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Abstract 

The capability of finite element modelling (FEM) to predict the experimentally observed behaviour of 

concrete-filled spiral-welded mild-steel tube (CF-SWMST) columns was assessed in this study.  FEM 

was carried out of 24 previously reported CF-SWMST short and long column tests using the ABAQUS 

software. The tube length to outside diameter ratio (L/D) of the short and long columns were 3.0 - 3.3 

and 9.0 - 10.0 respectively while the nominal outside diameter to thickness ratios (D/t) of the specimens 

were in the range 51 - 114.5. Load eccentricities of 0, 0.15D, and 0.4D had been considered for the 

specimens in the respective tests. Widely used and well-established modelling procedures, previously 

reported for concrete-filled steel tube (CFST) columns, were adopted for the analyses. The concrete 

damaged plasticity model in ABAQUS was used as the constitutive model for concrete. The specimen 

geometries were represented using solid hexahedral elements, while the spiral weld seam was also 

explicitly modelled. With respect to the reported experimental axial capacities, the FEM provided 

conservative load capacity predictions for the CF-SWMST specimens with D/t ratios less than 100. The 

prediction conservativeness increased with increasing load eccentricity and decreasing section 

slenderness. For the eccentrically loaded CF-SWMST columns, the predicted globally deformed states 

agreed with those observed experimentally, though the local buckling patterns were not replicated in 

the FEM.  The results indicated that the decrease in strength enhancement of the concrete core due to 

confinement with increasing section slenderness was possibly underestimated by the material models 

that were used. The FEM results were also found to be negligibly sensitive to the explicit consideration 

of the spiral weld seam geometry with equivalent behaviour being predicted even when the spiral 

welded tubes were modelled as plain tubes.   

Keywords: Spiral welded tubes, SWT, finite elements, short columns, long columns, mild-steel 
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1 Introduction 

Spiral welded tubes (SWTs) are fabricated by helically bending a continuous length of steel plate and 

welding the resulting spiral-shaped abutting edges. SWTs offer a cost-effective alternative to 

conventional longitudinally seam-welded tubes (LWTs) [1-3]. This is especially so for larger diameter 

tubes since a variety of tube diameters can be formed using a parent steel plate of a given width [2]. As 

a corollary, SWTs can also result in cost-benefits when used for concrete-filled steel tube (CFST) 

structural elements. While mild-steel, higher carbon steel, as well as stainless-steel SWTs are available 

within the industry, the scope of this paper will be limited to mild-steel SWTs.  

The authors have previously found that the ultimate limit state (ULS) behaviour of concrete-filled 

spiral-welded mild-steel tube (CF-SWMST) short and long columns, under static monotonic loading, 

is similar to that of CFSTs of other tube types [4, 5]. This was found to be the case for columns under 

concentric as well as eccentric loading. These studies also found that existing codified guidelines, 

relating to the capacity assessment of CFST columns, can be readily applied to CF-SWMST short and 

long columns under eccentric loading. Furthermore, it was observed that existing guidelines could be 

applied to concentrically loaded CF-SWMST columns as well, though with revised slenderness limits 

than those currently specified in the respective standards.  

However, the afore-mentioned findings were based on a limited number of tests where the main 

parameters that were varied were the tube outside diameter to thickness (D/t) ratio and load eccentricity 

(e). To verify the applicability of the conclusions to other CF-SWMSTs of different diameters, wall 

thicknesses, lengths, and concrete strengths as well as to establish the slenderness limits specifically 

applicable to CF-SWMSTs, more tests are required. Nonetheless, such testing is expensive as well as 

generally limited in size and number by the testing equipment that is available and budgetary 

constraints. Numerical modelling, especially finite element modelling (FEM) based methods, provide 

a way of populating ‘databases’ of tests without the need for conducting a large number of physical 

experiments. Finite element (FE) modelling has been used by several previous researchers as a way of 

conducting parametric studies on structural element behaviour using a limited number of experimental 

tests to verify the modelling approach.  
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Only one publication could be found in the literature relating to the FE modelling of CF-SWMST 

columns [6]. However, this study only considered concentrically loaded specimens and was primarily 

limited to short columns with only one long CF-SWMST column being tested. No previous FEM based 

study could be found which investigated eccentrically loaded CF-SWMSTs. On the contrary, numerous 

FEM-based studies were found in the literature which considered the behaviour of mild- or higher-

carbon steel CFST columns of other non-SWT tube types under static monotonic loading. Pertinent 

details of the CFST specimens, which were modelled in those studies to validate the respective FEM 

approaches that were used, are given in Table 1. Most previous such FEM studies focused purely on 

CFST short columns under concentric compression. For non-SWT CFSTs, relatively few FEM-based 

investigations have previously been carried out relating to concentrically loaded long column tests  [7-

13] or eccentrically loaded short and long column tests [7, 12-19].  

