on long column of high-strength concrete-filled square steel tube with internal CFRP 
circular tube under axial compression is reliable.  
 
3.2  Full Range Analysis on Load-Axial Strain  
 
To study the working mechanism of long columns of concrete-filled square steel tube with inner 
CFRP circular tube under axial compression, it is essential to analyze the typical curve of load 
(N)-average longitudinal strain (ε) of long columns under axial compression separately, shown in 
Figure 5. The curve is divided into four sections: OA segment (elastic stage), AB segment (plastic 
stage), BC segment (descending stage), and CD segment (rebounding stage). Point A in the curve is 
the beginning point in which steel tube goes into the plastic stage. Point B is the point in which the 
component reaches its ultimate bearing capacity. Point C is the point in which the role of CFRP is 
clearly starting to act on the mechanical prosperity of the column. Point D’ means a sudden rupture 
of CFRP circular tube. When the function of core concrete in the finite element method process is 
extremely unstable, axial deformation of the specimen is comparatively large and there is a large 
buckling in steel wall. The point D (the corresponding strain is about 3.5 0 -5 0 ) before point D

’ is 

elected to investigate the mechanical properties of concrete before the rupture of CFRP circular 
tube. 
 
The typical example of long columns of high-strength concrete-filled square steel tube with inner 
CFRP circular tube under axial compression and that of normal long columns of concrete filled 
steel tube under axial load are used to compare and analyze the changes in stress and strains of core 
concrete, steel tube and CFRP circular tube in the whole process so as to investigate their working 
principles. The calculation parameters of these typical examples are as the follows : L = 3000; B = 
200mm; t = 5mm; cfrp =0.334；Steel 235Q  and concrete C90 are used. 

 

A

B

C D D’
ueN

0.85 ueN

0 01.5 0 03.5 ~ 5 


N

 
Figure 5. Typical N-ε Relation Curve 

 
3.3  Stress and Strain Analysis of the Core Concrete. 
 
Figure 6 shows the longitudinal stress (S22) distribution of the core concrete section corresponding 
to points A, B, C and D on typical N-ε relation curves. The results show that, in the whole process, 
the core concrete of long columns of high-strength concrete-filled square steel tube with inner 
CFRP circular tube are subjected to pressure in the total cross section. When the load is small 
(point A), the steel has no confinement effects on the concrete due to relatively larger Poisson ratio 
of steel than that of concrete. When the load reaches the ultimate bearing capacity (B point) of the 
column, the lateral deformation coefficient of concrete is larger than that of steel, because the 
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plastic deformation of concrete was formed. The confinement effect of steel on concrete mainly 
concentrates on the corner of steel tube. Then the load begins to decrease and the confinement 
performed by steel begins to expand to the flat region. When the load drops to point C, the 
difference of longitudinal stress distribution between core concrete and sandwich concrete starts to 
be obvious. The longitudinal stress distribution is uneven and the stress of core concrete 
significantly increases. When arriving at point D, the difference is more obvious and the stress of 
core concrete continues increasing. 

 
Figure 6. The Longitudinal Stress Distribution of Sectional Core Concrete in  

Concrete Filled Square Steel Tube with Inner CFRP Circular Tube 
 

In order to facilitate comparison with ordinary concrete-filled square steel tube similar to the 
method proposed in Gu et al. [13], Figure 7 shows the longitudinal stress distribution in the cross 
section of square steel tube concrete columns corresponding to points A, B, C and D. The stress of 
the core concrete of concrete filled square steel tube is generally less than that of the core concrete 
of concrete-filled square steel tube with inner CFRP circular tube and CFRP tube played an 
important role in the Constraint effect on the core concrete. 
 

 
 

Figure 7. The Longitudinal Stress Distribution of Sectional Core Concrete in  
Concrete-Filled Square Steel Tube 

Point A  Point B 

Point C Point D 

Point A Point B 

Point D Point C 
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In order to reflect the plastic development of cross section of core concrete directly, Figure 8 and 
Figure 9 show the longitudinal plastic strain distribution of core concrete of axial long column 
components. The results show that the plastic development of concrete filled square steel tube with 
inner CFRP circular tube is slower and the plastic strain at both ends gradually spreads into the 
mid-span. At point D, the large plastic deformation is formed in the middle of the core concrete 
section. But the plasticity of core concrete of concrete filled square steel tube developed rapidly, 
the longitudinal plastic strain in the section begins to be brought forth obviously at point B. It 
continues to increase and the rate of the increase speeds up at point C. 
 

      
The Longitudinal Plastic Strain Distribution of Core Concrete 

 

 
The Longitudinal Plastic Strain Distribution of Sandwich Concrete 

 
Figure 8. The Longitudinal Plastic Strain Distribution of Sectional Core Concrete in Concrete 

Filled Square Steel Tube with Inner CFRP Circular Tube 
 

 
          Point A            Point B              Point C            Point D 

 
     Figure 9. The Longitudinal Plastic Strain Distribution of Sectional Core Concrete in Concrete 

Filled Square Steel Tube  
 

Point A Point B Point C Point D

Point A  Point B Point C Point D 
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3.4.  Stress Analysis of Steel Tube.  
 
Since the cold-bending steel tube is used in this paper, the increase of yield strength of steel in 
corner part of the steel tube is taken into consideration, with its cross section divided into corner 
region and flat region. Different yield strength and the relevant parameters of plastic development 
are set to each region. Figure 10 shows the Mises stress distribution of steel of concrete filled 
square steel tube with internal CFRP circular tube in the whole process of steel under load. The 
results demonstrate that steel tube does not produce the confinement effect on concrete due to its 
relatively large Poisson radio when the load is small (point A). As a result, the entire section of 
steel tube is basically in the elastic state while the strain values of corner region and flat region 
have reached proportional ultimate value. As steel tube reaches its ultimate bearing capacity (point 
B), what can be seen from the Mises output values is that the maximum value in corner region has 
reached the yield value of steel. With the increase of load, the steel tube goes into plastic state and 
its strain is still rising slowly, while the plastic strain develops fast. So there is the plastic failure in 
the axial compressive component. 

        
          Point A          Point B          Point C         Point D 

 
Figure 10. Mises Stress Distribution of Steel of Concrete Filled Square Steel  

Tube with Inner CFRP Circular Tube 
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3.5  Strain Analysis of CFRP 
 
Figure 11 shows the principal stress vector of CFRP circular tube. It can be seen that the direction 
of maximum principal stress vector in CFRP is along the longitudinal direction of circular tube. 
Figure 12 gives the distribution figure of maximum principal stress of CFRP circular tube and the 
results show that, when the load is small (point A), the distribution of maximum principal stress 
along longitudinal is uneven. The maximum principal stress is not more than 93.8Mpa from the 
output values of principal stress when the CFRP circular tube is under small load. When arriving at 
its ultimate bearing capacity (point B), the maximum principal stress value of CFRP is 695.3MPa, 
only one-sixth of its ultimate bearing capacity. CFRP does not play a significant role in the core 
concrete when the component reaches its ultimate bearing capacity. When the load drops to point 
C, maximum principal stress of CFRP gradually moves closer to the middle of the span and it also 
reaches its maximum value 1875MPa. It shows that CFRP circular tube starts to have a significant 
confinement effect on core concrete. Figure 5 indicates that N ~ ε curve starts to rebound from this 
point(C). As the load increases, the maximum principal stress is also increasing correspondingly 
and the confinement effect of steel tube on core concrete becomes increasing apparently. When 
CFRP reaches its ultimate bearing capacity at point D, the confinement effect comes to its extreme. 

 
              Point A            Point B           Point C         Point D 

Figure 11. Distribution of the Principal Stress Vector of CFRP 
 

 
Point A            Point B             Point C             Point D 

Figure 12. Distribution of the Maximum Principal Stress of CFRP 
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4.  BOUNDARY SLENDERNESS RATIO OF ELASTIC BUCKLING 
 
4.1  Calculation of the Bound Slenderness Ratio 
 
The destruction of concrete-filled steel tubular short column under axial load is the strength failure 
and the destruction of long concrete-filled steel tubular column is the buckling failure. Buckling 
failure can be divided into elastic-plastic failure and elastic buckling failure. When the buckling 
failure occurs and the compression stress is less than the yield strength of the steel, the failure can 
be defined as the elastic buckling failure. The capacity of components with relatively large 
slenderness ratio under axial load often depends on stability because of the initial defects. In order 
to receive the boundary slenderness ratio of elastic buckling of long column, the finite element 
simulation on long columns (the slenderness ratio 138.5) of high-strength concrete-filled square 
steel tube with inner CFRP circular tube under axial compression is performed in the paper. 
Because the boundary slenderness ratio is related with the ultimate load and the load-deformation 
curve after the ultimate load is not a main task of the study, the figure of the load-deformation curve 
is only included a certain portion after the ultimate load of the specimen. Figure 13 shows the loads 
(N)-the average longitudinal strain ( ) curve of strength concrete-filled square steel tubular long 
columns. And its slenderness ratio is less than 138.6. Figure 14 shows the load (N)-the average 
longitudinal strain( )curve of high-strength concrete filled square steel tubular long columns with 
inner CFRP circular tube with the slenderness ratio corresponding to concrete-filled square steel 
tube. 
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Figure 13. N-  Curve of High-Strength Concrete-Filled Square Steel Tubular Long Columns 

 
The ultimate bearing capacity of high-strength concrete-filled steel tubular long columns is defined 
as the critical force when buckling failure occurs. Figure 13 and Figure 14 show that critical forces 
of all specimens under axial compression have much to do with slenderness ratio. The smaller the 
slenderness ratio λ is, the greater the critical force is and the greater the limit deformation is. The 
greater the slenderness ratio λ is, the smaller the ultimate deformation is and the critical force 
smaller is. It is can be seen from Figure 13 when λ is 20.78~86.6, the columns of concrete-filled 
square steel tube reach a critical state in the plastic phase of the N-ε curve. When λ=93.5~138.6, it 
reaches a critical state in the elastic stage of the N-ε curve. So the boundary slenderness ratio of 
high-strength concrete-filled square steel tubular long columns under axial compression is 93.5 
when elastic buckling occurs (L=5400mm). 
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Figure 14. N-  Curve of High-Strength Concrete Filled Square Steel Tube with Inner 2 Layers 

CFRP Circular Tubular Long Columns 
 

It can be seen from Figure 14, when  =20.78~93.5, the columns of high-strength concrete-filled 
square steel tube with inner CFRP circular tube reach critical state in the plastic phase of the N-  
curve. When  =100.5~138.6, the specimens reach critical state in the elastic stage of the N-  
curve. So the boundary slenderness ratio of columns studied in the paper under axial compression is 
100.5 when elastic buckling occurs (L=5800mm). 
 
