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ABSTRACT: Concrete-filled tubular double skin (CFDST) columns comprise a tube-in-tube configuration with concrete 

poured into the annular spaces between the hollow parts (such as natural compaction) or mortar. Aligning the double steel 

pipes creates space in the middle of the column, reducing the amount of concrete needed to construct the column. Currently, 

due in part to a lack of design standards, composite structures consisting of concrete-filled hexagonal double-layer tubular 

columns (HCFDST) with internal circular tubes have not been widely applied worldwide. The compression performance of 

these columns is investigated in this paper. Finite element analysis was used to determine the HCFDST columns structural 

characteristics. Using experimental data available for HCFDST, the suggested FEM model was validated to demonstrate the 

model correctness and dependability. A validated FE model was utilized to investigate the impact of various factors on the 

load-displacement response of short HCFDST columns through parametric studies conducted on the columns. This work 

proposes a novel formula to determine the ultimate load capacity of short HCFDST columns under axial compression.  

KEYWORDS: Concrete-filled double skin tubular columns, high strength concrete, finite element simulation, ultimate 

bearing capacity, double layers, composite structure. 

 

1. INTRODUCTION 

Fundamental elements of the majority of structures are columns and as a result, precise column capacity prediction 

is essential to the structure's overall dependability and performance. There are many types of composite pillars with 

different cross-sections, However, encased I-section, concrete-filled steel tubes, and, more recently, double skin columns 

are the most widely utilized and studied varieties. Concrete is poured into steel tubes to make concrete-filled tubular 

steel (CFST) columns, and between two steel tubes to form concrete-filled double-layer tubular steel (CFDST) columns as 

shown in Fig. 1. 

  

 
 

 

 

 

Fig. 1. Circular concrete-filled short column types: (a) CFST and (b) CFDST. 

It was found that the application of CFDST columns shown in Fig. 2, reduced the constructions self-weight because of the 

hollow interior spaces [1-4]. It is well known that CFDST columns offer several advantageous characteristics, including 

excellent fire resistance, high strength, and bending stiffness [5] and seismic functionality [6–10]. CFDST has been utilized as 

piers for high-rise bridges that reduce the structure weight. [11]. The columns of CFDST have improved strength and ductility 

when compared with the conventional CFST columns [12-15]. 

(a) CFST                                            (b) CFDST 
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Fig. 2. CFDST column cross-section types: (a) Circular CFDST: CHS inner and CHS outer, (b) 

Circular CFDST: SHS inner and CHS outer, (c) Square CFDST: CHS inner and SHS outer, 

and (d) Square CFDST: SHS inner and SHS outer. 

Hexagonal CFDST (HCFDST) members have been employed in the structure of tall buildings recently shown in Fig.  

3. A total of thirty-six specimens are compressed while being operated under various conditions. Lastly, based on the 

filled concrete strength and the tubes' yielding strengths, equations were developed to calculate the compression strength 

of each. 

2. FINITE ELEMENT MODELLING 

2.1. General 

The finite element program ABAQUS [16] is used to simulate and investigate the behavior of hexagonal short 

CFDST columns with inner circular tubes under compressive load. Boundary conditions, load application, element type 

selection, mesh size, and the interface between the steel tubes and concrete are all factors that affect the FE model.  

2.2. Mesh and Type of Finite Element 

The steel tubes and concrete in the HCFDST construction should be described using three-dimensional 8-Node solid 

elements (C3D8R) linear brick with decreased integration, linear geometric order, and hexahedron element shape  [17]. 

The solid element (C3D8R) captures both the effective mesh at contact surfaces and the deflected shape of steel tubes [18–

20]. The global mesh size of the steel tubes and the concrete infill, as determined by HCFDST, is approximately 20 mm as 

shown in Fig. 4. 

 

Fig. 3. Hexagonal CFDST: CHS inner and HHS outer. 
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2.3. Load Application and Boundary Conditions 

Using the reference point (RF) of the top surface STATIC option in ABAQUS, the concentrated load was applied. 