For the CF-SWMST specimens modelled by Aslani et al. [6], details of which are given in Table 2, 

good agreement was reported between the experimental capacities and those predicted by the FEM, 

with actual to predicted capacity ratios falling in the range 0.99 to 1.02. In addition, good agreement 

was reported between the corresponding load - displacement curves. There was also good qualitative 

agreement between the experimental and predicted failure modes, especially at the peak load. However, 

the FEM was not able to predict the local buckling observed in the SWTs during the respective tests, 

which occurred after significant post-peak deformation. For non-SWT CFST columns as well, in 

general, satisfactory agreement was reported between the capacities predicted through FE modelling 

and the corresponding experimental values, with average actual to predicted capacity ratios between 

0.8 and 1.22 being reported. For most of the investigations listed in Table 1, the average capacity ratio 

was, in fact, quite close to 1.0.   

In the study conducted by Aslani et al. [6], the CF-SWMST column tests were modelled using the 

ABAQUS FEM software [20]. Even for non-SWT CFST columns, ABAQUS [20] has been widely 

used for FEM. Other software such as ATENA [21], ADINA [22], ANSYS [23] and 3D-NLFEA [24] 

have also been utilised for the FEM of non-SWT CFST columns.  
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The constitutive material models and other modelling approaches used for the previously reported FEM 

of CF-SWMST and non-SWT CFST columns are discussed next in the following sub-sections. 

1.1 Concrete material models 

For the FEM carried out of CF-SWMST columns, the inelastic behaviour of the concrete core was 

modelled using the ‘Concrete Damaged Plasticity (CDP)’ model available within ABAQUS. For 

concrete under a triaxial stress state, the CDP model considers a yield surface as defined by Lubliner et 

al. [25] and Lee and Fenves [26]  with a non-associated flow rule. Even for non-SWT CFST columns, 

the CDP model was the most widely used  [7-10, 12, 13, 15-19, 27-52]. The use of other material 

models, which also define non-associated plastic flow similar to the CDP model, have also been 

reported for non-SWT CFSTs [53-55]. Material models which consider associated flow have also been 

used by some investigators [14, 56-62]. Irrespective of the material model used, in general, good 

agreement was obtained between the predicted and experimental capacity values indicating that the 

material behaviour was well approximated by the respective proposed models.  

1.2 Mesh and element types 

Aslani et al. [6] used eight-noded hexahedral (hex) solid elements, namely the element type ‘C3D8I’ 

available in ABAQUS, to model both the SWT and the concrete core. They also modelled the geometry 

of the spiral weld seam explicitly. For non-SWT CFSTs, the reported FEM studies either used solid 

elements for both the steel and concrete components [7, 10, 17, 27, 29, 31, 33, 39, 44, 47, 49, 52, 61, 

63, 64]  or considered solid elements for the concrete core along with shell elements for the steel tube 

[8, 9, 11-16, 18, 19, 28, 34, 36, 37, 40-43, 46, 48, 50, 57, 65-68]. Negligible difference in the predicted 

behaviour was observed between when shell elements were used for the steel tube compared to when 

solid elements were used [44].  For non-SWT CFSTs, eight-noded solid hex elements with reduced 

integration (i.e. type C3D8R) was typically considered when solid elements were used in ABAQUS. 

Table 1 lists the respective maximum element sizes considered across the CFST cross-section in 

previous FEM studies of non-SWT CFSTs, which ranged from D/2.55 to D/15.3. This suggested that 

acceptable agreement with experimental behaviour can be obtained even with a relatively coarse mesh. 

On the other hand, Tao et al. [40] recommended that finite element sizes for CFSTs should be D/15 
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across the cross-section and D/6 in the longitudinal direction, for best agreement with the 

experimentally obtained behaviour. For the CF-SWMSTs they tested, Aslani et al. [6] considered a 

corresponding element size of D/10. In previous FEM studies of non-SWT CFSTs, several investigators 

considered a larger element size in the longitudinal direction compared to the circumferential direction 

[58] as well as for the concrete core compared to the steel tube [34, 39, 49, 69].  