Figure 15 shows the load (N)-deflection of mid-span (Δ) relationship curve of components of 
high-strength concrete-filled square steel tube under axial compression. It is shown in Figure 15 
that, as slenderness ratio increases, the deflection (Δ) gradually increases, when the components 
reach its critical state. The anti-lateral stiffness and stability of components of high-strength 
concrete-filled square steel tube under axial compression decrease as slenderness ratio increases. At 
the same time, the deflection (Δ) of components ( 6.86 ) with plastic buckling begins to span 
obviously when it arrives at 60%~70% of critical force, while the deflection (Δ) of components 
( 5.93 ) with elastic buckling starts at the beginning of loading. 
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Figure 15. N-Δ Relationship Curve of High-Strength Concrete 

Filled Square Steel Tubular Columns 
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4.2  Theoretical Validation of Boundary Slenderness Ratio 
 
Zhong and Han [14] adopted numerical methods to calculate the load-deformation curve of the 
components under axial load and defined that the strength in the end of elastic stage of the curve is 
combinational proportional limit scpf . The reduced stress of steel has reached its proportional limit 

and the strain of component is proportional strain scp . It is defined that scyf  is the standard 

strength value when the component reaches its ultimate bearing capacity. These 
parameters scyscp ff and scp  do not depend on steel ratio and strength grade of concrete, but on the 

yield point of steel. It is due to the one-way force to which the steel and concrete at this stage are 
subjected, without the confining force, as shown in Han [3].  
 
According to analysis results by numerical calculation of Zhong and Han [14], the expression of 
parameters can be calculated as follows: 
 

ckscy fCBf )212.1( 2                                          (3) 

 

scycuyscp ffff ]104.0)30(365.0)235(263.0[                             (4) 

 

yscp f61001.3                                                     (5) 

 
Among：B= 0.131 / 235 0.723yf  ，C= 0.07 / 20 0.0262ckf   

  is confine coefficient of the concrete-filled steel tube 
 

The article defines that the combinational proportional load scpN
 
is equal to the scscp Af   

(multiplication of combinational proportional limit and the cross-sectional area of the component). 
If the critical force in damage is greater than the combinational proportional load of components 
under axial load, the damage belongs to the plastic buckling. While the critical force in buckling 
damage is less than the combinational proportional load of component under axial load, the damage 
belongs to elastic buckling. The calculated values can be obtained from interrelated values of 
examples in this paper. 

 
085.106scyf MPa，       scpf =62.463MPa， 

61025.978 scp ，       KNN scp 5.2498
 

 
The critical force of components of high-strength concrete-filled square steel tube with the buckling 
failure is 2483KN in this article when the slenderness ratio is 93.5 (L=5400mm) which is less than 
the combinational proportional load scpN  obtained by theoretical calculation. The proportional 

strain is 61047.993   equivalent to the theoretical calculation value. It proves the correctness of 
the calculation. The critical force of columns of high-strength concrete-filled square steel tube with 
internal CFRP circular tube with the buckling failure is 2419KN in this paper when the slenderness 
ratio is 100.5（L=5800mm which is less than the theoretical calculation value. The proportional 
strain is 61047.957  . It indicates that the buckling damage is elastic buckling. 
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The theoretical formula of limit slenderness radio of long columns of concrete-filled steel tube 
proposed by Zhong and Han [14] when elastic buckling occurs is shown as follows: 
 

yp f/1811                                                    (6) 

 
To put the yield strength of steel into the expression can be obtained that the theoretical limit 
slenderness ratio of elastic buckling is 2.101p .In the paper, the limit slenderness ratio is 93.5 

when elastic buckling occurs on long column of concrete-filled square steel tube under axial 
compression. The limit slenderness ratio is 100.5 when elastic buckling occurs on long column of 
concrete-filled square steel tube with inner CFRP circular tube under axial compression. The 
difference between the calculated limit slenderness ratio and that of finite element simulated is 
small and shows the accuracy of the calculation. 
 
 
CONCLUSIONS 
 
(1) The finite element analysis on long columns of high-strength concrete-filled square steel tube 
with inner CFRP circular tube under axial load can be conducted by ABAQUS 6.7 perfectly. And 
the results of finite element analysis show a good agreement with the experimental results. 
 
(2)According to the analysis on the core concrete stress of long columns of high-strength 
concrete-filled square steel tube with internal CFRP circular tube under axial compression, when 
the columns achieve the ultimate bearing capacity, the longitudinal stress distribution of sandwich 
concrete and that of core concrete are uneven and the core concrete is the primary part to bear the 
load. 
 
(3)When long columns of high-strength concrete-filled square steel tube with internal CFRP 
circular tube reaches the ultimate bearing capacity, steel tube has reached its yield limits. 
 
(4)The analysis results of long columns of high-strength concrete-filled square steel tube with inner 
CFRP circular tube under axial compressive show that, the confinement effect of CFRP on core 
concrete is small before components reach the ultimate bearing capacity. After the ultimate bearing 
capacity, CFRP circular tube begins to play a significant role in confinement effect on the core 
concrete. 
 
(5)According to the results of finite element simulation on the specimens, the critical forces of all 
specimens under axial compression are depended on the slenderness ratio. The smaller the 
slenderness ratio   is, the greater the critical force is and the greater the limit deformation is. 
 
(6) The limit slenderness ratio is 93.5 when elastic buckling occurs on the long column of 
concrete-filled square steel tube under axial compression. The limit slenderness ratio is 100.5 when 
elastic buckling occurs on the long column of concrete-filled square steel tube with inner CFRP 
circular tube under axial compression. These results have been verified by theoretical calculation. 
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ABSTRACT: Precast concrete slabs connected to the steel beams by headed shear studs arranged in groups may be 
used in high-rise office buildings to speed up construction process and improve quality by increasing the grade of 
industrialization. The paper presents experimental research performed on push-out tests at the Faculty of Civil 
Engineering University in Belgrade. The main goal has been to investigate possible reductions (if any) of shear 
stiffness and strength of five group arrangements consisting always of four headed shear studs, the shank diameter 16 
mm and 100 mm height. A shape of group arrangement and its orientation to the applied load, and distance between 
the studs were variables considered. Intention was to have as small as possible holes in precast concrete slabs so the 
distance between studs was lower than minimum required in Eurocode 4 [1]. Comparison is made with results 
obtained on specimen with uniformly distributed shear studs, according to requirements of the standard arrangement 
[1]. Material characteristics were obtained and push-out tests were preformed in procedures that fully comply with 
Eurocode 4. 
 
Experimental results were evaluated according to the design models in Eurocode 4 and available literature, 
Okada-Yoda-Lebet [2]. Recommendations for use of the group arrangements were proposed. 
 
Keywords: Headed studs, Group arrangement of stud connectors, Steel-concrete composite beams, Prefabricated 
concrete slab 

 
 
1.  INTRODUCTION 
 
Devices used to establish transfer of longitudinal shear force between the steel beam and concrete 
slab strongly influence structural characteristics of a composite structure. In composite floors of 
high-rise buildings, the headed shear studs welded to a steel flange and encased in concrete is the 
most common way to insure composite action. Continuous and uniform distribution of headed studs 
on the flange of the steel beam results in considerable limitations for use of prefabricated composite 
floors. Groups of headed studs placed at the predefined positions matching openings of the 
prefabricated reinforced concrete slab are often used for insuring the effective composite action. In 
Eurocode 4, for the composite bridges EN1994-2 [3] design of discontinuously placed headed studs 
is allowed.  A group of headed studs is allowed in the most heavily loaded zones of beams (close 
to the supports).  
 
If the recommendation of the minimum spacing between the individual headed studs (5d in the 
force direction) is strictly considered, a larger number of grouped shear studs would require larger 
dimensions of openings in the prefabricated slab. The minimum allow space between the headed 
studs in the direction perpendicular to the force (2,5d) is practically equal to the minimum spacing 
due to the welding. This is defined by the dimensions of equipment for automatic welding. For this 
reason, a possibility of reducing the distance between the headed studs in the force direction is 
analyzed.  
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Shim et al. [4] analyzed the shear resistance of the group of 9 headed studs 25 mm in diameter as a 
function of the distance between the studs which are smaller than the stipulated distance of the 5d. 
Josef Hegger et al. [5] considered shear resistance of two headed studs placed at the distance of 2d, 
in the force direction and a comparison with the shear resistance of specimens with two studs at the 
distance 2,5d was presented. For the sake of comparison, in experiments shown in this paper the 
concrete with lower strength and headed studs with the higher ratio hsc/d are used.  
 
Shim et al. [4] propose reduction for the shear resistance of studs in a group compare to the sum of 
shear resistance of individual studs. This reduction of 30% for a group of headed studs at a distance 
of 3d in the force direction is certainly a function of the distance between them. However, Hegger 
et al. [5] presented results of the experiment where they concluded that the shear resistance of two 
headed studs at the distance of 2d in the force direction was only 5.4% lower than the sum of 
individual shear resistances. Hegger et al. [5] used high strength concrete which gave smaller 
reduction of the shear resistance. Okada et al. [2] analyzed group of 9 studs with different distances 
between studs (from 3d to 13d) in force direction and with various concrete strength. The 
interaction of reinforcement layout and shear resistance was experimentally analyzed, as well. In 
our experiments, the specimens were made of the standard concrete strength. 
 
Load-slip characteristic of single headed stud in the shear connection is rather well known and 
described in literature, [6] and [7], but there are no many data on load-slip characteristics of the 
group of studs. No information and recommendations on the relationship between the load-slip 
characteristic of individual headed stud and the load-slip characteristic of the group of studs with 
nominally identical resistance are available.  
 
The shear resistance of studs is dependent on several parameters, such as: the stud material, 
diameter of the stud, strength and elasticity modulus of concrete in which the stud is installed. 
Experiments on the shear resistance of an individual stud, which have been conducted for decades, 
have demonstrated that the strength of concrete, height of headed studs, i.e. height/diameter ratio of 
studs (hsc/d) are the most influential parameters for the shear resistance. Current design codes [1], 
[3], [8] take into account the effects of height/diameter ratio (hsc/d) explicitly on the shear 
resistance.  
 
This paper provides information on experimental part of the ongoing research project on headed 
shear stud behavior in a composite structure with a prefabricated concrete slab. 
 
