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Abstract: Experimental and numerical studies on flexural behaviour of rectangular double-opening 

concrete filled sandwich steel tube (DCFSST) beams were performed in this study. Six specimens 

under different cross-section of inner tube and nominal cross-sectional steel ratio (𝛼n) were tested 

under bending to assess the failure modes, moment-displacement and moment-strain relationships, 

flexural capacity and flexural stiffness of rectangular DCFSST beams. The experimental results 

demonstrate that the two design variables investigated in this paper have limited impact on the failure 

modes of typical specimens. The failure mode of outer tube includes multiple local bulges on top 

flange and one case of fracture on bottom flange that is located at the same plane as the primary local 

bulge on top flange, whilst the failure mode of inner tubes is mainly due to excessive global deflection. 

Simultaneously, sandwich concrete is crushed at the locations with evident local bulge on outer tube 

and cracks nearly uniformly within the lower 2/3 section depth. In general, the flexural capacity and 

stiffness of the specimens enhance as 𝛼n increases, and are moderately affected by the cross-section 

of inner tube. In addition, finite element (FE) models were built to replicate the flexural behaviour of 

rectangular DCFSST beams, and the FE models were validated by comparison with test results. At 

the end of the paper, simplified formulae that can better predict the flexural capacity of rectangular 

DCFSST beams were developed. 

Keywords: Double-opening concrete filled sandwich steel tube (DCFSST); Rectangular section; 

Flexural behaviour; Tests; Finite element (FE) model; Simplified formulae. 
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1. Introduction 

Replacing concrete core near the centroid of conventional regular concrete filled steel tube (CFST) 

by a hollow steel tube, i.e. the so-called concrete filled double-skin steel tube (CFDST), can reduce 

the amount of concrete and self-weight while maintaining good structural performance [1]. Compared 

with the CFST, the CFDST members have the characteristics of higher flexural stiffness, lighter self- 

weight and better dynamic load resistance due to their unique section form [2]. In the past two 

decades, the performance of CFDST structures under various loadings have received extensive 

attention, such as static behaviour and design method of members and joints [3-5], hysteretic 

performance and seismic design method of members, connections and frames [6-8], response and 

design calculation of members and joints under impact loading [9,10], fire performance of columns 

[11-13], among others. Large numbers of in-depth studies have significantly promoted the practical 

application of CFDST [1,2]. 

Nevertheless, for structural members to be used as hollow piers or towers, pipes on land and 

underwater, main structure of tunnels, etc. they are designed to withstand heavy loads requiring high 

stiffness and stability, the CFDST members cannot be directly employed or need to be retrofitted or 

reinforced before being adopted. To meet the above challenges, on the basis of previous studies, a 

new type of composite member was developed by the authors [14], i.e. rectangular double-opening 

concrete filled sandwich steel tube (DCFSST), which evolves from the rectangular CFDST [15] and 

is formed from an outer steel rectangular hollow section (RHS), two inner steel tubes placed 

symmetrically within the infill concrete. Taking rectangular CFDST as a counterpart, the layout of 

inner tubes is more flexible for the rectangular DCFSST, the inner tubes, for example, can be placed 

further away from the centroid after a rational arrangement, resulting in greater flexural capacity and 

flexural stiffness. Given the unique cross-sectional configuration, the rectangular DCFSST is more 

suitable for members or structures that functionally need double holes, such as piers, bridge towers, 

principal body of two-way tunnels, etc. 
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outer rectangular and square steel section. The first experimental and theoretical study on the flexural 

behaviour of CFDST beams with outer and inner steel square hollow section (SHS) was conducted 

by Zhao and Grzebieta [1]. After that, the flexural behaviour of CFDST members with the similar 

and different cross-sections of the tube received further attention, such as the CFDST beams with 

outer steel SHS and inner steel circular hollow section (CHS) [16], the CFDST beams with outer and 

inner steel RHS [15], and the CFDST beams with outer and inner steel SHS [17]. Additionally, the 

available studies on the flexural behaviour of CFDST also included members with pairs of concentric 

steel SHS and sandwich grout under blast loading [18], and members with outer SHS and inner CHS 

after exposure to high temperatures [19]. Currently, the only research on the newly proposed 

composite member concerning the experimental and numerical study of rectangular DCFSST short 

columns under concentric compression has been carried out by the research group of reference [14]. 

The previous literature review shows that the investigation into the structural performance of 

rectangular DCFSST members is very limited and there is almost no research on the flexural 

properties of rectangular DCFSST beams. To provide theoretical basis for the flexural resistance 

design and thus facilitate engineering application of this new type of composite members, it is very 

crucial to understand their flexural behaviour. Hence, the goals of the present study are (1) to present 

the experimental results of 6 rectangular beams loaded in flexure, (2) to analyze the effect of the 

cross-section of the inner tube and nominal cross-sectional steel ratio on the flexural behaviour of the 

specimens, (3) to introduce the FE models that simulate the flexural behaviour of the rectangular 

DCFSST beams and (4) to propose an accurate simplified model for the flexural capacity of the new 

composite beams. 

 

2. Experimental study 

2.1 Preparation of specimens 

A total of six rectangular DCFSST beam specimens, 3 with inner SHSs and 3 with inner CHSs, were 

designed and manufactured, and the cross-sections of the two inner tubes in each specimen were 
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identical. Fig. 1 shows the configuration of the rectangular DCFSST beams, where 𝐷o, 𝐵o and 𝑡o 

are the depth, width and wall thickness of the outer steel RHS, respectively, 𝑑i and 𝑡i are the width 

or diameter and wall thickness of the inner steel sections, respectively, and 𝑑e is the centroidal 

distance between the two inner tubes. 

The main test parameter of the specimens was the cross-section of the inner tube and the nominal 

cross-sectional steel ratio, 𝛼n. The details of the specimens are presented in Table 1, where, 𝜙 is 

the void ratio, 𝑒0 is the offset ratio of inner steel tube, 𝑓yo and 𝑓yi are the yield strengths of the 

outer and inner steel tubes, 𝑓cu is the compressive cube strength of the sandwich concrete, 𝑀u,e and 

𝐾i,e are the flexural capacity and flexural stiffness, and ‘S’ and ‘C’ in the labels denote that the cross- 

section of the inner steel tube is square or circular, respectively. The length (including two endplates) 

of the specimens (𝐿) was set to be 1200 mm. 