1.3 Modelling of steel-concrete interface 

For the CF-SWMSTs they modelled, Aslani et al. [6] defined the surface interaction behaviour between 

the concrete core and steel tube using the ‘contact interaction’ option in ABAQUS. The tangential 

direction of contact was specified to be friction-based with a friction coefficient of 0.25 while a ‘hard-

contact’ model was considered in the normal direction. The ‘hard-contact’ model prevents penetration 

of the slave surface into the master surface as well as ensures that the interface is a no-tension one [20].  

For most of the FEM carried out of non-SWT CFST columns as well, a similar contact interaction 

definition was specified though with differing coefficients of friction in the tangential direction. Friction 

co-efficient values of 0.2 [31, 61, 70], 0.25 [10, 36, 49, 50, 52, 57-59, 66], 0.3 [15, 29, 65], 0.4 [43, 64], 

0.5 [14, 33, 35], 0.55 [18, 38], and 0.6 [8, 12, 27, 30, 32, 37, 40-42, 46] were used in previous FEM 

works. Irrespective of the value used, good agreement was reported between the predicted and 

corresponding experimental behaviour. Tao et al. [40] reported that, for CFST stub columns, this was 

possibly because there was little or no slip between the steel and the concrete as both components were 

loaded simultaneously. The use of separate ‘gap’ elements to define the interaction between the steel 

tube and the concrete core was also reported by some researchers [64, 68, 71].  

1.4 Parameters of the concrete damaged plasticity model 

As listed in Table 3, differing empirical expressions, as well as constant values, were used in previous 

FEM investigations to define three key parameters of the CDP model. These were namely, the dilation 

angle (ψ), the ratio of second stress invariant on the tensile meridian to that on the compressive meridian 

(Kc) and the ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield 

stress (fb0/fc0). The corresponding parameter definitions considered by Aslani et al. [6] for CF-SWMST 

columns are given in Table 2.  In particular, the dilation angle (ψ) has been found to have a relatively 
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significant effect on the confinement-induced strength enhancement predicted by the model, with larger 

values corresponding to greater enhancement [40]. The proposed empirical equations referred to in 

Table 3, were obtained through regression analysis, using parameter values which resulted in the best 

agreement between the respective predicted and experimental column capacities.   

1.5 Definition of uni-axial stress-strain behaviour of concrete 

In general, the different concrete material models referred to above require the uniaxial stress-strain 

behaviour in compression to be defined. Two distinct approaches have been considered in this regard 

namely, considering ‘unconfined’ and ‘confined’ behaviour. The ‘unconfined’ approach did not 

explicitly consider the strength enhancement accorded to the concrete core by the steel tube, unlike 

when ‘confined’ behaviour was adopted. However, the increased ductility of the CFST core concrete 

compared to plain concrete was taken into account in the ‘unconfined’ case. In this approach, the 

strength enhancement was captured through the respective material model, together with the contact 

pressures generated by the analysis [40]. For the CF-SWMST columns they considered, Aslani et al. 

[6] adopted the ‘unconfined’ stress-strain definition proposed by Han et al. [72]. The model of Han et 

al. [72] has been widely considered for non-SWT CFST columns as well [10, 12, 13, 15, 16, 37, 38, 42, 

45, 46, 48, 52, 67]. Several other ‘unconfined’ stress-strain formulations have also been used for the 

FEM of such CFSTs [9, 27, 30, 40, 50, 73-77]. Some formulations considered perfect plasticity in the 

post-peak region [18, 47, 61, 71]. Figure 1 shows the respective stress-strain curves obtained as per 

several ‘unconfined’ models for a CFST of 152 mm outer tube diameter, 2 mm wall thickness and a fcm 

equal to 25 MPa. From the results reported in the literature, it appears that the differences in the stress-

strain formulations have minimal effect on the predicted ULS capacity. For example, for the same 

database of CFST stub column tests, the model of Tao et al. [40] reported an average actual to predicted 

capacity ratio of 1.024 compared to 0.989 when the model of Han et al. [72] was used. Nonetheless, the 

load-displacement behaviour predicted for the CFSTs, in the post-peak region, was observed to be 

affected by the form of the compressive stress-strain curve [40]. In the ‘confined’ approach, strength 

enhancement was explicitly considered in the stress-strain curve definition [14, 28, 39, 43, 44, 51, 57-

59, 65, 69] based on models such as those of Mander et al. [78], Saenz [79] and  Chen et al. [80]. The 
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‘confined’ stress-strain curve used by Hu et al. [59] is also shown in Figure 1 for reference. It should 

be noted that the use of confined concrete stress-strain curves, in general, also constrained other 

parameter values of the material model. For example, for the CDP model, a lower dilation angle was 

typically specified when confined stress-strain curves were used to define the uniaxial compressive 

behaviour [43].   