The main goal of these experiments is to investigate potential of reducing spacing between the 
headed studs, less than the minimum recommended value of 5d in the force direction. The 
specimens with groups of 4 headed studs d=16 mm in diameter and the height hsc=100 mm have 
been used. In total, 25 specimens have been tested on the standard push-out test. The arrangement 
of headed studs within a group, as well as the orientation of the group to the direction of the load 
action, have been varied.  
 
 
2.  TEST SET-UP  
 
The specimens included in this research are made and tested in accordance with the Annex B of 
Eurocode 4. They consist of: two prefabricated reinforced concrete slabs and the steel beam 
HEB260 with groups of headed studs welded by standard automatic procedure (Drawn Arc Stud 
Welding). Three types of prefabricated slabs have been used (Figure 1). All concrete slabs have 
standard dimensions, 600x650 mm, and they have openings for accommodating the groups of 
headed studs, which are located almost in the middle of the slab. Slab Type 1 has a standard 
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dimensions acc. to the Annex B of the Eurocode4 [1] and  the opening 240x240 mm. Type 2 is 
modified, a  reduced size of the opening to 140x240 mm (Figure 1b). Type 3 has same dimensions 
(the same opening) as the Type 2, but without transversal reinforcement passing through the 
opening (Figure 1c). This modification is done to analyze possible effect of the reinforcement on 
the behavior of the group of studs in the shear connection. All slabs are constructed with concrete 
of the C30/37 class and reinforced by the ribbed reinforcement 10 mm of the class B500. The 
production of precast concrete slabs was realized in precast concrete elements workshop. Three 
standard cubes 150 mm were used for compressive strength test for each concrete mixture. Tension 
strength was determined by bending test on prisms100x100x400mm, also for each concrete 
mixture.    
 

 
Figure 1. Types of Reinforced Concrete slabs 

 
Specimens were casted in the laboratory. After assembling of prefabricated RC slabs into precisely 
defined positions, the slab openings were filled in. The in-fill material was concrete with strength 
ranging from fck=32-40MPa, and with small shrinking dilatation. Mix proportion for infill concrete 
is presented in Table 1. The water-cement ratio was 0.52. For infill concrete, three grain size of 
river aggregate and two admixtures were used (shrinkage-reducing and super-plasticizer) as 
presented in Table 1. 
 

Table 1. Mix Proportion for Infill Concrete 
Mixture components [kg/m3] 

Sand 
Rounded (River) 
gravel aggregate 

Admixtures Cement 
42,5R 

Water 
0-4 4-8 8-16 shrinkage-reducing super-plasticizer

320 162 822 478 611 6.4 1.92 
 
According to Eurocode 2, the maximum diameter of an aggregate is in relation with the minimum 
clear distance between rebar (in this case headed studs). The minimum clear distance between 
headed studs is 29 mm. For the development of an adequate bond between the concrete and rebar, 
and satisfactorily placed and compacted concrete between headed studs, the maximum nominal 
aggregate size 16mm was adopted. 
 
Using concrete shrinkage reduction admixtures, 20% smaller shrinkage dilatation have been 
obtained than the design values according to the Eurocode 2 [9], see Figure 2. By measuring the 
shrinkage on the control prisms, shrinkage dilatation of 250x10-6, have been obtained for the age 
of concrete of 45 days at the air temperature of 20-25 C and the relative humidity of 23±2%. 
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Figure 2. a) Shrinkage dilatation of the concrete in time, b) The Test Layout 

 
Okada et al. [2] has analyzed the bond-friction effects between steel section and concrete slab. 
Their conclusion is that about 10% of total shear resistance of headed studs is achieved by 
bond-friction stresses.  
 
The unreliable and brittle failure mode of the chemical bond between steel and concrete are reasons 
not to take the bond-friction stresses in design of composite beam. In our research, the chemical 
bond force between the concrete and steel beam was eliminated, as suggested in Eurocode 4 [1] in 
B.2.3(2). The surface of the steel beam was oiled prior to the assembling, to prevent chemical bond 
between the concrete and the steel beam. Just prior to the monolitization, surfaces of prefabricated 
slabs, which are in direct contact with fresh infill concrete, have been painted with the coating for 
contact joints between old and fresh concrete. Filling of concrete was performed in a position as 
shown in Figure 3. Three days after concreting of one side of the specimen, the specimens were 
reversed, and the other side of the specimens was completed. The infill concrete achieved full 
design strength 14 days after concreting (Figure 4). The samples are tested 21 days after placing 
concrete on the reverse side, meaning 24 days after placing concrete on the first side of the 
specimen. From the concrete strength diagram as the function of the concrete age (Figure 4) it can 
be seen that no significant increase of the concrete strength occurred after 21 days.  
 

 
 

Figure 3. The Slabs Prior to Assembling 
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Figure 4. Increase of the Concrete Strength 
 
 
The vertical force was applied by the hydraulic jack having the capacity of 3500 kN, in 
displacement control. In the first phase of testing, the specimens were loaded with cyclic loading. 
The load was applied in 26 cycles. In the first cycle, the load was applied incrementally, in three 
steps from 90 kN to the force of 270 kN, which is around 40% of the expected value at failure. 
Then the specimen is unloaded to 32 kN. The remaining 25 cycles comprised of loading of the 
specimen to 270 kN and it’s unloading to 32 kN. After the last cycle of the first phase, the load was 
applied continually until failure, ensuring that specimen failure occurs 20-25 minutes since the start 
of load application in the last cycle. In order to reduce eccentricity, and to provide good contact of 
the specimen and the jack, the specimen was placed into the layer of fresh gypsum prior to 
mounting on the press. The jack headed is equipped by a spherical bearing. The force was 
monitored via the control board of the hydraulic jack and with the aid of load cells for measuring 
pressure force, manufactured by "Hottinger" having measuring range up to 1000 kN. During the 
test, slip of the steel beam in respect to the concrete slabs was monitored in four points, two points 
per each concrete slab, by the Linear Variable Displacement Transducer (LVDT sensors) no. 1, 2, 6, 
7 from the Figure 5a. The transversal deflection – separation of the concrete slabs from the steel 
beam was also monitored in two points (LVDT sensors no. 3 and 4). Positions of the measuring 
points 3 and 4 are approximately at the location of the stud group. Horizontal separation between 
concrete slabs was monitored too. One sensor for monitoring of the slabs separation was placed at 
the location of the stud's group (sensor 8) while the other one, sensor number 5, was placed at 150 
mm from the lower edge of the specimen. For LVDT sensor layout see Figure 5a. The deflections 
were monitored by inductive deflectometers "Hottinger". Data acquisition was performed 
continually by MGC+ "Hottinger" with the data recording frequency of 0,5 Hz and 1,0 Hz.   
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1,2,6,7 – LVDT sensors for longitudinal slip  
3,4 – LVDT sensors for transverse separation between the steel section and concrete slab 
5,8 – LVDT sensors for transverse separation between the concrete slabs 
 

Figure 5. a) Layout of Measuring Points, b) Equipped Specimen Ready for Testing 
 
 
3.  THE GROUP ARRANGEMENTS  
 
As the initial data for the analysis of shear resistance of the group of elastic headed studs, the shear 
resistance of the single headed stud was adopted. The shear resistance of headed stud having 
diameter d=16mm and the height hsc=100 mm as the function of concrete strength is presented by 
the diagram of the Figure 6. 

 
Figure 6. Resistance of Headed Studs as the Function of Nominal Concrete Strength [1] 

 
Analyzing characteristic shear resistance of headed studs as the function of the concrete strength, 
(Figure 6), three failure modes can be observed: the shear stud failure, the concrete failure, and a 
combined failure mode. The combined failure mode is characterized by the crushing failure of 
concrete in the zone around the studs along with the shear failure of headed studs. If the 
characteristic strength of concrete has lower values (fck<35MPa), the failure of the concrete around 
the headed studs is expected. For the characteristic concrete strength of around fck= 35MPa, 
concrete failure around the connector and stud shear failure are approximately equal, so the 
combined failure is expected, while for the concrete strengths higher than fck= 40MPa stud shear 
failure can be expected.  
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To determine the expected shear resistance of a group of headed studs, the mechanical properties of 
the headed stud material were examined, the properties of the concrete used for monolitization of 
specimens. A characteristic stress-strain diagram of a shear stud was obtained using the coupon test, 
see Figure 7. Mechanical properties of concrete are given in Table 2.    
 

     
 

Figure 7. Characteristic Stress-strain Diagram for the Headed Stud Material 
 
Experiment study included a total of 5 arrangements of studs. All the specimens were constructed 
with a total of 8 studs, four studs on each side. In the first phase of testing, four different layouts of 
headed studs groups were constructed. The standard specimen ST (standard test) consists of the 
group of four studs, 16 mm in diameter, on one side of the specimen. It has the arrangement which 
is fully according to Eurocode 4 (Figure 8a). The TDA (transversal distance arrangement) specimen 
types (Figure 8b) include the case when the same number of headed studs is placed in one row 
transversally in relation to the direction of the load, with the distance equal to the minimum 
distance [1] of 40 mm (2,5d). In the group with LDA1 (longitudinal distance arrangement - type 1) 
specimens, there are four studs in the group, also placed in one row along the direction of the load, 
at a distance of 50 mm (3d), which is less than the required minimal distance between the headed 
studs according to design codes (EC4). The last group specimens - LDA2 (longitudinal distance 
arrangement -type 2) was constructed using the rhomboid arrangement of four studs. The distance 
in the direction of the load is smaller than with those stipulated by design codes (Figure 8c).  
 
The second phase of research included two new layouts of specimens: type G1 (group arrangement 
without reinforcement) (Figure 8e) and type GR1 (group arrangement with reinforcement) (Figure 
8f). Since obtained values of the shear resistance of specimens in the first phase of the experiment 
were higher than expected, the distance between studs were reduced to 45 mm (2,5d) in the 
second phase. Type G1 specimens were formed with Type 3 concrete slabs (Figure 1c) with no 
reinforcement in the opening. GR1 specimens were formed with Type 2 concrete slabs. Considering 
that the headed stud shear failure was relevant for all the tested specimens in the first phase, the 
specimens in the second phase were monolitized with a slightly lower strength concrete instead of 
one having fck=40MPa (see Table 2). In the second phase, it was also analyzed to what extent the 
reinforcement in the opening affects the shear resistance of the headed studs group.  
 