The definition of 𝛼n, 𝜙 and 𝑒0 in the rectangular DCFSST is as follows [14,15]: 

 𝐴so  

2994 

30 
31 

𝛼n = 
𝐴
  

ceq 

 ∑ 𝐴ss,i 

(1) 

32
95 

33 

𝜙 = √  

𝐴ceq 
(2) 

3496 
35 

𝑒0 = 
𝑑e 

𝐷o 
(3) 

3697 
37 
38 

3998 
40 

4199 
42 
43 

41400 
45 
41601 
47 
48 

41902 

50 

51103 
52 
53 

51404 

55 

51605 
57 
5
1
8
06 

59 
60 

61107 
62 

63 

64 

65 

where, 𝐴so is the cross-sectional area of outer steel RHS; 𝐴ceq is the equivalent cross-sectional 

area of concrete, that is, the cross-sectional area surrounded by the inner wall of outer steel RHS; and 

∑ 𝐴ss,i is the sum of cross-sectional area surrounded by the outer wall of inner steel tubes. 

 

The outer RHSs were produced by welding together two identical cold-formed C-profiles with 

straight welds, while the inner SHSs and CHSs were fabricated from the finished cold-formed steel 

tubes. For all the specimens, the dimensions of two rectangular endplates were: depth×width× 

thickness=220 mm×160 mm×15 mm. The detailed fabrication process of rectangular DCFSST beam 

specimens is the same as that of composite short columns in [14]. 

The properties measured for the steel tubes in the tensile tests of standard test coupons are listed in 

Table 2. The characteristic compressive cube strength of the sandwich concrete, measured in cubes 

with a side length of 150 mm, was designed as 40 MPa and its mix proportion includes: ordinary 
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Portland cement (P.O 42.5) 398 kg/m3, fly ash (grade I) 170 kg/m3, fine aggregate (river sand) 770 

kg/m3, coarse aggregate (limestone gravel) 795 kg/m3, tap water 219 kg/m3, and water reducer 6.0 

kg/m3. The measured properties of concrete include: 𝑓cu,28=40.5 MPa, 𝑓cu=49.8 MPa, and 𝐸c=32.1 

GPa, in which 𝑓cu,28 is the compressive cube strength at the age of 28 days, and 𝐸c is the elastic 

modulus. 

2.2. Testing set-up and measurement 

Four-point bending tests were conducted to investigate the flexural behaviour along the major axis of 

rectangular DCFSST beam specimens, and the vertical concentrated force monitored by a load cell 

was applied by a 5000 kN capacity testing machine and distributed to the two quarter points on the 

top surface of the specimens by a spreader beam. Fig. 2 presents the testing set-up and it is seen that 

the effective span length 𝐿e of the specimens is 1000 mm. 

A hybrid force & displacement control loading scheme was used in the tests. Prior to reaching the 

load corresponding to 90 % of the estimated ultimate value 𝑃u, the force control rate of 0.5 kN/s was 

employed, keeping the load constant at the levels of 𝑃u/10 about 2 to 3 minutes. After that the 

displacement control of the mid-span with the rate of 0.5 mm/min was adopted and each displacement 

level of 5 mm in the mid-span was also held for 2 to 3 minutes. The tests were terminated, when the 

tensile area of the outer steel section fractured or the displacement in the mid-span reached approx. 

𝐿e/12. 

 

To trace the development of deformations in the key positions of the specimens, five displacement 

transducers, DTs, were arranged as presented in Fig. 2(a), two at the supports, two at the quarter 

points and one at the mid-span. Several longitudinal and transverse strain gauges, SGs, were attached 

on the outer walls of the outer and inner steel tubes in the mid-span, as shown in Fig. 2(b). 

2.3. Test results and discussion 

2.3.1. Failure modes 

The test results indicated that, good deformability was achieved for all the specimens, considering 

that the displacement in the mid-span eventually reached 6% to 9% of 𝐿e. The overall failure modes 
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flange and adjacent part of sidewalls as well as two secondary local bulges just on top flange of outer 

steel RHS within two quarter points, and one case of fracture on bottom flange and adjacent part of 

sidewalls of outer steel RHS that locates at the same plane as the primary local bulge; however, the 

final deflection shape, positions of local bulges and fracture site of outer steel RHS show a certain 

discrepancy for each specimen. Fig. 3(a1) shows the overall appearance of the specimens after the 

end of the tests, where the arrows point to the positions of the local bulges on the outer tube, and the 

dashed coils denote the fracture site of outer tube. The distance between the fracture site of outer tube 

and the mid-span section is approximately equal to 𝐵o. 

After removal of the outer steel tube, the failure mode of the sandwich concrete is displayed in Fig. 

3(a2) and fine cracks of the length of approx. 2/3 of the section depth are uniformly distributed in the 

tension zone of all the specimens. Moreover, in the places where the evident localized bulge of outer 

tube occurs, the sandwich concrete is crushed, and the more obvious the localized bulge of outer tube, 

the greater the range and the higher the degree of concrete crushing. 

Fig. 3(a3) demonstrates the failure mode of inner tubes and as seen in the figure, the failure in both 

of the inner tubes is mainly due to the global deflection and at the position of the outer tube with the 

local bulge, the inward local buckling appears in the upper inner tube of all the specimens with inner 

SHSs and one specimen with inner CHSs, since the CHS tubes have a better local stability as 

compressed than the SHSs that have a similar value of 𝑑i⁄𝑡i, whilst the mid-span displacement of 

specimen RC-c is the largest among the three specimens with inner CHSs. 

2.3.2. Moment versus deformation curves 

Fig. 4 presents the experimental curves for the bending moment 𝑀 vs. mid-span displacement 𝑢m 

behaviour, where the hollow circles denote the flexural capacity and the relevant mid-span 

displacement, and the inverted triangles indicate the initiation of the fracture, ITF, at the bottom 

flange of the outer steel section. All the 𝑀 − 𝑢m diagrams consist of three successive phases that 

are categorized as approximate elastic, elasto-plastic and plastic hardening ones and the third phase 
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ends soon after the ITF. Moreover, while the cross-sections of the inner tubes are identical, a larger 

value of 𝛼n causes a higher slope at each phase of the 𝑀 − 𝑢m curve and a later appearing ITF. 