Cai et al. [17] proposed a modification to the stress-strain curve of [40] as a function of the axial load 

eccentricity. This modification aimed to consider the non-uniform confinement of the concrete core 

cross-section under eccentric loading. The existence of such non-uniform confinement was also 

confirmed for the eccentrically loaded CF-SWMST columns previously tested by the authors [4]. 

However, it was observed that the capacity prediction was negligibly affected by this proposed 

modification, with only the predicted post-peak load - displacement behaviour noticeably differing. 

Non-uniform confinement was also addressed by Ouyang et al. [81] through an iterative approach using 

an empirical relationship between axial and lateral strains of concrete. However, they only carried out 

two-dimensional FEM of the CFST section with the complete specimens not being modelled. The FEM 

was purely used to obtain the confining stresses in each concrete element based on the predicted lateral 

strains. These confining stresses were then used to continuously update the applicable concrete stress-

strain formulation, which was subsequently used to calculate the axial stress state of the concrete core.  

For the previous FEM of CF-SWMST and non-SWT CFST columns, the uniaxial tensile stress-strain 

behaviour of concrete was typically considered to be linear until the tensile strength. The fracture energy 

approach proposed by Hillerborg et al. [82] was generally used to define the post-cracking tension 

softening behaviour. In the CDP model in ABAQUS, the tension-softening was either described by 

specifying the variation of tensile stress with crack displacement [61, 64, 67] or by specifying the 

fracture energy as a material property [8, 12, 17, 27]. Expressions have been proposed to approximate 

the fracture energy [83, 84]. Others have defined post-peak stress-strain curves  [9, 19, 47, 85] to 

describe the tension softening behaviour though it has been stated that this approach could potentially 

introduce mesh sensitivity to the solution [20].    
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1.6 Constitutive modelling of steel 

For the FEM of CF-SWMSTs as well as CFSTs of other tube types, Von-Mises plasticity with isotropic 

hardening was typically used to describe the inelastic behaviour of the steel tube [14, 24, 29, 31, 35, 50, 

59, 61, 68]. Four main formulations were found to have been used to define the uniaxial stress-strain 

behaviour of steel. These were namely, the five-stage model [86] used in [8, 15, 17, 36, 37, 42, 45, 46, 

48, 49, 66, 67], the four-stage model [40] used in [7, 38, 41], two-stage models with linear strain 

hardening [9, 11, 12, 18, 19, 47, 63, 68] and elastic - perfectly plastic behaviour [50, 57, 65, 69, 85]. In 

addition, empirical [27] or experimentally measured [44, 58, 61] stress-strain curves have also been 

used. These different formulations are compared in Figure 2. It has been reported that the form of the 

steel stress-strain curve has minimal effect on the predicted capacity or load-displacement behaviour of 

CFSTs except at large post-peak deformations [40]. 

1.7 Consideration of imperfections and residual stresses 

Aslani et al. [6] also included surface imperfections in their FE models of CF-SWMSTs. For this 

purpose, an initial ‘perturbation’ to the ideal tube geometry was defined using the first buckling mode 

shape of the respective hollow SWT, when loaded in pure axial compression, with an amplitude of 

0.003D. The value of 0.003D was established on the basis that it gave the best agreement between the 

experimentally obtained load - displacement behaviour and those predicted by the FEM for purely 

axially loaded hollow SWTs. The actual surface imperfections were, thus, approximated through a 

‘calibration’ exercise. For FEM of CFSTs of other tube types, while some included imperfection 

definitions in their models, others explicitly reported that imperfections were not considered [14, 37, 

40, 46, 68]. Where imperfections were considered, they were included through a calibration method as 

described previously, but with differing imperfection shapes and magnitudes. In addition to the first 

eigenmode, ‘bow’ shaped initial deformations were also used, especially for long columns, while 

imperfection magnitudes equal to L/300 [7], L/1000 [9, 42], L/5000 [8] and 0.1t [18] were also 

specified. Tao et al. [40] stated that the effect of global imperfections can be ignored for L/D ratios 

between 2 and 5 and that local imperfections have little influence on the ULS behaviour of CFSTs.  