146                             Push–Out Experiments of Headed Shear Studs in Group Arrangements                        
 

 
 

Figure 8. Layout of Specimens 
 
4.  TEST RESULTS 
 
An overview of experimental results is shown in Table 2. In the column (2) and (3) are presented 
the strengths of infill concrete of the front/back side of the specimen. The average value of 
maximum slip at failure δmax, between the concrete slab and steel flange, is presented in the column 
(7). In the column (8) is presented slip which corresponding the force value of 500kN. The force of 
500kN is slightly higher than the force which corresponds to the service load (limit state of 
serviceability). The stiffness of shear connection ksc (for eight studs) is also presented in the table 
for all 25 tested specimens (9). Column (10) of Table 2 presents the ratio of measured shear 
resistance of specimens (Fu) and characteristic design shear resistance in accordance with [1], 
which was determined on the basis of actual experimental characteristics of the material FRk,exp. 
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Table 2. Shear Resistance of Specimens 

fc,cube,infill fck,infill fck,plate Ecm Fu δmax δ (500 kN)* ksc Fu/FRk,exp 
Specimen 

[MPa] [MPa] [MPa] [MPa] [kN] [mm] [mm] [MN/mm] [-] 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

ST a 47.6 / 47.6 39.6 30.7 36800 726.8 6.10 0.64 0.995 1.08 

ST b 47.6 / 47.6 39.6 28.9 36800 737.0 5.80 0.47 1.308 1.10 

ST c 47.6/50.0 40.8 30.7 36800 770.8 6.60 0.52 1.204 1.15 

          

TDA a 49.0 / 50.0 41.5 30.7 36800 735.6 7.76 0.52 1.188 1.09 

TDA b 48.0 / 49.3 40.65 30.7 36800 764.7 7.27 0.45 1.363 1.14 

TDA c 47.6 / 49.3 40.65 30.7 36800 762.2 8.22 0.49 1.219 1.13 

          

LDA1 a 49.0 / 47.6 40.3 28.9 36800 799.4 13.0 0.60 1.276 1.19 

LDA1 b 48.0 / 49.3 40.65 28.9 36800 784.7 10.7 0.52 1.400 1.17 

LDA1 c 48.0 / 50.0 41.0 30.4 36800 686.1 9.0 0.68 1.142 1.02 

LDA1 d 39.3 / 42.0 32.65 33.1 34200 722.5 8.16 0.74 1.077 1.15 

LDA1 e 39.3 / 42.0 32.65 33.1 34200 643.2 6.86 0.75 1.121 1.02 

          

LDA2 a 47.6 / 47.6 39.6 28.9 36800 744.5 8.25 0.570 1.045 1.11 

LDA2 b 47.6 / 49.3 40.65 28.9 36800 757.6 6.98 0.520 1.202 1.13 

LDA2 c 47.6 / 50.0 40.8 30.4 36800 758.3 5.94 0.490 1.302 1.13 

          

G1 a 39.3 / 42.0 32.6 29.8 34200 769.2 13.9 0.56 1.137 1.23 

G1 b 39.3 / 43.0 33.2 29.8 34200 740.2 12.5 0.57 1.137 1.17 

G1 c 39.3 / 42.0 32.6 29.8 34200 750.9 11.2 0.60 1.059 1.20 

G1 d 39.3 / 43.0 33.2 29.8 34200 728.0 9.78 0.63 1.013 1.15 

          

GR1 a 39.3 / 42.0 32.6 34.2 34200 758.0 12.5 0.64 0.973 1.21 

GR1 b 39.3 / 43.0 33.2 34.2 34200 759.6 13.2 0.65 0.927 1.20 

GR1 c 39.3 / 42.0 32.6 34.2 34200 752.0 / 0.53 1.127 1.20 

GR1 d 39.3 / 43.0 33.2 34.2 34200 789.9 12.8 0.55 1.100 1.25 

*) displacement at force of 500 kN 

 
Characteristic value of shear resistance for a group of studs have been determined using Annex B of 
Eurocode 4 [1], for series of three specimens, and in accordance with Annex D of Eurocode 0 [10], 
for series of four specimens.  
 
If the deviation of individual measured parameter in respect to the average value is not higher than 
10%, the characteristic value of shear resistance can be determined according to the B.2.5 of Annex 
B. The characteristic shear resistance of the specimen is equal to the minimum shear resistance of 
all the tested specimens reduced for 10%:  
 
Fstat1,Rk = 0.9 Fu,min                    (2) 
 
The characteristic values Fstat1,Rk are shown in column (5) of Table 3. In column (6) of Table 3, the 
characteristic shear resistance Fstat2,Rk according to the Annex D of Eurocode 0 are presented. The 
characteristic values Fstat2,Rk of shear resistance according to the Eurocode 0, Annex D is: 
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Fstat2,Rk = mX (1-knVX)                  (3) 
 
where are: 
mX average value, 
kn according to table D1 in [10] (for 4 specimens kn=2,63), 
VX=sX/mX coefficient of variation (sX is estimated value of standard deviation). 
The characteristic values for series of three specimens obtained by Annex D and Annex B are 
almost equal. 
 

Table 3. Characteristic Shear Resistance of the Group of Headed Studs 

Specimens Fav δav Fu,min/Fu,max Fstat1,Rk Fstat2,Rk FRk,exp 

 [kN] [mm] [-] [kN] [kN] [kN] 
(1) (2) (3) (4) (5) (6) (7) 
ST 
fck=40 MPa 

370.6 6.1 0.94 327.0  336.5 

TDA 
fck =40 MPa 

376.4 7.6 0.96 331.0  336.5 

LDA1  
fck =40 MPa 

368.8 9.4 0.86 308.7  336.5 

LDA1 
fck =32 MPa 

339.6 7.8 0.89 / 288.5 313.5 

LDA2 
fck =40 MPa 

372.6 7.1 0.98 335.0  336.5 

G1 
fck =32 MPa 

375,7 13.1 0.95 333.1 350.5 314.5 

GR1 
fck =32 MPa 

384,0 12.9 0.95 338.45 360.1 314.5 

Fstat1,Rk Annex B – Eurocode 4 
Fstat2,Rk  Annex D – Eurocode 0 
Fav  –average shear resistance of tested specimens 
δav– longitudinal slip that correspond to the average max. load 

 
Average force-slip diagrams of each tested group are shown in Figure 9. Two reference values 
FRk1and FRk2 for the diagrams presented in Figure 9, represent a characteristic design value of shear 
resistance calculated according to Eurocode 4 with actual characteristics of the materials used in 
experiments FRk,exp. 
 
The diagrams in Figure 9 clearly illustrate that the shear resistance of all the tested specimens is 
higher than the values of characteristic shear resistance (FRk,exp) given by [1] assuming no reduction 
due to a smaller space between studs.  
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Figure 9. Load-slip Behavior for Test Specimens 

 
4.1.  Characteristics of Failure Mechanisms 
 
The results of specimens ST, which comply with [1], create reference data for analysis of results 
and behavior of other specimen types. In case of specimens with group types ST, LDA1, LDA2 and 
TDA there was the shear failure of headed studs. The higher measured slip of the LDA1 type 
specimens, see Table 4, column (3), in respect to the ST specimens indicate that major plastic 
deformations (crushing) of concrete in the zone around the headed studs occurred.   
 
In series G1 and GR1 the failure also occurred by shearing of the headed stud. However, in the case 
of G1 and GR1 series, considerably higher deformations at failure were measured, which was 
affected by application of lower strength of infill concrete (fck=32MPa) in respect to the infill 
concrete used for the first phase specimens. Higher deformations of G1 and GR1 specimens are 
also resulted by higher plastic deformations of concrete close to headed studs group, which gave 
rise to combined deformations of headed studs due to bending and tension. 
 
The ST specimens failure, at the average value of ultimate force of 762 kN, occur to be shear of 
studs with the average ultimate deformation of 6.6 mm. No cracks occurred in the reinforced 
concrete slab at failure. In the case of TDA type specimens, failure also occurs by studs shear, and 
the value of shear resistance is 754 kN with the failure deformation of 7.75 mm. Considering that 
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the TDA specimens were constructed in full accordance with [1], in terms of arrangement of 
headed studs, such behavior of the specimen is expected. However, the TDA type specimen, 
showed considerable cracks in reinforced concrete slab around studs and in the slab area in front of 
the studs (see Figure 10a). The cracks appeared in concrete slab as early as with loads of 595 kN to 
620 kN. The onset of these cracks is caused by high tensile stresses, perpendicular to main 
compression stresses. The force flow (strut-and-tie model) and the scheme of the cracks in the 
concrete slab are presented in Figure 10a. It is clear that the concentration of the load, in the section 
of the slab at the location of the headed stud row, initiates the formation of two heavily compressed 
diagonals. In this way the infill part of concrete acts as rigid element to precast concrete slab. 
Higher strength of infill concrete slab compared to precast slab results in larger cracks of the 
precast slab. Confinement effects are neglected because the precast slab concrete has similar 
properties as the infill concrete. No separation between infill part of concrete and precast concrete 
slab was noticed.  
 
Analyzing the presented mechanism of the load transfer, it is clear that by adequate layout of 
reinforcement in the slab, cracks could be reduced or even fully prevented.  
 

Table 4. Comparison of Experimental Results 

Specimens Fav/FST,av δav/δST,av 
Rkstat1,ST,

Rkstat1,

F

F

 Rk,exp

Rkstat1,

F

F

 Rk,exp

Rkstat2,

F

F

 

(1) (2) (3) (4) (5) (6) 

ST 1.000 1.00 1.00 0.972 / 

TDA 1.016 1.25 1.01 0.983 / 

LDA1  
fck=40 MPa 

0.995 1.56 0.944 0.917 / 

LDA1 
fck =32 MPa 

0.916 1.30 / / 0.92 

LDA2 1.005 1.18 1.024 0.995 / 

G1 1.012 2.14 1.018 1.057 1.113 

GR1 1.036 2.11 1.034 1.074 1.143 

 

  
 

a) TDA       b)   LDA1 
 

Figure 10. Cracks in the Concrete and a Model of Internal Forces 
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Obtained values of shear resistance of the G1 and GR1, LDA2 types specimens, with two headed 
studs in the direction of the load at a smaller distance than recommended 5d are the same or higher 
than the obtained ultimate values of shear resistance of standard ST type specimens (see Table 4). 
Due to the small distance, the headed studs in the group have approximately the same deformation, 
which results in the uniform redistribution of forces between the headed studs. The common work 
of all the studs in the group and redistribution of load between the individual headed studs resulted 
in smaller differences between the measured failure load values between the specimens of the same 
type. Hegger et al. [5] used concretes with higher strengths and two studs in a row (hsc/d =80/19 
mm=4.21) with the distance of 2d in the direction of the force, and obtained only 5.4% lower shear 
resistance. The average value of the shear resistance of tested specimens of the G1, GR1 and LDA2 
types are within the range of ±3% in respect to the standard ST specimen. The statistic values of the 
shear resistance (Fstat1,Rk, Fstat2,Rk) of the specimens of these groups of headed studs have higher 
values than the shear resistance of the standard specimen. It should be pointed out that G1, GR1 
and two LDA1 specimens were monolitized with the concrete having strength of fck=32 MPa. 
Comparison results of tested specimens with headed studs in line of force with results in [5] 
indicate the importance of headed studs height to diameter ratio (hsc/d). 
 