Simultaneously, when the section sizes of inner tubes and 𝑒0 are similar, the 𝑀 − 𝑢m curve of the 

specimens with inner SHSs is slightly higher than that of the specimens with inner CHSs, i.e. the 

former type has a better flexural performance. 

The distribution of displacements 𝑢 along the effective span can be determined on account of the 

data from all of the DTs in Fig. 2(a) as exhibited in Fig. 5 by the solid lines, and the relevant half-sine 

curves having the same 𝑢m as the measured results are indicated by the dashed lines, where 𝑥 is 

the distance from the fixed support to the measuring points, and 𝑚 is the ratio of 𝑀 to flexural 

capacity as defined later on. When 𝑚≤1.0, the measured displacements and the respective half-sine 

distribution are generally in good agreement, and there is a certain deviation between them while 

𝑚>1.0. In addition, for the same specimen, the deflection at the half span at the moment of the fracture 

in the outer tube is greater than that in the case without the fracture of the outer tube due to the 

concentration of the damage in the fracture. 

Fig. 6 shows the recorded relationship between strains 𝜀L and 𝜀T in the mid-span and bending 

moment 𝑀, where the subscripts ‘L’ and ‘T’ stand for ‘longitudinal’ and ‘transverse’, respectively, 

and 𝜀yi is the yield strain of inner steel tube. The measured results indicate that, for the flange of 

outer steel RHS, the strains in the corner points 1-1 and 3-1 and in the middle points 1-2 and 3-2 are 

very close to each other and therefore only the values from the latter are presented. Figs. 6(a) and 6(c) 

indicate that in all of the specimens, the 𝑀 − 𝜀L curve of the top flange of point 1-2 in the top flange 

has a similar development pattern, but there is a certain difference in the respective 𝑀 − 𝜀L curve of 

point 3-2 of the bottom flange of the outer tube. This may be due to the difference in the width and 

length of concrete cracks near the mid-span section. According to the method of reference [16], the 

flexural capacity 𝑀u,e of the rectangular DCFSST beams is defined as the bending moment that 

causes strain 𝜀L equal to 0.01 at the bottom flange of the outer tube and the respective results are 

presented in Table 1. In general, strains 𝜀L in points f and g of the lower inner tube increase 
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continuously, whereas the values of 𝜀L in points d and e of the upper inner tube increase to a certain 

extent but then decrease while the neutral axis of the composite beam shifts gradually upwards during 

loading and thereafter downwards [20]. When bending moment 𝑀u,e indicated by the hollow circle 

is reached, strains 𝜀L at points d, f and g of the inner tube are generally higher than 𝜀yi, and 𝜀L at 

point e of the inner tube is slightly less than 𝜀yi, indicating that the whole section of the lower inner 

tube and part of the upper inner tube have yielded and this is different from the yielding behaviour of 

the inner tubes in the rectangular CFDST beams [15-17]. It is shown in Figs. 6(b) and 6(d) that the 

𝑀 − 𝜀T diagrams have generally similar development patterns with the 𝑀 − 𝜀L curves. Moreover, 

due to the Poisson effect, the absolute value of 𝜀T is smaller than that of the corresponding 𝜀L under 

the same moment. 

The distribution of longitudinal strains 𝜀L is drafted on account of all the measurement results 

presented in Fig. 2(b) and the typical output until reaching moment 𝑀u,e is presented in Fig. 7, where 

𝑦 indicates the vertical location of the point considered from the centroidal axis. It can be seen that, 

while 𝑚 ≤ 0.8, a linear distribution along the section depth is reached for the 𝜀L of both outer and 

inner tubes, and the location of neutral axis determined by the distribution of 𝜀L of outer steel RHS 

is generally the same as that determined by the distribution of 𝜀L of inner tubes. However, when 

𝑚 > 0.8, the distribution of 𝜀L is no longer linear in both outer and inner tubes, due to the occurrence 

of cracking of sandwich concrete and local bulge of the walls in outer tube. Additionally, the cross- 

sectional form of inner tubes has no obvious effect on the distribution of 𝜀L, whilst the larger the 𝛼n, 

the closer the neutral axis is to the centroid axis, meaning that increasing 𝛼n can enhance the 

confinement effect of outer tube on the sandwich concrete, and inhibit the upward shifting of neutral 

axis to a certain extent such that the damage process of the specimens slows down. 

2.3.3. Mechanical index 

 

The values of flexural capacity 𝑀u,e are compared in Fig. 8(a) and it is seen that when 𝛼n is the 

same and the inner tubes have similar sizes and 𝑒0, the specimens of RS series have similar values 

of 𝑀u,e with the specimens of RC series and when 𝛼n has values 0.08, 0.113 and 0.147, the ratio 
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of capacities 𝑀u,e between RS series and RC series is equal to 1.004, 1.071 and 0.974, respectively. 

Simultaneously, with the same features of the inner tubes, 𝑀u,e improves with the increasing 𝛼n. 

For the RS series specimens, when 𝛼n is equal to 0.110 and 0.142, 𝑀u,e is 20.6% and 51.0% higher 

than the respective values when 𝛼n =0.079, whereas for the RC series specimens the similar 

percentage values are 13.0% and 55.6%, respectively. These effects follow mainly from the improved 

confinement of the outer tube to the sandwich concrete when 𝛼n increases. 