As shown in Fig. 5., the axial displacement was permitted at the RF of the top surface in the direction of the applied load. 

The bottom surface of the columns' RF was blocked in all directions. The load was applied gradually using the adapted 

RIKS method from the ABAQUS library.  

2.4. Interactions 

ABAQUS SURFACE INTERACTION option is used to create surface interaction attributes. The characteristics of 

the surface interface dictated contact interactions. The primary requirement was for the two faces to remain in touch with 

one another for the friction to persist. Surface-to-surface contact was selected to replicate the interaction between the steel 

tubes and concrete. Normal behavior defines "hard contact" as the interaction between two deformable surfaces in a 

normal direction. This permits tension separation following contact and keeps the surfaces from penetrating in 

compression. The friction coefficient (μ), which is assumed to be  0.3, specifies the contact surface tangential 

characteristics. 

2.5. Material Modeling 

2.5.1  Steel 

To characterize the material model of the specimen, for steel, it is assumed that the elastic modulus ( 𝐸𝑠) and 

Poisson's ratio are 200 GPa and 0.3, respectively. Fig. 6. displayed the steel elastoplastic stress-strain curve [21].  

 

Fig. 4. Finite element mesh for CFDST columns. 

 

Fig. 5. Loading and boundary condition of the column. 
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2.5.2 Confined sandwich concrete material 

The Drucker-Prager plasticity model simulates the behavior of concrete material under compression following the 

linear response, which is used to calculate the yield surface and the flow potential parameters for materials subjected to 

triaxial compressive pressures. The yield stage of restricted concrete is characterized by two parameters: DRUCKER 

PRAGER and DRUCKER PRAGER HARDENING. The linear Drucker-Prager model is used with related flow and 

isotropic requirements [22]. The stress vs. strain curves for confined and unconfined concrete in typical hexagonal CFST 

columns are shown in Fig. 7.  

The part OA of the stress versus strain curve displayed in Fig. 7 is described by the formula illustrated in [23] and 

given in Eqs. (1) and (2) below. 

 

𝜎𝑐 =

𝑓𝑐𝑐
, 𝜆 (

𝜀𝑐

𝜀𝑐𝑐
, )

𝜆 − 1 + (
𝜀𝑐

𝜀𝑐𝑐
, )

𝜆                                                                              (1) 

 𝜆 =
𝐸𝑐

𝐸𝑐 − (
𝑓𝑐𝑐

,

𝜀𝑐𝑐
, )

                                                                                       (2) 

where 𝑓𝑐𝑐
,  indicates the confined concrete strength, 𝜀𝑐𝑐

,    is the strain at 𝑓𝑐𝑐
, , εc shows the concrete strain, 𝜎𝑐 represents 

the concrete stress at strain εc, and Ec defines the elastic modulus of concrete as provided in ACI 318-14 [24] and displayed 

in Eqs. (3) and (4) below. 

𝐸𝑐 = 3320√𝛾𝑐 𝑓𝑐
, + 6900 (MPa)                                                                        (3) 

 

Fig. 6. Steel stress-strain curve. 

 

Fig. 7. Regular HCFDST stress-strain curve. 
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𝛾𝑐 = 1.85𝐷𝑐
−0.135 (0.85 ≤ 𝛾𝑐 ≤ 1.0)                                                                  (4) 

 

In this case, Dc is defined as (D - 2t), where t is the steel tube thickness and D is defined in Fig. 3. γc is the reduction 

factor for the effects of the column size effect. The formula in [23] is altered into [25], as indicated in the following Eqs. 