221



9 
 

 
 

It should be noted that residual stresses were not explicitly modelled in the FEM models analysed by 

Aslani et al. [6] for hollow and concrete-filled mild-steel SWTs. This is in spite of the fact that it has 

been widely reported that higher levels of residual stresses of more complex distribution exist in SWTs 

compared to their longitudinally welded counterparts [87-90]. In addition, SWTs have been shown to 

contain unique fabrication induced imperfections compared to other tube types, as found by Sadowski 

et al. [91]. Such residual stresses and surface imperfections could potentially affect the ULS behaviour 

of SWTs and hence of CF-SWMSTs under compression. It appears that these effects have effectively 

been indirectly considered by specifying an equivalent imperfection shape, as discussed previously. 

Nonetheless, while such an approach is appropriate for hollow tubes, for concrete-filled specimens, it 

may be an incomplete one. Residual stresses can potentially result in differing confinement effects on 

the concrete core compared to a SWT without such stresses which, in turn, could affect the ULS 

behaviour and capacity. On the other hand, given the good agreement obtained between the actual and 

predicted capacities for the tests considered by Aslani et al. [6], it appears that the indirect consideration 

of residual stresses, as described above, could be an adequate approach. Even so, the fact that the FEM 

failed to predict the local buckling, which would be affected by residual stresses existing in the tube, 

validates the postulation of incompleteness as well. Consistent with this thinking, Chen et al. [46] 

opined that for CFSTs using LWTs, residual stresses may result in axially loaded specimens effectively 

being subjected to eccentric loading due to non-symmetric yielding of the steel tube section. In general, 

for previous FE models of non-SWT CFST columns, the explicit consideration of residual stresses has 

not been reported.  

1.8 Scope of this study 

As per the foregoing, largely equivalent and comparable FEM approaches have been used for previously 

modelled CF-SWMST and non-SWT CFST columns. It is also clear that FEM approaches relating to 

CFSTs are well-established and developed with a rich knowledge bank existing in this regard. 

Furthermore, good agreement between the experimental and FEM-predicted ULS behaviour has been 

reported, irrespective of the material models and modelling strategies used. Nonetheless, a caveat 

should be added that such good agreement was obtained by using ‘best-fit’ definitions of material 
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parameters, which varied between investigations. For wide-scale adoption of FEM for CFSTs, a move 

away from such custom calibrated models would be useful where a consistent approach, applicable to 

a wide variety of specimen configurations, is considered. 

Given this background, the work described in this paper aimed to ascertain the capability of existing 

well-established FEM methods, relating to CFSTs, to predict the experimentally obtained behaviour of 

CF-SWMST columns. While CF-SWMST short columns under concentric compression has been 

modelled previously, this work aimed to extend the modelling to consider eccentric axial loading and 

long columns.  It was also aimed to understand the sensitivity of the FEM result to the modelling 

assumptions as well as critical material model parameters. A sensitivity study was conducted in this 

regard which is described in later sections of this paper. It should be explicitly noted that the aim of this 

FEM study was not to obtain ‘best-fits’ of material model parameters which give the best agreement 

between FE and experimental capacities. The authors feel that previous publications have already 

extensively pursued that approach. Hence, the work of this paper focused on applying existing 

knowledge to CF-SWMSTs. Therefore, this work provides a benchmark for the applicability of existing 

FEM methods for concentrically and eccentrically loaded CF-SWMST short and long columns. 

2 Finite Element modelling 

In order to achieve the aforementioned aims, FEM was carried out of 24 self-compacting CF-SWMST 

short and long columns previously tested by the authors [4, 5], using the ABAQUS software.  

2.1 Specimen geometry  

Geometry details of the respective specimens are given in Table 4. For short and long columns of each 

diameter, three load eccentricity ratios (e/D) were considered namely 0, 0.15 and 0.4. In Table 4 as well 

as the remaining sections of this paper, the modelled specimens are referred to by a label of the form 

‘(H)(L)DN1EN2’ where ‘D’ and ‘E’ refer to outside diameter and end eccentricity, respectively. A 

leading ‘H’ and/or ‘L’ in the label identifies it as a hollow and/or long column. In the label, N1 refers to 

the outside diameter, with values 1 to 4 representing the four diameters that were considered, while N3 

is either 0, 1, or 2 corresponding to eccentricity ratios of 0, 0.15, and 0.4. The spiral weld seam was 
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explicitly included in the FE modelling that was done. For the CF-SWMSTs that were modelled, the 

spiral seam cross-section geometry was based on the average values of the outside and inside weld 

beads (reported in [4] and [5]). These were 1.52 and 0.14 respectively for the short columns and 1.14 

and 0.52 respectively for the long columns. The modelled weld seam geometry is shown schematically 

in Figure 3.  