The curvature of mid-span section can be acquired according to the assumption that the overall 

 

deflection of the specimens conforms to the half-sine curve form, which has been basically confirmed 

by the aforementioned discussion. The flexural stiffness 𝐾e of the specimen at the elastic phase is 

equal to the ratio between the bending moment and curvature [15] and the values are listed in Table 

1. The values of 𝐾e are compared in Fig. 8(b) and it is seen that the values of 𝐾e in the RS series 

are higher than those of the RC series, excluding the case with 𝛼n=0.110. When 𝛼n varies from 

0.079 to 0.142, the values of 𝐾e in the RS series of specimens are 1.104, 0.930 and 1.042 times those 

of the specimens in the RC series. When the sizes and 𝑒0 of the inner tubes are kept unchanged, a 

larger value of 𝛼n results in a greater value of 𝐾e. In the specimens of the RS series, when 𝛼n is 

equal to 0.110 and 0.142, 𝐾e is respectively 11.2 % and 40.9 % higher than that when 𝛼n=0.079, 

whereas in the specimens of the RC series the respective values are 32.0 % and 49.4 %. Clearly the 

increase of the stiffness of the inner tubes is the main reason for the improved values of 𝐾e in the 

specimens of RS series. 

According to references [20, 21], the flexural stiffness of CFST and CFDST members with 

rectangular cross-sections can be evaluated applying the superposition principle and the contribution 

of the concrete as cracked is close to 20 %. This principle is also applied when evaluating 𝐾c for the 

rectangular DCFSST beam specimens in Eq. (4): 

55 

52635 𝐾c = 𝐸so ∙ 𝐼so + 0.2𝐸c ∙ 𝐼c + ∑(𝐸si,𝑖 ∙  𝐼si,𝑖 ) (4) 
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where 𝐸so and 𝐸c are the elastic moduli and 𝐼so and 𝐼c are the moments of inertia for the steel 

tube and sandwich concrete, respectively and 𝐸si,𝑖 and 𝐼si,𝑖 are the elastic modulus and moment of 
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inertia for the inner steel tube i, respectively. The results show that, the minimum and maximum 

values of the ratio of 𝐾c to 𝐾e are 0.998 and 1.101, respectively, while its mean value and Cov are 

1.062 and 0.040, respectively, which means that the flexural stiffness of rectangular DCFSST beams 

can be well predicted in accordance with the superposition principle while considering 20% 

contribution of sandwich concrete, and overall the prediction is slightly higher than the test result. 

3. Simulations by FE model 

3.1. FE models 

The simulations for the flexural behaviour of the rectangular DCFSST beams were carried out using 

the FE package ABAQUS [23] and the reliability of the evaluations was validated against the 

experimental results. The numerical analysis of typical rectangular DCFSST beams was further 

performed by the FE model. 

The behaviour of outer and inner steel tubes in ABAQUS was modelled as elasto-plastic material 

and the measured values for elastic modulus and Poisson's ratio were applied and the data pairs of 

real stress and plastic strain were transformed from the engineering values 𝜎s and 𝜀s to depict the 

plastic properties of steel materials. The 𝜎s − 𝜀s relationship for the cold-formed steel RHS and SHS 

proposed in [24] was adopted for the steel tubes, which contain 4 flat portions and 4 corner portions 

considering the local strengthening of corner area. The relationship between 𝜎s and 𝜀s of flat 

portions in the cold-formed rectangular and square steel tube is as follows: 

𝐸s ∙ 𝜀s (𝜀s ≤ 𝜀s0) 
0.75𝑓y + 0.5𝐸s ∙ (𝜀s − 𝜀s0) (𝜀s0 < 𝜀s ≤ 𝜀s1) 

42556 𝜎s = 0.875𝑓 + 0.1𝐸 ∙  (𝜀 − 𝜀 )  (𝜀 < 𝜀 ≤ 𝜀  ) (5) 
46 y s s s1 s1 s s2 

47 

48 
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53 

{𝑓y + 0.005𝐸s ∙ (𝜀s − 𝜀s2) (𝜀s > 𝜀s2) 

where, 𝐸s is the elastic modulus, 𝑓y is the yield strength, 𝜀s0 = 0.75𝑓y/𝐸s, 𝜀s1 = 

 
3𝜀s0. 
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The corner portions in the cold-formed rectangular and square steel tube are assumed to have the 

same expression for the 𝜎s − 𝜀s relationship as the flat portions; but yet the improved yield strength 

of the former in comparison with that of the latter was related to the yield-to-tensile strength ratio and 
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square steel tubes was determined as suggested in reference [25]. 

 

The following five-phase constitutive model, which has been widely used in the previous FE 

simulations of composite members [29], was chosen to replicate the 𝜎s − 𝜀s relationship of inner 

steel CHSs: 

 
𝐸s ∙ 𝜀s (𝜀s ≤ 𝜀se) 
−𝐴 ∙ 𝜀2 + 𝐵 ∙ 𝜀s + 𝐶 (𝜀se < 𝜀s ≤ 𝜀sa) 

s 13 

12467 𝜎s = 𝑓y (𝜀sa < 𝜀s ≤ 𝜀sb) (6) 
15 

 𝑓 ∙ (1 + 0.6 
 𝜀s−𝜀sb ) (𝜀 < 𝜀 ≤ 𝜀  ) 

  
y 𝜀sc−𝜀sb sb s sc 
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{1.6𝑓y (𝜀s > 𝜀sc) 

where, 𝜀se=0.8 𝑓y⁄𝐸s, 𝜀sa=1.5𝜀se, 𝐴 = 0.2 𝑓y⁄(𝜀sa − 𝜀se)2, 𝐵 = 2𝐴 ∙ 𝜀sa, 𝐶 = 0.8𝑓y + 𝐴 ∙ 𝜀2 − 

 
𝐵 ∙ 𝜀se, 𝜀sb=15𝜀se, and 𝜀sc=150𝜀se. 

 

The ductile damage model for metal in ABAQUS was selected to replicate the fracture process of 

steel tube, and there were two parameters of fracture strain and plastic damage factor that need to be 

defined. When the equivalent plastic strain of the element accumulated to the fracture strain, which 

was determined by the formulae provided in reference [26], the damage evolution began, and the 

linear damage criterion in reference [27] was subsequently adopted while defining the displacement 

at failure as the product of the average elongation and the standard distance of the coupons. 

Additionally, the residual stresses in the finished rectangular and square steel tubes were not included 

in the FE model, considering that the impact of them was significantly reduced after filling concrete 

into the space between the outer and inner steel tubes [14, 28]. 