(5) and (6): 

𝑓𝑐𝑐
, = 𝛾𝑐 𝑓𝑐

, + 4.1 𝑓𝑟𝑝       
                                                                                      (5)

                                                                             
 

𝜀𝑐𝑐
, = 𝜀𝑐 [1 + 20.5 (

𝑓𝑟𝑝

𝛾𝑐 𝑓𝑐
,)]                                                                                (6) 

Where frp is the lateral confining pressure, 𝜀𝑐
,  , is the unconfined concrete strain at 𝑓𝑐

,  , and 𝑓𝑐
,  is the concrete cylinder 

strength. A model for circular CFST columns under axial stress using numerical models is provided [25]. The following 

linear law that was put out to ascertain the regular hexagonal CFST's confinement pressure θ=120o is shown in Eq. (7): 

𝑓𝑟𝑝 = {
(0.0491703 − 0.0007943

𝐵 + 𝐷

2𝑡
) 𝑓𝑠𝑦        𝑓𝑜𝑟 17 ≤

𝐵 + 𝐷

2𝑡
< 63 

(0.0065311 − 0.0000044
𝐵 + 𝐷

2𝑡
) 𝑓𝑠𝑦        𝑓𝑜𝑟 63 ≤

𝐵 + 𝐷

2𝑡
< 103

                            (7) 

Eq. (8) below provides the linear components AB and BC of the material law depicted in Fig. 7.  

𝜎𝑐 = {

(𝑓𝑐𝑐
, − 𝛽𝑐 𝑓𝑐𝑐

, )(𝜀𝑐𝑢 − 𝜀𝑐)

(𝜀𝑐𝑢 − 𝜀𝑐𝑐
, )

+ 𝛽𝑐 𝑓𝑐𝑐
,     𝑓𝑜𝑟     𝜀𝑐𝑐

, < 𝜀𝑐 < 𝜀𝑐𝑢 

𝛽𝑐 𝑓𝑐𝑐
,                                                      𝑓𝑜𝑟                 𝜀𝑐 ≤ 𝜀𝑐𝑢

                                            (8) 

where εcu represents the strain in the concrete at Point B, and the value of εcu is equal 0.02 [26]. The factor that 

represents the confinement effects on strength and ductility in the post-peak range is called βc in Eq. (9). The value of βc 

is provided by: 

𝛽𝑐 = 0.8726 − 0.006𝑓𝑐
,               𝑓𝑜𝑟 47 ≤

𝐵 + 𝐷

2𝑡
< 103                                        (9)  

At  𝛽𝑐 > 47,  𝛽𝑐  is taken as 1.0 [26]. 

3. FE VALIDATION 

The experimental results from investigation illustrated in [21] were used to assess the applicability of the FE 
modelling technique used here, as indicated in Table 1. The numerical to test ratios N ul,F.E / NExp and statistical factors 
related to this ratio, such as mean, standard deviation (SD), and coefficient of variation (COV), which are low values that 
indicated its dependability, are also included in Table 1. 

Table 1: Ultimate bearing capacity of HCFDST columns. 

The load-axial displacement relationships for the columns, considering the experimental and FE responses, are 

depicted in Figs. 8. 

Column NExp Shen et al.[21] Nul FE NFE / NExp 

H-L 3405.5 3490 1.025 

H-L-P00 4160.7 3878 0.932 

H-L-P30 3931.3 4085 1.039 

H-L-P57 4145.3 4240 1.023 

H-H 2975.3 3380 1.136 

H-H-P00 3573.3 3779 1.058 

H-H-P30 3855.5 3980 1.032 

Mean 1.035 

SD 0.059 

COV 0.058 
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4. PARAMETRIC STUDY 

There were 12 numerical models generated in all. The findings are shown in Table 2. The specimens are named a   

A (D- d- fy- fc), where D and d are shown in Fig. 3, fc and fy are concrete strength and steel yield strength, respectively.  

Table 2: Details and ultimate bearing capacity of the HCFDST columns FE models. 