The average value of failure force of LDA1 type specimens (fck=40MPa) of 757kN is 0.6% smaller 
than the average value obtained for standard specimens (ST). Failure forces of LDA1 specimens 
are 2-19% higher than the characteristic values. Shear resistance of individual LDA1 type 
specimens were characterized by slightly higher deviation from the average value for this type. The 
characteristic shear resistance of LDA1 is 8.0% smaller than the characteristic shear resistance of 
ST specimens.  
 
It should be mentioned that at failure of LDA1 type specimens the cracks in the concrete slab did 
not emerge, or were very small, and they emerged only at the loads very close to the shear 
resistance of the specimen. In case of longitudinal orientation of headed studs, when the load is 
transferred a larger number of compressed diagonals in concrete is formed, as opposed to the 
transversal orientation of studs (TDA type) in which case two compressed diagonals are formed, 
see Figure 10. The flow of internal forces (strut-and-tie model) in the concrete slab presented in the 
Figure 10b clearly illustrate that in the case of LDA1 headed stud group, two horizontal rows are 
engaged for reception of tensile forces. 
 
However, one must take into account both the way of application of load by the headed studs group 
onto the concrete slab, and the internal flow of forces, and provide adequate reinforcement in the 
concrete slab. Also, the appropriate reinforcement for transfer of longitudinal shear force in 
concrete must be present.  
 
G1 and GR1 groups are identical in geometrical terms, but they were constructed with the different 
type of concrete slabs. Combined type of failure is characteristic for both types of specimens. 
Average values of ultimate failure load of 747kN for the G1 type specimens, i.e. 753kN for GR1 
type specimens demonstrate that transversal reinforcement in the slab does not have considerable 
influence on the shear resistance of the headed stud group. The same conclusion was presented in 
Okada's paper [2]. The slip at the failure of G1 specimen was 11.8 mm, while for GR1 specimen it 
was 12.8 mm. From the presented results and load-slip characteristics of G1 and GR1 specimens, 
the conclusion can be drawn that the reinforcement of the slab does not affect the shear resistance 
and behavior of the group of headed studs. The role of reinforcement in the slab is primary 
important because of the flow of force inside the reinforced concrete slab. The reinforcement is 
important for strut-and-tie model in concrete slab in the zone with considerable concentrated load 
onto the concrete slab, at the location of the headed stud group.     
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The strength of the infill concrete plays a dominant role. The higher shear resistance and stiffness 
of the shear connector is achieved using the high strength infill concrete. Therefore, it is 
cost-effective to use it.  
 
 
5.  SHEAR RESISTANCE OF STUDS GROUP 
 
Shear resistance of headed studs in a group may be predicted as a sum of the shear resistance of 
individual headed studs. In this approach, it is important to take into account a position of the shear 
stud in a group. A similar interpretation of the shear resistance of two headed studs is provided by 
Hegger, Sedlacek et al. [5]. 

 
Figure 11. Load Distribution Model for the Group of Headed Studs 

 
The first stud in the column can achieve the full shear resistance. The shear failure occurred in this 
stud. It can be considered that the shear resistance of concrete has been used in a layer which is 
approximately equal to the diameter of the headed stud, at the first stud. The second headed stud in 
the row behaves as a headed stud with an inclusion in front of it, as shown in Figure 11. It is similar 
to the case of a stud installed in the corrugated steel sheet. With the same analogy the shear 
resistance of the subsequent studs in the row can be analyzed. The second, third and other studs 
may have the same or slightly lower shear resistance which directly depends on the height of the 
shank of headed stud at which the concrete pressure ocures. These headed studs are characterized 
by the shear-bending failure mode. According to Figure 11 it can be define as follow: F11>F21>F31, 
F12<F22<F32 and e1<e2<e3. The higher force F2i and eccentricity ei results in higher bending 
moment in the shank. The higher values of bending moment results in a dominate bending-shear 
failure which is typical for the third and the fourth head stud in the row. Forces Fij are influenced by 
stud diameter, clearance between studs and the bending stiffness of headed stud. The concrete 
strength is one of most dominated factors to shear resistance of headed studs group. Thickness of 
concrete layer that will be engaged for load transfer depends not only on geometry but also the 
concrete class. In a case of single headed studs, the concrete class determines the form of the stud 
failure, Lam et.al. [11] and Oehlers [6].  
 
Okada et al. in [2] analyzed the influence of the stud distance to the group shear resistance in the 
similar way. They suggested the reduction factor for the group of studs which is in relation to 
concrete strength and longitudinal spacing factor C1=dl/d (dl - longitudinal distance between studs).  
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According to [2] for specimens LDA1,G1 and GR1 following values could be calculated:   
 
- concrete C30/37  
FRk= η·FRk,exp=(0.021 ·C1 + 0.73) FRk,exp            (4) 
for d1=45mm → C1=d1/d=2.8125 →   η=0.021 ·C1 + 0.73=0.789    
for d1=50mm → C1=d1/d=3.125 →   η=0.021 ·C1 + 0.73=0.796    
- concrete C40/50  
FRk= η·FRk,exp=(0.016 ·C1 + 0.80) FRk,exp            (5) 
for d1=45mm C1=d1/d=2.8125 →    η=0.016 · C1 + 0.80=0.845    
for d1=50mm C1=d1/d=3.125 →    η=0.016 · C1 + 0.80=0.85    
 
Table 5 and Figure 12 present the test result and Okada's recommendation for the group shear 
resistance using the empirical reduction factor η. The best agreement is obtained for LDA1 
specimens. Okada analyzed specimens with three studs in force direction. Therefore, specimens 
LDA1 with four studs have the good match with the estimated resistance. This may indicate that the 
diameter and the total number of studs are also parameters which are important for shear resistance 
of studs group. Shear resistance of tested specimen ST should not be reduced. There are significant 
deviations between results for G1 and GR1 series and reduced resistance according to [2]. This 
deviation indicates that the number of studs in the force direction and the total number of studs in 
the group are relevant factors for the shear resistance. It is necessary to take these variables into 
account for the reduction parameter η.   
 

Table 5. Comparisons of the Specimens Shear Resistance with the Estimation based on [2] 

Specimens 
FRk,exp 

acc. to EC4 
Fstat1,Rk Fstat2,Rk 

Distance 
between 

studs 

Acc. to 
Okada [2] 

 [kN] [kN] [kN] [mm] [kN] 

(1) (2) (3) (4) (5) (6) 
ST 
fck=40 MPa 

336.5 327.0  
100 mm 
6.25d 

302.5 

LDA1 
fck =40 MPa 

336.5 308.7  
50 mm 
3.125d 

286.0 

LDA1 
fck =32 MPa 

314.0  288.5 
50 mm 
3.125d 

250.0 

G1 
fck =32 MPa 

313.5 331.1 350.5 
45 mm 
2.8d 

247.5 

GR1 
fck =32 MPa 

315.0 338.4 360.0 
45 mm 
2.8d 

248.0 
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Figure 12. Test Results Comparison with EC4 and Okada 

 
If higher concrete classes are used, the layer of concrete engaged for load transfer is lower, and the 
loading of the headed studs is concentrated closer to the root. This results in smaller bending of the 
headed studs. Use of higher concrete classes comprises that the layers of concrete engaged for load 
transfer on the second, third and other headed studs also lie closer to the root of the headed stud. In 
Figure 13 are displayed deformed headed studs after the failure of LDA1 specimen. One may 
observe from the Figure 13 that the fourth headed stud in the column has broken. It should be noted 
that the third headed stud endured considerably greater deformation than the first two studs. This 
justifies the assumption that the last stud is exposed to the highest bending moment due to larger 
lever arm of the resulting stresses in the concrete. 
 

 
 

Figure 13. Deformed Shape of Headed Studs after Failure of LDA1 Specimen 
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6.  DEFORMATIONS AND STIFFNESS  
 
Stiffness and deformability of the shear connectors is an important input for the analysis of 
composite beams. Beam deflections are affected by the slip in the shear connection interface. These 
effects are not covered in design codes for composite beams with the full shear connection and the 
standard arrangement of studs. Since grouped arrangement of headed stud is a non-standard 
arrangement, the slip in shear connection was analyzed. The slip of the shear connection in the 
group of studs is also compered to the standard arrangement for the serviceability load level (SLS). 
According to values in Table 2 column (8), the slip of the shear connection with four headed studs 
in the group arrangement is equal to the slip for the standard arrangement. Consequently,  it may 
be expected that the deflection of a composite beam with grouped studs will be equal to the 
deflection of a beam with the standard studs arrangement for SLS.    
 
Characteristics of the concrete, used for the monolitization, have a dominant influence on the 
stiffness of the shear connection. It is well known, that the higher the concrete class is the lower 
plastic deformation of the concrete is and thus the deformation of the headed studs. This would 
result in a higher stiffness of the shear connection. Transfer of the load from the headed studs into 
the concrete slab at initial values of the load occurs through the concrete layer near the root of the 
headed stud. Application of the low strength concrete comprises onset of plastic deformations and 
cracks in the layer of concrete near the root of the headed stud, even at low values of the force. It 
further results in bending of headed studs and engaging of a thicker concrete layer for load transfer. 
Early plastic deformations and cracks in the concrete slab in case of the low strength concrete 
comprise higher initial deformations of the shear connector and higher ultimate deformations at 
failure. 
 
In Figure 14 the initial parts of load-slip curves are presented calculated for one headed stud.  
 

    
a) Initial load-slip curves     b) Initial stiffness 

 
Figure 14. Initial Stiffness for Tested Groups 

 
It can be observed in Figure 14b that the tangential modules of ST, TDA, LDA1 and LDA2 type 
specimens are almost identical. The tangent modules coincide for specimens G1 and GR1. It can be 
concluded that the arrangement of headed studs in the group and the orientation of the group do not 
affect the initial stiffness of the group importantly, but it primarily depends on the strength of 
concrete used for monolitization. It was noted that the difference in slip of the various types of 
studs groups for the load level of 0,7 PRk (see Table 2 and Figure 15) is within the range of 0.1 mm. 
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Same slip deformations of the G1 and GR1 group types demonstrate that transversal reinforcement 
has no important influence on the group. 