The concrete damaged plasticity (CDP) model in ABAQUS [23], which defines the failure of 

concrete as compressive crushing and tensile cracking, shows good convergence. Therefore, it was 

chosen to model the complicated behaviour of sandwich concrete. The elastic properties, including 

the elastic modulus 𝐸c and Poisson's ratio 𝜇c were determined according to the provisions of ACI 

 
 

318-19 [30] and CEB [31], respectively, i.e. 𝐸c=4730√𝑓′ and 𝜇c=0.2, where 𝑓′ is the compressive 

cylinder strength. With reference to documents [14] and [15] as well as the test results in this study, 

it is assumed that the inner tubes can always reliably restrain the sandwich concrete before fracturing 
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of the bottom flange of the outer tube, which means that the behaviour of the sandwich concrete is 

similar to that of the concrete core in the rectangular CFST. Therefore, the compressive 𝜎c − 𝜀c 

relationship, which is suitable for the FE simulation of rectangular DCFSST short columns [14], was 

selected for the sandwich concrete in the rectangular DCFSST beams, and the detailed formulae are 

expressed as: 

2(𝜀c⁄𝜀cp) − (𝜀c⁄𝜀cp)2 (𝜀c⁄𝜀cp ≤ 1) 
12291 𝜎c⁄𝑓′ = { 𝜀c⁄𝜀cp  (𝜀 ⁄𝜀 > 1) (7) 
13 (  ⁄ 

𝑘 
⁄ c cp 

14 
15 ′ 

 

 0.2 

𝑎1∙ 𝜀c 𝜀cp−1) +𝜀c 𝜀cp 

 −6 

12692 where, 𝜀cp = (12.5𝑓c + 800𝜉 

17 

+ 1300) × 10 , 𝜉 (=𝛼n ∙ 𝑓yo/𝑓ck) is the nominal confinement factor, 
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𝑓ck is the characteristic compressive strength of concrete [15], 𝑎1 = (𝑓′)0.1⁄(1.2√1 + 𝜉), and 𝑘 = 

1.5(𝜀cp⁄𝜀c)+1.6. 

Moreover, the formula presented in reference [32] was employed to calculate the compression 

damage factor of sandwich concrete. Simultaneously, the stress-fracture energy relationship in 

ABAQUS [23] was used to specify tension-stiffening behaviour of sandwich concrete, and the failure 

stress and the fracture energy were respectively taken as 0.1𝑓′ and 100 N/m [5, 31]. The plasticity 

parameters for the CDP model were determined by referring to the recommended values of the 

software package [23] and further corrected by the test results, as listed in Table 3. 

The 4-node general-purpose shell elements with full integration (S4) suitable for large-strain 

analysis were chosen to simulate all the steel tubes, and the Simpson’s rule with 9 integral points in 

direction of wall thickness was specified to meet the calculation accuracy. The 8-node three- 

dimensional solid elements C3D8R with reduced integration were selected to model the sandwich 

concrete, as they are appropriate for treating large strains with geometric nonlinearity and possible 

serious mesh distortion. The structured meshing strategy included in the software package [23] was 

employed, and the corner portions of all steel tubes were subdivided to ensure the convergence and 

accuracy. In order to accurately capture the fracture moment and post-fracture damage evolution of 

the steel tube, the element encryption was set within two quarter points of the rectangular DCFSST 

beam specimens, and the element was deleted once it met the fracture criteria. Fig. 9 exhibits the 
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The interaction between various components of the rectangular DCFSST beams, including outer 

and inner steel tubes as well as sandwich concrete, was simulated by defining the contact pairs. For 

the interface between the outer and inner steel tubes and sandwich concrete, the normal direction was 

simulated by the ‘hard contact’, and the tangent directions were modelled by the ‘Coulomb friction’ 

with friction coefficient equal to 0.6 [14], while setting both the inner wall of outer RHS and the outer 

wall of inner tubes as the master surface and the surface of sandwich concrete in contact with the 

above walls as the slave surface. Moreover, the interface between sandwich concrete and two 

endplates was also simulated by the ‘hard contact’, and the interface between the outer and inner steel 

tubes and the two endplates was defined as the ‘shell-to-solid coupling’. 

The boundary conditions for the FE model of the rectangular DCFSST beams, shown in Fig. 9, 

have good agreement with those of the specimens tested within this study and literature references 

[15-17]. Four reference points, RPs, were defined in ABAQUS such that they are located at the 

midpoint of the section width and they were set at the two loading positions and support positions 

and each RP was coupled with the outer surface of outer tube at the corresponding area. The length 

of coupling area was set to be 0.8𝐵o based on the comprehensive consideration of convergence, 

accuracy and computational efficiency. For the RP corresponding to the fixed support, three 

translational degrees of freedom (UX, UY and UZ) and two rotational degrees of freedom (URY and 

URZ) were constrained, and for the RP corresponding to the rolling support, two translational degrees 

of freedom (UX and UY) and two rotational degrees of freedom (URY and URZ) were constrained. 

The loading was carried out by imposing a displacement of 100 mm along the negative Y-axis on the 

two quarter points in the span of the composite beam. 

In addition, the impact of initial geometric defects (IGDs) on the flexural performance of DCFSST 

beams was analyzed based on the FE model. The buckling eigenmode of outer and inner tubes in the 

composite beam was treated as the IGDs in the first analysis step, and the amplitude was equal to 0.1 

times the tube wall thickness [33]. Fig. 10 shows the impact of the initial geometric defects (IGDs) 
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FE simulation results with and without IGDs are close to each other and generally agree well with 

the measured results. 

3.2. Validation of the FE model 

Fig. 3(b) illustrates the simulated failure modes of rectangular DCFSST beam specimens in this study. 

Comparison in Fig. 3 indicates that the results predicted by the FE model are located mainly within 

two quarter points of the span and they include multiple local bulges on the top flange and part of 

side walls of the outer tube and fracture of the bottom flange of the outer steel section, shown in Fig. 