 

  

(a) H-L (b) H-L-P00 

 

 
 

 

(c) H-L-P30 (d) H-L-P57 

Outer tube dimensions Inner tube dimensions 
Hollow 

ratio fy 

(Mpa) 

fc 

(Mpa) No 

 

Nul,F.E 

(kN) Do (mm) to 

(mm) 

Do/to di 

(mm) 

ti (mm) di/ti χ 

150 2 75 60 3 20 0.48 300 60 A150-60-300-60 1201 

180 2 90 60 3 20 0.4 300 60 A180-60-300-60 1376 

210 2 105 60 3 20 0.34 300 60 A 210-60-300-60 2157 

150 2 75 50 5 10 0.4 300 60 A150-50-300-60 1316 

150 2 75 70 5 14 0.56 300 60 A150-70-300-60 1297 

150 2 75 85 5 17 0.68 300 60 A150-85-300-60 1252 

150 2 75 60 3 20 0.48 300 70 A150-60-300-70 1314 

150 2 75 60 3 20 0.48 300 80 A150-60-300-80 1425 

150 2 75 60 3 20 0.48 300 90 A150-60-300-90 1536 

150 2 75 60 3 20 0.48 240 60 A150-60-240-60 1115 

150 2 75 60 3 20 0.48 350 60 A150-60-350-60 1271 

150 2 75 60 3 20 0.48 450 60 A150-60-450-60 1406 
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(e) H-H (f) H-H-P00 

 
(g) H-H-P30 

Fig. 8. Comparison of the load-displacement curves of specimens using FE modelling and experimental 

data: (a) H-L, (b) H-L-P00, (c) H-L-P30, (d) H-L-P57, (e) H-H, (f) H-H-P00, (g) H-H-P30. 

4.1. Effect of Do/to 

The HCFDST columns load- displacement curves with different Do/to ratios are displayed in Fig. 9.  

 

The outer steel tube thicknesses remain constant while their diameter is changed to study this characteristic. The 

outer diameter was varied to give Do/to ratios of 75, 90 and 105. When the Do/to ratio of 75 is changed to 90 and 105, the 

computed ultimate bearing capacity of HCFDS columns is increased by 14.6% and 79.6%, respectively. 

4.2. Hollow Ratio Effect (Χ) 

The axial load displacement curves for the different hollow ratio HCFDST specimens are displayed in Fig. 10.  

 

 

 

Fig. 9. Load–displacement curves of HCFDST specimens illustrating the effect of Do/to. 
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The most important factor affecting the compressive performance of the CFDST columns is the hollow ratio (χ), 

which can be described as di/(Do-2to). Increasing the hollow ratio (χ) from 0.4 to 0.56 and 0.68 leads to 1.4% and 4.9% 

decreases in the ultimate bearing capacity, respectively. 

4.3. HSC Compressive Strength Effect  

The concrete is categorized as high strength concrete (HSC) at 50 MPa > fc ≤ 90 MPa, pursuant to EN 1994-1-1 [27]. 

The load-displacement curves of HCFDST columns with different fc values are given in Fig. 11.  

 

Fig. 11. Load–displacement curves of HCFDST specimens illustrating the concrete fc value. 

When the fc of 60 is changed to 70, 80 and 90 MPa, the ultimate bearing capacity of HCFDST specimens is increased 

by 9.4%, 18.7% and 27.9%, respectively. 

4.4. Effects Of Steel Yield Strengths  

  Fig. 12 illustrates the load-displacement curves of HCFDST specimens with various yield strengths of steel.  The 

column axial capacity increases by 7.7%, 14% and 26.1%, respectively if the yield strength of steel tubes is modified from 

240 to 300, 350, and 450 MPa. 

 

  

 

 

Fig. 10. Load–displacement curves of HCFDST specimens illustrating the hollow ratio 
effect(χ). 
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Fig. 12. Load–displacement curves of HCFDST specimens illustrating the steel fy value. 

5. PROPOSED FORMULAE OF BEARING CAPACITY CALCULATION 

5.1. Evaluated And Suggested Formulas for Calculating Maximum Bearing Capacity 

The ultimate bearing capacity of the HCFDST column can be computed by Eqs. shown below: 

𝑁𝑃 = 𝑓𝑠𝑐𝑦𝐴𝑠𝑐 + 𝑓𝑦𝑖𝐴𝑠𝑖                                                                                          (10) 
𝐴𝑠𝑐 = 𝐴𝑠𝑜 + 𝐴𝑐                                                                                                     (11) 