 
 

Figure 15. Stiffness ksc for Tested Groups of Headed Studs 
 
Table 6 presents the values of separation between steel beam and concrete slab. Average specimen 
values of separation for the maximum values of shear force are presented. Presented values are 
uniform for all type of specimens. Grouped arrangement of headed studs has no influence on 
separation between steel beam and concrete slab. 
 

Table 6. Separation between Steel Beam and Slab 

specimen ST TDA LDA1 LDA2 G1 GR1 

 Average value - separation between the beam and the slab [mm] 

a 1.06 1.12 0.81 0.53 1.0 0.85 

b 1.25 0.67 1.12 0.47 0.87 0.66 

c 1.09 1.03 0.90 0.81 1.17 - 

d   1.03  1.16 0.84 

e   1.2    

 
Analyzing the damaged areas in concrete around headed studs (Figure 16) it may be observed that 
the zones of plastic deformations in concrete are different both in form and the volume. Even 
though the TDA specimens comply with [1], the arrangement of studs in the slab and the 
application of force onto the slab as well as the internal force flow (see Figure 10) result in a 
considerably larger zone of plastic deformations in the concrete slab. It was expected that the 
arrangement of headed studs in LDA1 specimen will undergo significant plastic deformations in the 
concrete slab, especially when it is considered that the space between the headed studs is reduced, 
but this was not experimentally proved. This indicates that the internal flow of forces in the 
concrete slab has a considerable effect on the resistance of grouped shear connectors.  
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a) ST           b) TDA 

 

  
c) LDA1         d) G1 and GR1 

 
Figure 16. Crashing Zone (Failure Mode) in Concrete Slab 

 
 
7.  CONCLUSIONS 
 
The experimental study demonstrated that headed studs groups can be efficiently used when welded 
in the group even if the distance between studs is smaller than the minimum required (5d) [1]. The 
findings of the study are given below: 

- Shear resistance of a group of four headed shear studs Ø16 mm, in a row in the longitudinal 
direction at the distance of 3d, is equal to 92% of the sum of the shear resistance of 
individual shear connectors in the solid concrete slab. 

- Two headed studs in a longitudinal direction at the distance of 2.5d with the ratio of the 
height and diameter of a stud bigger than hsc/d  6.25 have the same shear resistance as two 
individual studs, when the concrete strength fck  32 MPa is used. 
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- Recommendation on the reduction factor given in Okada et all [2] may be used as the safe 
prediction of the shear resistance of the specimen with four studs in the row, the LDA1 
specimen., Acc. to [2] the reduction factor would be 0.93 and 0.87 for the characteristic 
resistance of the specimen with the concrete strength fck = 40 MPa, and fck=32 MPa; 
respectively. Further studies are on-going to derive an accurate prediction for more than 
three headed shear studs in the group. 

- The stiffness and deformability of the connection depends of the concrete strength. 
Stiffness of studs group in specimen with concrete strength fck = 32 MPa is 10% lower than 
the stiffness of the same group of studs in specimen with concrete strength fck = 40 MPa. 

- A group of headed studs (two or four in the row) with reduced distance, less than 5d, may 
be used instead of a larger diameter single headed stud. The group has ductile behavior at 
the longitudinal slip greater then 6,0 mm;  
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NOTATION 
 
d   diameter of the shank of a stud connector  
hsc   overall nominal height of a stud connector 
ST    standard test  
LDA  longitudinal distance arrangement 
TDA   transversal distance arrangement  
G   group arrangement without reinforcement near the group of headed studs    
GR   group arrangement with reinforcement near the group of headed studs  
Fu   the shear resistance of tested specimens  
Fu,min  minimum shear resistance of tested specimens with a same group of headed studs 
Fu,max  maximum shear resistance of tested specimens with a same group of headed studs 
Fav   average shear resistance of tested specimens with a same group of headed studs 
δmax   maximal longitudinal slip at failure load  
δav   longitudinal slip that correspond to the average max. load 
ksc   stiffness of shear connection and Stiffness of a shear connector 
FRk,exp  characteristic shear resistance on the basis of experimental characteristics of the 

material  
fc,cube   characteristic compressive cube strength of concrete at 28 days 
fck   characteristic compressive cylinder strength of concrete at 28 days 
fu   the ultimate tensile strength 
Ecm   secant modulus of elasticity of concrete 
PRk   characteristic value of the shear resistance of a single connector 
α   coefficient 
Fstat1,Rk  characteristic resistance according to EC4 Annex B 
Fstat2,Rk  characteristic resistance according to EC0 Annex D    
mx   mean of the n sample results 
kn   coefficient for the 5% characteristic value 
Vx   coefficient of variation 
sx   estimate value of the standard deviation  
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η   the reduction factor [2] 
n   number of same specimens  
C1   longitudinal spacing factor [2] 
dl   longitudinal distance between the studs [2] 
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APENDIX 1 
 
Test results of all tested specimens   

 
a)  Specimens ST        b)  Specimens TDA 

 
c)  Specimens LDA2      d)  Specimens LDA1 

 
e)  Specimens G1        f)  Specimens GR1 
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ABSTRACT: High-voltage electric transmission tower may collapse under the strong earthquake and studies on the 
collapse mechanism, routine and capacity of transmission tower-line system are important for the structural design of 
tower. In this paper, a progressive collapse analytical procedure for the system is proposed based on the finite 
element method (FEM). During this procedure, the mass of the elements is still retained rather than removal after 
elements lose the load-bearing capacity. The proposed procedure is coded using the user subroutine VUMAT and 
then implemented in the advanced finite element program ABAQUS. A three-dimensional finite element model for 
the system of three towers and four-span lines is created. By using the coded subroutine, the collapse analysis of the 
tower-line system under the strong earthquake is performed. Collapse processes along longitudinal and lateral 
direction are studied, respectively. Furthermore, the influences of ultimate strain and strain rate effect of materials on 
the collapse mode and capacity are studied. The results indicate that the collapse analysis of the tower-line system by 
using the proposed procedure can provide collapse mode and vulnerable points for use in seismic performance and 
retrofit evaluation of structure. It is found from the numerical modeling that the influences of ground motion and 
ultimate strain on the collapse modes are apparent. The collapse-resistant capacity of system increases remarkably 
with the increase of ultimate strain and influences of strain rate on collapse routine and capacity are tiny in analytical 
results. 
 
Keywords: Tower-line system, collapse analysis, collapse routine, collapse-resistant capacity, vulnerable points, 
ultimate strain, strain rate 

 
 
1.  INTRODUCTION 
 
Overhead high-voltage electric transmission lines play an important role in the operation of a 
reliable electrical power system, whose damage can cause great economic loss and bring 
inconvenience to human life (Li and Bai [1]; Xie and Li [2]). A substantial number of transmission 
lines were damaged by catastrophic earthquakes around the world. The transmission tower tilt or 
collapse, conductor breakage, foundation subsidence and insulator destruction were the major types 
of failure. It is necessary to study not only the seismic response of transmission lines in the elastic 
and plastic phase, but also their collapse process. Progressive collapse analysis is a well-understood 
physical occurrence in which loss of local load-bearing capacity propagates through a system, 
precipitating complete collapse or a major portion of it. Vulnerable points, collapse mode and 
capacity of structure can be evaluated by it, which can be used for the design of new towers or for 
evaluating existing towers.  
 
Over past years, many scholars have studied the nonlinear responses of single transmission tower 
or tower-line system (Li et al. [3]; Albermani et al. [4]; Rao et al. [5]). Li et al. investigated the 
ultimate status of several transmission tower-line systems under earthquake using the simplified 
model in which lines were treated as concentrated mass (Li et al. [3]). That means the coupling 
effects between towers and lines cannot be considered. Alberman et al. presented a non-linear 
methodology considering both material and geometric non-linearity, and applied it to a new 
transmission tower (Albermani et al. [4]). The proposed methodology was proved to be accurate 
enough to predict structural failure by calibrating with the results from the full-scale tower test. Rao 
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et al. presented different types of premature failures of transmission towers observed during 
full-scale testing and pointed out their mechanisms (Rao et al. [5]). However, there is no study 
related to the progressive collapse analysis of transmission tower-line system under earthquake. 
 
Current civil engineering practice prefers to use the FEM for structural analysis. During the 
collapse process under earthquake, some elements lose load-bearing capacity, which is a problem 
for the FEM. Commonly, the method removing these elements is used, which is called the 
birth-death element method. With the method, some elements are removed during the simulation 
process, which is not agree with realistic situation. The method retaining the mass of these elements 
rather than removal is proposed. 

 
The main objective of this investigation is to study the collapse process of a transmission tower-line 
system using the approach proposed in the paper. First, numerical methods for the progressive 
collapse used before and proposed are introduced. The proposed procedure is then used for a 
transmission tower-line system. Collapse processes along longitudinal and lateral direction under 
different earthquake excitations are studied and influences of ultimate strain and strain rate effect 
on the collapse mode and capacity are analyzed. 
 
 
2.   BRIEF INTRODUCTION OF COLLAPSE SIMULATION METHODS 
 
Numerical simulation of progressive collapse is a challenging task, which includes the material and 
geometrical non-linearity, contact and collision between elements, losing load-bearing capacity of 
elements and so on. Nowadays, there are mainly four numerical analytical methods used for the 
collapse analysis: the discrete element method (DEM), combined finite-discrete element method, 
applied element method (AEM) and FEM. 
 
The DEM was initially developed for the study of jointed rock systems in 1971 (Cundall and Strack 
[6]), in which individual material element was considered to be separate and was connected only 
along its boundaries by frictional contact. With an introduction of joint-spring that represented the 
continuity of material, Meguro and Hakuno (Meguro and Hakuno [7]) developed an extended DEM 
(EDEM), which might be used for complex or heterogeneous materials such as concrete. Due to its 
capacity to explicitly represent the motion of multiple and intersecting discontinuities, the method 
is particularly suitable for analysis of the structure consisting of granular materials. However, it has 
not been used for the collapse analysis of large and complex structures due to its low efficiency and 
modeling complexity. 
 
The combined finite-discrete element method is a recently developed numerical method aimed at 
modeling fracturing and failing elements, which combines aspects of both finite elements and 
discrete elements (Munjiza et al. [8]). In the method, solid domains are discretized into finite 
elements in the usual way dictated by the FEM, and contact between interacting domains is defined 
in a similar way to the DEM. The method can concentrate the advantages of FEM and DEM and 
has been applied to a wide range of engineering problems. However, each particular application 
requires the development of specific algorithmic procedures (Munjiza et al. [9]). 
 