3(b1). Sandwich concrete is crushed at the site of local bulges of the outer tube and cracked within 

its lower part, as shown in Fig. 3(b2) and the global deflections of the inner tubes in Fig. 3(b3) 

generally agree well with the observations from the tests. The difference between the simulated and 

measured failure area in the specimens is mainly due to the fact that, the FE models cannot reasonably 

mimic the influence of the following factors: 1) the sizes and flatness of the specimens differ from 

the design considerations, 2) there are manufacture defects in the materials of the specimens, 3) the 

loading devices in the testing set-up have the unavoidable minor position deviation. 

Fig. 11 presents the curves of 𝑀 − 𝑢m behaviour such that those labelled with letter ‘M’ indicate 

the measured ones and those labelled with letter ‘P’ the predicted ones. The available test results from 

this study and the ones from references [15-17] are generally in good agreement with the FE- 

predictions, except that the plastic hardening phase of the former is slightly higher, and the fracture 

moment and process of the former show a certain difference. This may be due to the deviation 

between the material properties from the standard tests and the real properties of the tubes and 

sandwich concrete in the specimens, and in the plastic phase the rolling support between the spreader 

beam and the specimen gradually move inward due to the increase of displacement, resulting in 

additional bending moments in the specimen, whilst in the FE model, the initial position of the rolling 

support is simplified to a fixed loading point. The predicted 𝑀 − 𝜀 diagrams are compared with the 

measured data in Fig. 12. As can be seen from these figures, the development trend of the simulated 
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is good in elastic and elastic-plastic phase, but the plastic phases of the curves are deviated. Moreover, 

the simulated and measured 𝑀 − 𝜀T curves of the inner steel CHSs include obvious differences, 

possibly due to the slight deviation in the positions of the attached transverse strain gauges. Fig. 13 

demonstrates the typical distributions of 𝜀L in the mid-span section on account of predicted and 

measured data. It is shown that, with the increase of 𝑚, the predicted distribution of 𝜀L and variation 

amplitude of cross-sectional neutral axis generally accord with the measured results when 𝑚≤0.9. 

However, for the results with 𝑚 = 1.0 , the discrepancy between the predicted and measured 

distribution becomes more evident. This may be caused by the subtle difference between the 

simulated and observed cracking characteristics of the concrete together with local bulge pattern of 

outer tube walls. 

Fig. 14 presents a comparison between the simulated flexural capacity 𝑀u,fe and the measured 

flexural capacity 𝑀u,e within this study and references [15-17] and overall 𝑀u,fe is close to 𝑀u,e 
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with the discrepancy limited to 10%. The mean value and Cov of 𝑀u,fe⁄𝑀u,e are 0.976 and 0.039, 
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verifying that the FE model is capable of predicting well the flexural capacity of the rectangular 

DCFSST and CFDST beams. 

3.3. Further numerical study 

The FE model is further used to undertake numerical analysis of rectangular DCFSST beams, and the 

simulation results indicate that the strength properties (𝑓yo, 𝑓yi and 𝑓′) and 𝑑i⁄𝑡i have very limited 

influence on the stress/strain distribution characteristics, while merely affecting the specific values. 

Therefore, the effect of key parameters, including 𝛼n, 𝜙, 𝑒0 and depth-to-breadth ratio of outer 

tube (𝜂), on the response of rectangular DCFSST beams is numerically studied. The parameters for 

the benchmark are as follows: 𝐷o=600 mm, 𝐿⁄𝐷o=8.0, 𝜂=2.0, 𝛼n=0.10, 𝜙=0.5, 𝑒0=0.5, 𝑓′=50 

MPa, 𝑓yo=𝑓yi=355 MPa and 𝑑i⁄𝑡i=40 (SHS) or 60 (CHS). It should be noted that, while changing 

𝜂, the section circumference of outer steel RHS is kept fixed. 

 

Fig. 15 displays the influence of the key parameters on the stresses of the sandwich concrete in the 
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mid-span section at the moment of attaining the flexural capacity 𝑀u and ‘S33’ represents the 

normal stress along the direction of the span indicated in Fig. 9, and the dashed line indicates the 

location of the neutral axis. Most of the sandwich concrete is stressed in tension with S33> 0 and the 

tensile stresses increase with the decrease of 𝛼n, 𝜙 and 𝜂 and increase of 𝑒0. The depth of the 

compressed section decreases with the increase of 𝛼n and 𝜙 and remains almost unchanged with 

the variation of 𝑒0, whereas 𝜂 has no evident effect on the location of the neutral axis. Moreover, 

the stress distribution characteristics and maximum compressive stress of sandwich concrete change 

with the change of key parameters. In general, the maximum compressive stress appears at two top 

corners where sandwich concrete contacts with the outer tube, and under certain parameter conditions 

(e.g. 𝛼𝑛=0.16, 𝜙 = 0.75 or 𝑒0=0.6) the maximum compressive stress simultaneously arises at two 

top corners where sandwich concrete contacts with the upper inner tube. However, as the change of 

key parameters leads to the variation in the area and cross-section characteristics of the sandwich 

concrete in compression, its maximum stress does not indicate any consistent varying characteristics 

while the values of the parameters are increased or decreased. 

The effects of 𝜙 and 𝑒0 on the von Mises stress in the inner SHSs are demonstrated in Fig. 16 at 

the moment of reaching 𝑀u, and the impact of other parameters have similar variation features. It is 

seen that within the centre-most quarters of the span the von Mises stress in the whole section of the 

lower tube exceeds 𝑓yi in the tensile region of the sandwich concrete, but in most of the cases only 

the von Mises stress of the top flange and part of the sidewalls in the upper tube is greater than 𝑓yi. 

For certain cases, e.g. with 𝜙=0.25, the von Mises stress of the upper tube remains less than 𝑓yi, 

indicating that whole section of the lower tube has yielded while only partial or no yielding has 

occurred in the upper tube. The variation of parameters mainly determines the distribution 

characteristics of the von Mises stress of the upper tube. In general, when there is a yield area in the 

upper tube, the gradient of the von Mises stress between the top and bottom flange increases with the 

increase of 𝜙 and the decrease of 𝑒0. 