Where fscy is the compound axial compressive strength of the sandwich concrete and the outer tube, and Np is the 

maximum axial capacity. Aso, Asi and Ac are the area of the outer steel tube, inner steel tube, and sandwich concrete, 

respectively. fyi is the inner steel tubes yield strength. With the aid of the formulas [28], fscy is computed in Eq. (12): 

𝑓𝑠𝑐𝑦 𝑓𝑐⁄ = 1.212 + 𝐵𝜉 + 𝐶𝜉 2                                                                                (12) 
        𝐵 = 𝑚1𝑓𝑦/213 + 𝑛1                                                                                              (13) 

 𝐶 = 𝑚2𝑓𝑐/14.4 + 𝑛2                                                                                              (14) 

Where m1=0.140, n1=0.778, m2= - 0.070 and n2=0.026. ξ, the confinement factor to CFDST [29]: 

𝜉 =
𝐴𝑠𝑜 𝑓𝑦𝑜

𝐴𝑐𝑒 𝑓𝑐𝑘
                                                                                                                (15) 

𝐴𝑠𝑜 = 6 𝑏 𝑡𝑜                                                                                                                (16) 

Where Aso is the outer steel tube area, b=(B-2to)/√3  illustrated in Fig. 3.0 and Ace is the concrete nominal cross-

sectional area as shown below: 

𝐴𝑐𝑒 = 1.5√3 𝑏2                                                                                                        (17) 

The following is the equation that used to compute fscy [29]: 

𝑓𝑠𝑐𝑦 𝑓𝑐⁄ = 𝐶1𝜒2𝑓𝑦𝑜/𝑓𝑐 + 𝐶2(1.14 + 1.02𝜉)                                                             (18) 
𝐶1 = 𝛼/(1 + 𝛼)                                                                                                         (19) 
𝐶2 = (1 + 𝑎𝑛)/(1 + 𝛼)                                                                                            (20) 
𝛼 = 𝐴𝑠𝑜/𝐴𝑐                                                                                                                  (21) 

𝑎𝑛 =
𝐴𝑠𝑜

𝐴𝑐𝑒
                                                                                                         (22) 

Equations suggested in [19] were presented in [18]. The updated equations are displayed: 

𝑓𝑠𝑐𝑦 𝑓𝑐⁄ = 𝑎𝑜 + 𝐵𝜉 + 𝐶𝜉 2                                                                               (23) 
𝐵 = 𝑎1(1 + 𝑏1𝜒 + 𝑐1 𝜒2)(1 + 𝑑𝑓𝑦𝑜 /213)                                                (24) 
𝐶 = 𝑎2(1 + 𝑏2𝜒 + 𝑐2 𝜒2)(1 + 𝑒𝑓𝑐 /14.4)                                                  (25) 

Based on Eqs. (18–20), the modified expression of Eqs. (26-28) is suggested in this study: 

𝑓𝑠𝑐𝑦 𝑓𝑐⁄ =
𝐴1𝜒2𝑓𝑦𝑜

𝑓𝑐
+ 𝐴2(1.14 + 1.02𝜉)                                                             (26) 

𝐴1 = 𝑏 (𝛼 + 𝑐)                                                                                               (27) 
𝐴2 = 𝑏 [(1 + 𝑎𝑛) + 𝑐]                                                                                   (28) 

Where b and c equal 0.7 and 0.1, respectively. 
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5.2. Comparisons of FE Results with Different Formulae 

The results of various formulae predictions are summarized in Table 3. Table 4 displayed the average and coefficient 

of variation (COV) of the different formulas. Compared to Eqs. (12), (18), and (23), the COV for Eq. (26) were 0.961 and 

0.053, respectively. This demonstrated that the Eq. (26) given in this paper may be used to determine the maximum load 

capacity of the HCFDST columns. 

Table 3: Comparison of F.E. results with the prediction results of various formulas. 