The SWT geometry was generated by merging three ‘parts’ that were sketched in ABAQUS as per the 

relevant geometry namely, the weld seam, two narrow strips either side of the weld seam and the 

remaining tube. The concrete core was then generated through the ‘Cut Geometry’ option. Using the 

generated SWT geometry, a Boolean cut operation was done on a cylindrical concrete part, of diameter 

equal to the average of the inner and outer diameters of the SWT, to generate the concrete core.  

2.2 Mesh and element type 

In this study, eight-noded linear hexahedral elements with reduced integration and hourglass control 

(i.e. type C3D8R) were used for both the SWT and the concrete core. The use of solid elements for the 

steel tube enabled the explicit modelling of the spiral weld seam geometry. Even though the element 

type C3D8I was recommended by Aslani et al. [6], C3D8R elements were utilised instead, since it 

resulted in significant reductions in run-times and output file sizes. This was deemed acceptable since 

the use of C3D8R elements caused negligible difference to the predicted load - deformation behaviour 

compared to when C3D8I elements were used. This is discussed further in Section 4.  

A global mesh size equal to D/15 was specified in line with the recommendations of Tao et al. [40] for 

the respective cores and steel tubes. The same element size was considered for the cross-section as well 

as in the longitudinal direction. The FE mesh was auto-generated through ABAQUS. The resulting FE 

mesh of the SWT was a ‘single helix’ mesh, where the mesh is defined by intersecting lines running 

parallel to the spiral weld seam and in the circumferential direction. The mesh on the outside surface of 

the concrete core was also of the single-helix type which exactly matched that of the inside surface of 

the SWT. Single-helix meshes were also used to model hollow SWTs in flexure by Zimmerman et al. 

[92] and Vasilikis et al. [93] and also by the authors previously for hollow SWT columns [94]. The 
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typical meshes generated by ABAQUS, including the meshing arrangement of the spiral weld seam 

cross-section are shown in Figure 4.  

2.3 Material modelling 

Consistent with the aims of the FEM, well-established material modelling approaches, which have been 

widely used previously, were considered for the modelled CF-SWMST columns. It should be noted that 

when defining the respective stress-strain curves described in this section, the data was converted to 

true stress and true strain values consistent with the requirements of ABAQUS. 

The concrete damaged plasticity model was used to model the material behaviour of the concrete cores. 

For the CDP model, the uni-axial compressive behaviour was defined using the stress-strain curve 

formulation proposed by Han et al. [72]. For each specimen that was modelled, the compressive stress-

strain curve was calculated using the respective test-day concrete cylinder compressive strength (fcm) 

and specimen geometry as listed in Table 4. The elastic modulus of the concrete cores (Ec) and the 

tensile strengths (ft) were calculated using Equations (1) and (2) as defined in  [95]. An elastic Poisson’s 

ratio of 0.2 was considered for the concrete. The fracture energy approach of Hillerborg et al. [82] was 

adopted to define the tension softening behaviour with the fracture energy (GF) calculated using 

Equation (3) for the respective specimens. For the short [4] and long [5] CF-SWMSTs previously tested 

by the authors, the maximum aggregate sizes (dmax) of the respective concrete mixes were 10 mm and 

7 mm, respectively. These aggregate values were used accordingly in Equation (3) to calculate GF. 

Ec= 4733 fcm  (in MPa)         (1) 

ft = 0.556 fcm (in MPa)         (2) 

Gf = 0.0469dmax
2 - 0.5dmax+ 26

fcm

10

0.7
(in N/m, dmax in mm)     (3) 

For the dilation angle of the CDP model, a constant value of 300 was used for the FEM as proposed by 

Han et al. [72]. However, as per the expression proposed by Tao et al. [40], the dilation angle values 

applicable to the modelled specimens (ψTao) range from 26.50 to 41.50, as listed in Table 4. The 
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sensitivity of the FEM prediction to the value of the dilation angle was considered as part of the 

sensitivity study, which is described in Section 4.  Kc and fb0/fc0 of the modelled specimens were 

calculated using the expressions given in [40] and [96] respectively. The recommended default values 

of 0.1 and 0 were considered, in general, for the flow potential eccentricity and the viscosity parameter 

of the CDP model. Nonetheless, for four of the modelled specimens (specimens of the two largest 

diameters with the largest eccentricity), a viscosity parameter of 0.001 was utilised, as the analysis 

terminated prematurely when the default value was considered. This was the case for specimens D3E2, 

LD3E2, D4E2 and LD4E2. The value of 0.001 was consistent with that reportedly used by Heid [97] 

who stated that a viscosity parameter of 0.001 results in improved convergence with insignificant loss 

of accuracy. The sensitivity of the FEM result to the use of a non-zero viscosity parameter value was 

also evaluated as part of the sensitivity study, which will be discussed in Section 4. Non-zero viscosity 

parameters have also been used previously by others for FEM of CFST columns [28, 33].     