Fig. 17 shows the influence of the key parameters on the interaction stress 𝑝 in typical points of 
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in the other three points where the top flange of the outer tube is in contact with the sandwich concrete, 

and it decreases gradually after reaching the maximum value as the local bulge in the top flange 

extends to its corner. In the later phase of loading, stress 𝑝 of the corner point 4 exceeds that of point 

1. Stress 𝑝 of the corner point 2 is close to that of point 4 in the early phase of loading but the 

difference in them increases gradually as 𝑢m improves. Stress 𝑝 of the corner point 3 is generally 

very small and the four parameters have no regular influence on the 𝑝 − 𝑢m relationship of points 

1, 2 and 4, since the location of the neutral axis of the cross-section varies continuously with the 

development of cracking in the sandwich concrete and local bulge in the walls of the tube. 

4. Simplified calculation of flexural capacity 

Fig. 18 presents the results for the flexural capacity 𝑀u in the rectangular DCFSST beams calculated 

using the FE model under various parametric conditions and as compared with the composite beams 

having inner CHSs, higher values of 𝑀u exist for the beams with inner SHSs. With the improvement 

of parameters 𝛼n, 𝜙, 𝑒0, 𝑓yo, 𝑓yi, and 𝑓′ and reduction of 𝑑i⁄𝑡i the flexural capacity increases 

and the variation of 𝛼n and 𝑓yo has a greater impact on 𝑀u. 

By referring to the method for the rectangular CFDST beams in [15] and taking the above 

numerical results into consideration, the flexural capacity of rectangular DCFSST beams, 𝑀u, can 

be calculated as the compound sum of the capacity values for the outer steel RHS together with the 

sandwich concrete, 𝑀osc,u and for the inner steel tubes, 𝑀i,u: 

𝑀u = 𝑀osc,u + 𝑀i,u (8) 

For the compound section of outer steel RHS together with sandwich concrete, coefficient 𝛾m,o 

for the cross-sectional moment capacity is defined as: 

54337 
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𝑊scm∙𝑓oscy 
(9-1) 
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𝑓oscy = 𝐶1 ∙ 𝜙2 ∙ 𝑓yo + 𝐶2 ∙ (1.18 + 0.85𝜉) ∙ 𝑓ck (9-3) 
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where, 𝑊scm and 𝑓oscy are the compound elastic section modulus and the characteristic value of 

 

compound axial compressive strength [15]; and the parameters 𝐶1 and 𝐶2 equal to 𝛼1⁄(1 + 𝛼1) 

3 

4442 
5 

and  (1 + 𝛼n )⁄(1 + 𝛼1) respectively, and 𝛼1 = 𝐴so ⁄𝐴c ,  𝐴c is the cross-sectional area of 
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sandwich concrete. 

 

The results in Fig. 16 indicate that when reaching 𝑀u, yielding in the whole section and its parts 

generally appear in the lower and upper inner tubes of the DCFSST beams, respectively, and 

accordingly the use of plastic section modulus, 𝑊psi , is more suitable for calculating 𝑀i,u . 

Coefficient 𝛾m,i for the cross-sectional moment capacity of the inner steel tubes is defined as: 

  𝑀i,u  

14948 
20 

𝛾m,i =  

𝑊psi∙𝑓yi 
(10-1) 

21 𝜋𝑑e ∙ [𝑑2 − (𝑑 − 2𝑡 )]  (with inner SHSs) 
24249 𝑊psi = { 4 i i i (10-2) 

23 𝑑e ∙ [𝑑2 − (𝑑i − 2𝑡i)]  (with inner CHSs) 
24 ′ 
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26 

The simulation results indicate that, the impact of 𝛼n, 𝑓yo and 𝑓c on 𝛾m,o and 𝛾m,i can be 
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unified into the parameter 𝜉, which is determined by the above three parameters. The influence of 

the key parameters on the relationship between the coefficients 𝛾m,o and 𝛾m,i for the cross-sectional 

moment capacity and the longitudinal strain 𝜀L,bf of the bottom flange in the outer steel RHS is 

presented in Fig. 19 and the other parameters have only a moderate effect. In general, only the type 

of the inner tube has some influence on the form of the later phase in the 𝛾m,o − 𝜀L,bf diagram, but 

in terms of 𝑀u corresponding to 𝜀L,bf = 0.01 , the difference in 𝛾m,o and 𝛾m,i of rectangular 

DCFSST beams with different types of inner tubes is generally less than 5% and therefore this 

influence is ignored. In addition, 𝛾m,o and 𝛾m,i improve with the increase of 𝜉, 𝜙 and 𝑒0. Using 

the regression analysis for a suitable amount of the simulation data, the expressions for 𝛾m,o and 

𝛾m,i are presented as: 

 

𝛾m,o = [1.27 + 0.35ln(𝜉)] ∙ (0.3𝜙 + 0.85) ∙ (0.62𝑒0 + 0.69) (11) 

 

𝛾m,i = [0.85 + 0.12ln(𝜉)] ∙ (0.5𝜙 + 0.5) ∙ (𝑒0 + 0.85) (12) 

 

Fig. 20 presents the comparison between the simplified and simulated values of the coefficients, 

and it is shown that both 𝛾m,o and 𝛾m,i can be predicted well using the simplified formulae. The 
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final formula for the flexural capacity of rectangular DCFSST beams is produced by inserting all the 

relevant parameters into Eq. (8). In Fig. 21 the values of simplified formulae for 𝑀u,s are compared 

with a considerable number of results from the FE simulations, 𝑀u,fe, and the actual models 𝑀u,e 

based on the measured data. The difference between the simplified models and the simulated and 

measured results is generally less than 10%. The statistical outcome is that the mean and Cov of 
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respectively, showing that the simplified formulae are capable of predicting accurately the flexural 

capacity of rectangular DCFSST beams. The scope of application for the simplified equations is: 

𝜂=1.2 to 2.0, 𝛼n=0.04 to 0.16, 𝜙=0.25 to 0.75, 𝑒0=0.4 to 0.6, 𝑓yo=𝑓yi=235 MPa to 460 MPa, 

 
𝑓′=31.9 MPa to 65 MPa, and 𝑑 ⁄𝑡 =20 to 60 for SHS or 30 to 90 for CHS. 
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5. Conclusions 

The main conclusions from the experimental and numerical investigation on the flexural behaviour 

of rectangular DCFSST beams reported in this paper are summarized as: 

(1) The investigated beam specimens exhibit good deformability and their ultimate mid-span 

displacement is between 6% and 9% of the effective span length. The failure patterns include mainly 

multiple local bulge regions on the top flange of the outer tube, global deformation of the inner tubes 

and crushing of concrete at the evident sites of local bulge and nearly uniform cracks that extend to 

approx. 2/3 of the section depth in the sandwich concrete. 