The AEM, which can predict the behaviors of structure from zero loading to collapse in a 
reasonable CPU time, is an innovative method adopting the concept of discrete cracking (Meguro 
and Tagel-Din [10]; Meguro and Tagel-Din [11]). With the AEM, a structure is modeled as an 
assembly of relatively small rigid elements that are connected by pairs of normal and shear springs 
loacted at contact points. With the AEM, crack initiation and propagation in the material can be 
predicted, the rigid body motion and the collision process can also be modeled.  
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The FEM, based on continuum mechanics, is the most widely used method in structure engineering. 
For the linear elastic problems, the method has been proved to be advantageous. Furthermore, the 
method is very effective for solving nonlinear problems by using reasonable constitutive 
relationship. The method can be used in the solution of large scale and complex industrial problems, 
while other methods are extremely difficult to be used. 
 
 
3.   PROPOSED METHOD 
 
Nowadays, the FEM is the only numerical method that has been used for transmission tower, which 
is used here also. The method can be divided into the explicit finite element method (EFEM) and 
implicit finite element method (IFEM) according to whether a new value is related to other new 
values in each increment step. The IFEM is unconditional stable, but the computational cost in the 
tangent stiffness matrix increases dramatically as the material non-linearity increases. The EFEM is 
conditional stable, and can overcome the disadvantage of the IFEM mentioned above. The CPU 
cost is approximately proportional to the size of the model (Sun et al. [12]). Therefore, the EFEM is 
more suited for the collapse analysis of complex and large projects. 
 
For the transmission tower-line system, the non-linear dynamic analysis should be used because of 
its importance and complexity. The motion equation of structure under the seismic excitation is as 
follows: 
 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )gM t x t C t x t K t x t M t x t                                               (1) 

 
where ( )x t , ( )x t  and ( )x t  are the relative acceleration, velocity and displacement vectors; 

( )gx t  is the acceleration vector of ground motion; ( )M t , ( )K t  and ( )C t  are the mass, stiffness 

and damping matrices, respectively. Generally, ( )M t  is an invariant, while ( )K t  and ( )C t  
change during the earthquake. 
 
During the collapse process under earthquake, some elements lose load-bearing capacity one after 
another. Commonly, the birth-death element method is used (Lu et al. [13]; Kwasniewski [14]; 
Marjanishvili and Aganew [15]), in which these elements no longer contribute to ( )M t  and ( )K t . 
However, it has been already noticed that these elements still attached to the structure especially for 
the transmission tower. In other words, these elements still contribute to ( )M t . The analytical 
approach of removing these elements is unsuiable, especially if the mass of these elements is 
unneglectable compared to the mass of the whole structure. The method considering the mass of 
these elements is more reasonable, which is the proposed method.  
 

 
Figure 1. Description of the Model and the Loading Mode 

 

M 

M 

M 

F1 F1 F2 F2 
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The rationality of the proposed method is illustrated with a case study. The description of the model 
and the loading mode are shown in Figure 1. The used model contains three components, with the 
same section and the same mass M. The reaction force F1 is equal to 1.5Mg before loading. With 
the proposed method, the reaction force F2 is equal to 1.5Mg after loading also. If the birth-death 
element method is used, the reaction force F2 is equal to 1.0Mg after loading. In most cases, the 
beam still attaches to the columns after losing load-bearing capacity. Therefor, the proposed 
method is more rational than the birth-death element method. 
 
 
4.   PROGRAM DEVELOPMENT FOR PROGRESSIVE COLLAPSE SIMULATION 
 
Elastic-perfectly plastic material model is used, which is shown in Figure 2. The constitutive 
relationship is coded using the user subroutine VUMAT (ABAQUS Inc. [16]), which can be 
implemented in the advanced finite element program ABAQUS. According to the proposed method, 
once the strain exceeds ultimate strain, the stiffness of the element is zero while the mass is still 
retained. 

 
Figure 2. Stress-Strain Curve of Steel 

 
For uniaxial loading, the stress-strain relationship of steel is as follows： 
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                                                       (2) 

 
Where   and   are the strain and stress; sE  is the elastic modulus; y  and yf  are the yield 

strain and yield stress; u  is the ultimate strain.  

 
For cyclic loading, the stress-strain relationship is as follows: 
 

( )a s aE                                                                   (3) 

 
Where a  and a  are the stress and strain of the starting point in the unloading curve. 

 
 
5.   DESCRIPTION OF THE SELECTED STRUCTURE 
 
The selected tower for the collapse analysis is illustrated in Figure 3, which has a height of 60.5 m 
from the ground and a square base area of 10.16 m × 10.16 m at ground level. The angle steel with 
equal section is used for all tower members. Main members of the tower are made of Q345, and 
secondary members Q235. The mechanical properties of Q345 and Q235 are shown in Table 1.  
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Figure 3. Transverse View of a Transmission Tower (mm) 

 
Table 1. Mechanical Properties of Q345 and Q235 

Material 
Yield stress 

(Pa) 
Young's modulus 

(Pa) 
Poisson's ratio 

Density 
(Kg/m3) 

Q345 3.45E+08 2.00E+11 0.3 7800 
Q235 2.35E+08 2.00E+11 0.3 7800 

 
A transmission line system consists of many towers and lines, and the coupling effects of tower and 
line are prominent. However, it is unrealistic to use a model that includes all towers and lines. Here, 
the used model contains three towers and four-span lines, which was verified to be reasonable 
(Shen et al. [17]; Tian et al. [18]). The schematic view of the model is shown in Figure 4, in which 
the conductors and towers are connected with insulators and the materials for conductor and ground 
wire are steel-cored aluminium strand. The properties and performance indices of conductor, 
ground wire and insulator are depicted in Table 2. 

 
Figure 4. Three-Dimensional Finite Element Model of Tower-Line System 

 
Table 2. Properties and Performance Indices of Conductor, Ground Wire and Insulator 

Type Area (m2) 
Young's modulus 

(Pa) 
Poisson's ratio 

Density 
(Kg/m3) 

Yield force 
(N) 

Conductor 4.25E-04 6.50E+10 0.3 3172 98710 
Ground wire 1.53E-04 1.05E+11 0.3 4631 74200 

Insulator 0.02 7.65E+10 0.2 7500 1000000 
 

The three dimensional beam elements type, B31, with three translational and three rotational 
degrees of freedom per node is employed to model the tower members, and the three dimensional 
truss elements type, T3D2, with three translational degrees of freedom per node is applied to model 
the lines and insulators in the ABAQUS software. Each tower contains 741 beam elements, each 
insulator contains one element, and the mesh selected for each conductor and ground wire consists 
of 100 truss elements. 
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6.  PROGRESS COLLAPSE ANALYSIS OF TRANSMISSION  
TOWER-LINE SYSTEM 

 
6.1  Earthquake Ground Motions Selected 
 
The method of dynamic time history analysis is used to assess the structural response. Here, three 
ground acceleration records are chosen for collapse analysis: (1) Kobe wave (1995); (2) 
Northbridge wave (1994); (3) El Centro wave (1940). To obtain the collapse process of the model, 
the peak ground accelerations are set equal to 20 m/s2, 40 m/s2 and 25 m/s2, respectively. 
 
6.2  Collapse Analysis Along Longitudinal Direction 
 
For nonlinear dynamic problems, the ABAQUS offers two integration methods including the 
implicit and explicit methods. The later is selected for analytical simulation based on the proposed 
approach. In this section, seismic records are input along longitudinal direction, and the ultimate 
strain of materials takes 0.02. For transmission tower-line system, geometrical nonlinearity is 
prominent, which is considered in the analysis.  
 
For the tower-line system, the middle tower is used for analyses of collapse process under Kobe, 
Northbridge and El Centro waves, and results are shown in Figure 5, Figure 6 and Figure 7, 
respectively. To show the collapse process more clearly, lines, insulators and the elements that lost 
the load-bearing capacity are removed from the figures. 
 

 
（a）t=6 s          （b）t=7 s         （c）t=9 s          （d）t=10 s 

Figure 5. Collapse Process of the Middle Tower Along Longitudinal Direction Under Kobe Wave  
 
 

 
（a）t=4 s          （b）t=5 s         （c）t=5.2 s        （d）t=5.5 s 

Figure 6. Collapse Process of the Middle Tower Along Longitudinal Direction Under  
Northbridge Wave  
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（a）t=9 s          （b）t=9.5 s        （c）t=9.8 s         （d）t=10 s 
Figure 7. Collapse Process of the Middle Tower Along Longitudinal Direction  

Under El Centro Wave  
 
Under the Kobe wave, an element of main leg at Z=34.90 m yielded first at 4.58 s. And then, at 
5.06 s, the element yielded first and a bracing component of diaphragm at Z=26.62 m lost the 
load-bearing capacity at the same time. From 5.06 s to 5.94 s, most elements of diaphragm at 
Z=26.62 m lost the load-bearing capacity one by one. At 9.62 s, the tower lost the vertical load 
transfer path.  
 
Under Northbridge wave, at 3.62 s, an element of main leg at Z=34.90 m yielded first. And then, at 
3.77 s, the element yielded first and a bracing component at Z=26.62 m lost load-bearing capacity 
at the same time. From 3.77 s to 5.11 s, most elements of diaphragm at Z=26.62 m lost 
load-bearing capacity. A few elements of other locations lost load-bearing capacity in the process. 
From 5.11s, lots of elements lost load-bearing capacity. At 5.34 s, the tower lost vertical load 
transfer path. 
 
Under El Centro wave, at 2.25 s, an element of main leg at Z=34.90 m yielded first. And then, at 
9.12 s, the element yielded first lost load-bearing capacity. From 9.12 s to 9.71s, a few elements 
lost load-bearing capacity. From 9.71s, lots of elements lost load-bearing capacity. At 9.96 s, the 
tower lost vertical load transfer path. In the whole process, none elements of diaphragm at Z=26.62 
m lost load-bearing capacity. 
 
From the analysis results, we can see, the main leg at Z=34.90 m is more prone to yield than other 
locations. What’s more, the location is prone to lose load-bearing capacity. Under Kobe wave and 
Northbridge wave, the diaphragm at Z=26.62 m is prone to lose load-bearing capacity. It can be 
seen that the two locations are the potential vulnerable points of the tower. Therefore, the 
collapse-resistant capacity of the tower can be improved by strengthening or optimizing the two 
locations. Under El Centro wave, the diaphragm at Z=26.62 m is safe. It can be seen that the 
collapse routines of tower are different under different ground motion time histories. Therefore, 
three or more ground motion time histories should be used for collapse analysis of tower-line 
system. 
 