Columns 
Nul,F.E 

(kN) 

N (12) 

(kN) 

N (18) 

(kN) 

N (23) 

(kN) 

N (26) 

(kN) 

N (12) / 

Nul,F.E 

N (18) / 

Nul,F.E 

N (23) / 

Nul,F.E 

N (26) / 

Nul,F.E 

A150-60-300-60 

A180-60-300-60 

A 210-60-300-60 

A150-50-300-60 

A150-70-300-60 

A150-85-300-60 

A150-60-300-70 

A150-60-300-80 

A150-60-300-90 

A150-60-240-60 

A150-60-350-60 

A150-60-450-60 

1201 

1376 

2157 

1316 

1297 

1252 

1314 

1425 

1536 

1115 

1271 

1406 

1217 

1745 

2356 

1346 

1271 

1178 

1360 

1502 

1645 

1141 

1282 

1417 

1238.9 

1736.3 

2312.7 

1352.4 

1310.1 

1248.6 

1371.1 

1503.3 

1635.4 

1149.7 

1313.3 

1461.9 

1095 

1513 

1992 

1200 

1172 

1114 

1203 

1311 

1419 

1007 

1167 

1311 

1105 

1499 

1953 

1189 

1207 

1194 

1214 

1323 

1432 

1015 

1179 

1329 

1.013 

1.268 

1.093 

1.022 

0.980 

0.941 

1.035 

1.054 

1.071 

1.023 

1.009 

1.008 

1.0314 

1.2616 

1.0723 

1.0273 

1.0101 

0.9975 

1.0434 

1.0548 

1.0649 

1.0313 

1.0329 

1.0398 

0.911 

1.099 

0.924 

0.911 

0.904 

0.890 

0.915 

0.920 

0.924 

0.903 

0.918 

0.932 

0.920 

1.089 

0.906 

0.903 

0.931 

0.953 

0.924 

0.928 

0.933 

0.910 

0.928 

0.945 

Table 4:  Mean and COV of the columns. 

Indices N (12) / Nul,F.E N (18) / Nul,F.E N (23) / Nul,F.E N (26) / Nul,F.E 

Mean 1.064 1.055 0.953 0.961 

COV 0.084 0.065 0.060 0.053 

Where mean (x), standard deviation (s) and coefficient of variation (v) are given in Eqs. 29, 30 and 31, respectively 

according to the ECP203-2020 [30]. 

𝑥 = ∑ 𝑥𝑖/𝑛𝑛
𝑖=1                                                                                                            (29)  

𝑠 = √
1

n−1
 ∑ (𝑥𝑖 − 𝑥)2𝑛

𝑖=1
                                                                                      (30)  

v =
𝑠

𝑥
∗ 100                                                                                                                 (31)  

6. CONCLUSIONS 

In this study, the behavior of the double-skinned, composite hexagonal columns filled with concrete (HCFDST 

columns) was investigated. 12 columns in total were studied to assess and simulate the basic behavior of HCFDST 

columns under compression. The factors considered in the parametric analysis were the hollow ratio, steel yield stress, 

outer tube diameter to thickness, and concrete compressive strength. FE models were cr eated and compared to the 

outcomes of Equations (12), (18), (23) and (26). This allowed for the confirmation of the modeling accuracy. The maximum 

bearing capacity and load-displacement curves of the test specimens were considered when comparing the test specimens 

to the specimens represented by the Abaqus model. Overall, the following conclusions can be drawn from the FE results 

of this investigation: 

(1) When the Do/to ratio of 75 is changed to 90 and 105, the maximum bearing capacity of HCFDS column is increased 
by 14.6% and 79.6%, respectively. 

(2) Increasing the hollow ratio (χ) from 0.4 to 0.56 and 0.68 leads to 1.4% and 4.9% decreases in the ultimate bearing 

capacity, respectively. 

(3) When the fc of 60 is changed to 70, 80 and 90 MPa, the ultimate bearing capacity of HCFDST specimens is increased 

by 9.4%, 18.7% and 27.9%, respectively.  

(4) The column axial capacity increases by 7.7%, 14% and 26.1%, respectively if the yield strength of steel tubes is 

modified from 240 to 300, 350, and 450 MPa. 
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New formula has been proposed to determine maximum bearing capacity of HCFDST short columns under compression 

and given by Eq. (26). 
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