(2) Three successive phases in the 𝑀 − 𝑢m diagrams are classified as approximately elastic, 

elastic-plastic and plastic strengthening one before the fracture of the bottom flange in the outer tube. 

The displacement distribution of the beam specimens fits well with the half-sine wave form up to 

reaching the flexural capacity. 

(3) The cross-section form of the inner tubes has a limited effect on the behaviour, but 𝛼n 

influences significantly on the values of 𝑀ue and 𝐾ie in the rectangular DCFSST specimens. In the 

ones with inner SHSs and 𝛼n equal to 0.110 and 0.142, 𝑀ue is 1.206 and 1.510 times that with 𝛼n 

equal to 0.079, respectively, and 𝐾ie is 1.112 and 1.409 times that with 𝛼n equal to 0.079, and for 
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the specimens with inner CHSs, the values equal to 1.130 and 1.556 are associated with 𝑀ue and 

respectively the values equal to 1.132 and 1.494 are associated with 𝐾ie. The flexural stiffness of the 

specimens calculated using the superposition principle accords generally well with the ones based on 

the measured results. 

(4) The established FE model predicts well the flexural performance of rectangular DCFSST 

beams, and the FE model can be further used to reveal the overall stress and strain states of each 

component in the rectangular DCFSST beams. The simplified formulae for the flexural capacity of 

rectangular DCFSST beams suggested based on the data from the parametric analyses agree well with 

the numerical and experimental results. 
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Fig. 1. Configuration of the rectangular DCFSST beams. 
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(a) General layout 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Layout of strain gauges (w=20 mm) 

Fig. 2. Testing set-up. 
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(1) Overall appearance 
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(a) Measured result 

Fig. 3. (continued). 
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Fig. 3. Failure modes of rectangular DCFSST beam specimens. 
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Fig. 4. 𝑀 − 𝑢m curves for the specimens according to the measurements. 
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Fig. 5. Distribution of deflections along effective span of typical specimens. 
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Fig. 6. Relationships between 𝜀L, 𝜀T and 𝑀 according to the recorded data. 
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Fig. 7. Distribution of 𝜀L in the mid-span section of typical specimens. 
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Fig. 8. Effects of varying 𝛼n on the mechanical index in the specimens. 
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Fig. 9. Meshing and boundary conditions for the FE model of the rectangular DCFSST beams. 
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Fig. 10. Impact of the initial geometric defects (IGDs) on the flexural behaviour of the rectangular 

DCFSST beam specimens. 
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Fig. 11. Comparison between the predicted and measured 𝑀 − 𝑢m curves. 
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Fig. 13. Typical distributions of 𝜀L in the mid-span section on account of predicted and measured 

data. 
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Fig. 14. Comparison of flexural capacities evaluated on account of predicted and measured data. 
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Fig. 16. Effects of 𝜙 and 𝑒0 on the von Mises stresses in the inner SHSs. 
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Fig. 19. Effect of key parameters on 𝛾m,o and 𝛾m,i. 
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Fig. 20. Coefficients 𝛾m,o and 𝛾m,i for the cross-sectional moment capacity. 
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Fig. 21. Flexural capacities based on simplified equations, simulation data and measured data. 
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Tables: 
 

 

Table 1. Details of the specimens. 
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No. Label 
Do×Bo×to 

(mm) 

di×ti 
(mm) 

𝛼n  
de 

(mm) 
e0 

fyo 

(MPa) 

fyi 

(MPa) 

fcu 

(MPa) 

Mu,e 

(kN·m) 

Ke 

(kN·m2) 

1 RS-a 180×120×2.68 30×1.94 0.079 30.0% 90 0.50 324.9 371.8 49.8 52.5 1888.4 

2 RS-b 180×120×3.66 30×1.94 0.110 30.4% 90 0.50 333.7 371.8 49.8 63.3 2099.1 

3 RS-c 180×120×4.63 30×1.94 0.142 30.8% 90 0.50 334.8 371.8 49.8 79.3 2261.8 

4 RC-a 180×120×2.68 33×1.97 0.079 29.2% 87 0.48 324.9 352.9 49.8 52.3 1453.7 

5 RC-b 180×120×3.66 33×1.97 0.110 29.6% 87 0.48 333.7 352.9 49.8 59.1 1919.1 

6 RC-c 180×120×4.63 33×1.97 0.142 30.0% 87 0.48 334.8 352.9 49.8 81.4 2171.1 

 

Table 2. Properties of steel tubes. 
 

Type 
Cross- 

section 

to(ti) 

(mm) 

Yield strength 

(MPa) 

Tensile strength 

(MPa) 

Elastic modulus 

(N/mm2) 
Poisson’s ratio 

Elongation 

(%) 

Outer 

tube 

 

Rectangular 

2.68 324.9 462.6 2.03×105
 0.273 27.2 

3.66 333.7 452.0 2.06×105
 0.292 28.7 

4.63 334.8 468.2 2.03×105
 0.277 32.3 

Inner 

tube 

Square 1.94 371.8 460.9 1.92×105
 0.278 14.6 

Circular 1.97 352.9 451.2 1.88×105
 0.270 15.4 

 

Table 3. Plasticity parameters for CDP model 

Plasticity parameter Dilation angle 
Flow potential 

eccentricity 
Ratio of 𝜎b0 

to 𝜎c0 

Ratio of 𝑞(TM) 

to 𝑞(CM) 

Viscosity 

parameter 

Value 30o
 0.1 1.16 2/3 5×10-6

 

Note: 𝜎b0 is initial equibiaxial compressive yield stress, 𝜎c0 is initial uniaxial compressive yield stress, and 𝑞(TM) 

and 𝑞(CM) are the second stress invariant on the tensile and compressive meridian, respectively. 