6.3   Collapse Analysis Along Lateral Direction  
 
In this section, the seismic records are inputted along lateral direction, and the ultimate strain of 
materials takes 0.02. Collapse process of the middle tower under Kobe, Northbridge and El Centro 
waves are shown in Figure 8, Figure 9 and Figure 10, respectively. 
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（a）t=7s         （b）t=7.2s         （c）t=8s         （d）t=10s 

Figure 8. Collapse Process of the Middle Tower Along Lateral Direction Under Kobe Wave  
 

 
（a）t=4s         （b）t=4.5s         （c）t=5s         （d）t=6s 

Figure 9. Collapse Process of the Middle Tower Along Lateral Direction Under Northbridge Wave  
 

 
（a）t=5.5s        （b）t=6s         （c）t=6.5s         （d）t=7s 

Figure 10. Collapse Process of the Middle Tower Along Lateral Direction Under El Centro Wave 
 

Under Kobe wave, at 4.17 s, an element of main leg at Z=34.90 m yielded first. And then, at 4.74 s, 
the element yielded first lost load-bearing capacity. From 4.74 s to 7.17 s, a few elements lost 
load-bearing capacity, and none elements of diaphragm at Z=26.62 m lost load-bearing capacity. 
From 7.17 s, lots of elements lost load-bearing capacity. At 7.19 s, most elements of diaphragm at 
Z=26.62 m lost load-bearing capacity. At 7.98 s, the tower lost vertical load transfer path.  
 
Under Northbridge wave, at 3.63 s, an element of main leg at Z=34.90 m yielded first. And then, at 
3.79 s, the element yielded first lost load-bearing capacity. At 5.27 s, the tower lost vertical load 
transfer path. In the whole process, none elements of diaphragm at Z=26.62 m lost load-bearing 
capacity. 
 
Under El Centro wave, at 2.30 s, an element of main leg at Z=34.90 m yielded first. At 3.67 s, an 
element of diaphragm at Z=26.62 m lost load-bearing capacity. And then, at 3.68 s, the element 
yielded first lost load-bearing capacity. From 5.71s, lots of elements lost load-bearing capacity. At 
6.89 s, the tower lost vertical load transfer path. It can be seen from Figure 10 and Figure 7 that the 
tower is easier to collapse along lateral direction for El Centro wave. 
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The results above show that the element of main leg at Z=34.90 m and the diaphragm at Z=26.62 m 
are the potential vulnerable points of the tower. Under different ground motion time histories, the 
collapse routines of the tower along lateral direction are different. 
 
6.4  The Effect of Ultimate Strain on Collapse Routine and Collapse-resistant Capacity 
 
The ductility of material has a great influence on the performance of structure. The main objective 
of this section is to study the influences of ultimate strain of material on collapse routine and 
capacity of the tower-line system. The ultimate strain used above takes 0.02, and used in this 
section is 0.1. Kobe wave is used only and inputted along lateral direction. The collapse process is 
shown in Figure 11. 
 
At t=4.17 s, an element of main leg at Z=34.90 m yielded first, which is the same as the result when 
ultimate strain takes 0.02. At t=5.05 s, an element of diaphragm at Z=26.62 m lost load-bearing 
capacity. At t=6.68 s, all elements of diaphragm at Z=26.62m lost load-bearing capacity. 
Comparing it with the result when ultimate strain takes 0.02, the influence of ultimate strain to 
collapse routine is obvious. In the whole process, none element of the main leg lost load-bearing 
capacity. It is obvious that the collapse-resistant capacity of the structure increases remarkably with 
the increase of ultimate strain. 
 

 
（a）t=7s          （b）t=7.2s         （c）t=8s          （d）t=10s 

Figure 11. Collapse Process of the Middle Tower Along Lateral Direction Under  
Kobe Wave（ultimate strain is 0.1） 

 
6.5  Effect of Strain Rate on Collapse Mode and Collapse-resistant Capacity 
 
Most materials used in civil engineering are sensitive to strain rate. Over the past decade, many 
researchers studied dynamic properties of the HPB235, HRB335 and HRB400 (Lin et al. [19]; Li 
and Li [20]). The results showed that different types of steel have different sensitivities to the strain 
rate; the yield strength and tensile strength increase with the increase of strain rate; generally, the 
lower the yield strength is, the more obvious of the sensitivity is; the Young's modulus is almost 
invariable with the increase of strain rate. For dynamic phenomena, using dynamic constitutive 
relation is more rational than using static constitutive relation, and the mechanism lies in that the 
stiffness matrix is relative to strain rate. Bhowmick et al. investigated the effect of loading rate on 
the dynamic behavior of steel plate shear wall by the non-linear dynamic analysis using the 
ABAQUS software, which revealed that the ductility of structure reduced and the average flexural 
demand at the base of the wall increased with higher strain rates (Bhowmick et al. [21]). In this 
paper, we studied the effect of strain rate on the collapse mode and collapse-resistant capacity of 
transmission tower-line system under earthquake. 
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Under earthquake, the strain rate of steel is hard to exceed 1/s. The dynamic constitutive 
relationship model incorporated in the finite element analysis is as follows (Li and Li [20]): 

 

ysfyd fcf )lg1(
0




                                                             (4) 

 

ysf fc 410289.31709.0                                                        (5) 

 
where   is the current strain rate; 0  is the quasi-static strain rate, s/105.2 4

0
 ; ysf  is the 

yield strength at quasi-static strain rate; ydf  is the dynamic yield strength at the current strain rate. 

 
In this section, the ultimate strain used is 0.02. The Kobe wave is used only and input along lateral 
direction. Figure 12 shows the collapse process of middle tower considering strain rate effect. 

 
（a）t=7s          （b）t=7.2s         （c）t=8s           (d）t=10s 

Figure 12. Collapse Process of the Middle Tower Along Lateral Direction Under  
Kobe Wave（with strain rate effect） 

 
At 4.19 s, an element of main leg at Z=34.90 m yielded first. It can be seen that the time was 
delayed slightly while the location was unchanged after considering strain rate effect. At 4.74 s, the 
element yielded first lost load-bearing capacity, which is unchanged after considering strain rate 
effect. At 4.82 s, some elements of diaphragm at Z=26.62 m lost load-bearing capacity, which is 
different with the result without considering strain rate effect. At 7.86 s, the tower lost vertical load 
transfer path, which is earlier than the result without considering strain rate effect. It can be seen 
from Figure 12(d) and Figure 8(d) that there were more elements that still had load-bearing 
capacity at the end of the analysis.   
 
Based on the above analysis, it is obvious that the influences of strain rate effect on collapse routine 
and collapse-resistant capacity of transmission tower-line system are tiny.  
 
 
7.   CONCLUSIONS 
 
In this paper, a progressive collapse analysis procedure based on the FEM is proposed, by which 
the failure process of transmission tower-line system caused by the earthquake can be simulated to 
understand the collapse mechanism. During this procedure, the mass of the elements is still retained 
rather than removal after elements lose the load-bearing capacity. By applying the proposed 
approach, the progressive collapse analysis of a tower-line system is conducted. From the 
numerical results obtained, the following conclusions are drawn: 
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(1) Using the proposed procedure, vulnerable points and collapse modes of tower-line system can 
be determined. Thereby, the proposed procedure is effective, which can be used for the design of a 
new tower or for checking the capacity of an existing tower. 
 
(2) Under different seismic records, collapse modes and vulnerable points of transmission tower are 
different. To obtain more potential collapse modes and vulnerable points, three or more seismic 
records should be used for the collapse analysis of tower-line system. 
 
(3) Influences of ultimate strain on the collapse mode and collapse-resistant capacity are obvious. 
With different ultimate strains, the collapse modes are different; the collapse-resistant capacity of 
structure increases remarkably with the increase of ultimate strain. 
 
(4) The comparisons between the results considering the strain rate effect and the results without 
strain rate effect show that the strain rate effect on the collapse mode and capacity of transmission 
tower-line system are tiny. 
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PSSC in Singapore in 1995 while the next one was held in Korea in 1998. After the conference 2001 in China and 
2004 in America , the PSSC returned to its land of origin in 2007. The PSSC has been held in Beijing in October 2010. 
Excitingly, the PSSC will be held in Singapore in Year 2013 with the administrator of Singapore Structural Steel 
Society. We are looking forward to seeing you and sharing ideas with all the friends. 

 

CALL FOR ABSTRACTS 

Prospective authors are invited to submit original abstracts that focus on the Advancements and Achievements in 
Structural Steel for the 10th Pacific Structural Steel Conference (PSSC 2013). The conference topics are on (but not 
limited to): structural steel research and design; buckling & stability analyses, innovative structural systems and 
elements, vibration, dynamics and seismic design, fabrication, corrosion protection materials and systems, erection of 
steel structures and construction safety.  
 
Abstract should be approximately 150 words covering objectives of paper and indicating the main findings and 
conclusions. All abstracts are to be submitted online at www.pssc2013.org and will be subject to review on the basis 
of applicability to the conference theme and topics, a broad appeal to conference participants and readability.  
 

AUTHORS POLICY 

All published materials and spoken presentations will be in English. Authors are required to register for the conference 
to secure the publication of papers. PSSC 2013 is unable to reimburse authors for expenses incurred either for the 
presentation preparation, travel and hospitality or registration.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

INTERNATIONAL SCIENTIFIC COMMITTEE 

F Bijlaard, Netherlands UE Dorka, Germany RT Leon, USA T Sugiyama, Japan 
R Bjorhovde, USA D Dubina, Romania GQ Li, China LW Tong, China 
MA Bradford, Australia Leroy Gardner, UK M Mahendran, Australia T Usami, Japan 
D Camotim, Portugal Y Goto, Japan M Nakashima, Japan B Uy, Australia 
SL Chan, Hong Kong JF Hajjar, USA DA Nethercot , UK Y Wang, UK 
ZH Chen, China LH Han, China JA Packer, Canada RY Xiao, UK 
KF Chung, Hong Kong BA Izzuddin, UK K Rasmussen , Australia Y Xiao, USA 
GC Clifton, New Zealand JP Jaspart, Belgium WX Ren, China B Young, Hong Kong 
P Collin, Sweden SA Jayachandran, India DK Sang, South Korea R Zandonini, Italy 
LS da Silva, Portugal V Kodur, USA NE Shanmugam, Malaysia XL Zhao, Australia 
H de Clercq, South Africa D Lam, UK GP Shu, China A Zingoni, South Africa 
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