For the mild-steel SWTs, Von-Mises plasticity with isotropic hardening was utilised as the material 

model, with the uniaxial stress-strain behaviour in tension and compression being defined as shown in 

Figure 5. Figure 5 was adopted based on the experimentally measured stress-strain curves as reported 

in [4, 5], where the average yield strength (fy) and ultimate strength corresponding to the mild steel 

SWTs were 234.9 MPa and 341 MPa respectively. In Figure 5, the strain value at the end of the yield 

plateau (0.01) was also based on the experimentally measured data. A work hardening modulus of 

Es/100 was used based on the initial gradient of the work hardening region obtained experimentally (Es 

≡ Young’s modulus of steel). Work hardening moduli equal to Es/100 were also considered in previous 

FEM studies  [9, 11, 12, 18, 19, 38, 63]. The adopted stress-strain curve shape for the SWTs is consistent 

with that used by Heid [97], Al-Ani [73], and Faxing et al. [74] for previous FEM of CFSTs. The weld 

seam was assigned the same material properties as the rest of the SWT.   

2.4 Interaction between SWT and concrete core 

A contact interaction was defined between the outside surface of the concrete core and the inside surface 

of the SWT to account for the steel-concrete interface behaviour. Tangential contact was specified to 

be of a ‘penalty-friction’ type with a friction coefficient equal to 0.25. As discussed in Section 1.3, a 
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range of friction coefficient values have been considered in previous FEM studies. Hence, the sensitivity 

of the FEM prediction to the friction coefficient value was also considered as part of the sensitivity 

study that was conducted, as will be described in Section 4. Contact in the normal direction between 

the two surfaces was specified to be ‘hard contact’ with the tube inside surface being defined as the 

master surface and the concrete core outside defined as the slave surface, consistent with [66]. The 

sensitivity of the FEM prediction to swapping the master-slave surface definitions was also considered 

and is discussed in Section 4. This was because different researchers have used different approaches in 

this regard. For the contact interaction, a ‘small sliding’ formulation was used rather than the ‘finite 

sliding’ option with the effect of this choice being quantified through the sensitivity study.  

2.5 Boundary conditions and loading  

As reported in [4, 5], in the actual tests corresponding to those modelled in this study, the specimens 

contained welded end plates at either end which were bolted on to a roller - transfer plate assembly. The 

loading was then applied on the roller ends to obtain a pinned-pinned loading configuration. Bolting on 

the specimen endplates to the transfer plates, offset to the loading line as appropriate, resulted in the 

desired end eccentricity of the axial load. In the FE models that were generated, the end assemblies 

including the endplates were not modelled explicitly. Rather, they were treated as rigid with rigid bodies 

defined between the concrete core and steel tube end surfaces and the respective loading points. The 

loading points corresponded to the points at which the rollers were loaded in the corresponding tests 

and were defined 154 mm longitudinally offset to the end surfaces. For the eccentrically loaded 

specimens, the two support points were displaced relative to the longitudinal axis by the respective 

eccentricities, to cause bending about the same axis as in the actual tests. It should be noted that the 

orientation of the model was adjusted so that the spiral weld seam was oriented in the same orientation 

with respect to the axis of bending as in the corresponding test, as shown typically in Figure 6.  

The top loading point was fixed in all degrees of freedom, except for rotation about the axis of bending. 

At the bottom loading point, displacement in the longitudinal direction was unrestrained, in addition to 

rotation about the axis of bending. Displacement-control loading was considered for the FE analyses 

with increasing displacement being applied to the bottom loading point. The ‘Static General’ method 
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was considered for the loading step in ABAQUS. Due to time constraints, in general, the displacement 

was only continued until the applied axial load dropped below ⁓90% of the respective peak load. To 

make a comparison between the actual and predicted deformed states, for some representative FE 

models namely, those of specimens D1E0 and D4E2, the axial displacement was continued until its 

magnitude neared the respective maximum value achieved in the corresponding test.  

For the concentrically loaded specimens, additional FEM runs were conducted with a nominal 

eccentricity of 2 mm as well (labelled with ‘2mm ecc’ in Table 4). This was to consider the effect of 

small unintended eccentricities that may have occurred during test setup or fabrication, which would 

have resulted in a preferential direction for flexural deformation. The direction of the eccentricity was 

chosen so as to cause flexural deformation in the same direction as that observed during the 

experimental tests.  

The axial displacement of the top loading point, mid-height lateral displacement as well as the 

engineering strains of the outer surface of the steel tube at mid-height were output from the analysis.  

2.6 Consideration of imperfections 

Prior to carrying out the FEM of the CF-SWMSTs, FEM was carried out of representative hollow 

column tests which had the same nominal geometry as the corresponding concrete-filled specimens. 

The purpose of this modelling was to ascertain the need to include equivalent imperfections, through 

the first buckling mode, in the modelling of the CF-SWMSTs.  

Concentrically loaded hollow SWT column tests that were conducted by the authors were used for the 

FEM. The geometrical details of the tested hollow specimens are given in Table 5. The hollow column 

tests considered for the FEM had outside diameters equal to 203 mm and 229 mm. Short columns of 

both diameters were tested while a long column was also tested for the 229 mm diameter tube. The tube 

lengths considered for the short and long columns are given in Table 5. The tested hollow SWTs were 

from the same batch of tubes as those used for the CF-SWMSTs previously tested by the authors [4, 5]. 

Hence the same yield strength of 234.9 MPa was considered for the modelled hollow SWTs as well. 

The test setup of the hollow columns was the same as that reported previously by the authors for CF-
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SWMST column tests [4, 5]. The FE modelling of the test specimens referred to in Table 5, followed 

the same approach as that described in Sections 2.1 to 2.4. In addition to the element type C3D8R, the 

element type C3D8I was also considered for the FEM runs of the hollow tubes (i.e. 8-noded linear 

hexahedral element with incompatible modes). For each test specimen, the FEM run using the element 

type C3D8I was considered with zero initial imperfections as well with initial imperfections modelled 

using the respective first eigenmode, under pure axial loading, with an amplitude equal to 0.003D. The 

first buckling modes under pure axial compression, obtained through linear buckling analyses carried 

out in ABAQUS, are shown in Figure 7 for the three hollow specimens that were modelled. The FEM 

runs using C3D8R elements did not consider any initial imperfections. Initial imperfections were 

included in the FEM using the ‘*IMPERFECTION’ keyword in the ABAQUS input file. While the 

‘Static General’ loading step was used as the default, the ‘Static Riks’ method was used if the default 

runs encountered numerical instabilities. The respective experimental and FEM-predicted capacities 

obtained for the hollow test specimens are given in Table 5. The experimental and predicted load-

displacement behaviours are compared in Figure 8, while the corresponding failure modes are given in 

Figure 9. For Figure 8, the axial displacements from the FEM runs were adjusted to account for the 

elastic deformations of the endplate assemblies, since the corresponding experimental measurements 

were inclusive of them. Experimentally obtained axial stiffness values of the two end assemblies, equal 

to 891 kN/mm and 1050.6 kN/mm, were used for this purpose.  

In terms of the load capacity, on average, the FEM runs where no imperfections were used gave the 

closest agreement to the corresponding experiments. Comparable capacities were obtained when either 

C3D8R or C3D8I elements were used. As is clear from Figure 8, in relation to the shape of the load -

displacement curve, the best qualitative agreement with the experimental behaviour was obtained for 

the FEM runs for which the element type C3D8I was used. Furthermore, in general, irrespective of the 

element type used, a better qualitative agreement was obtained between the predicted failure mode and 

that obtained experimentally when no imperfections were considered. It should be noted that for the 

hollow SWTs that were tested, the local buckling at failure did not occur at the spiral weld seam for any 

of the tested tubes. This is consistent with that previously reported by the authors for CF-SWMSTs. 

229



17 
 

 
 

Based on the foregoing results obtained from the hollow SWT FEM runs, for the FEM of the CF-

SWMST columns, it was judged that no imperfections needed to be considered.     

3 Results and discussion 

3.1 Failure loads and load-axial displacement behaviour 

The load - axial displacement (P – δv) behaviours predicted by the FEM runs are compared to the 

corresponding experimentally measured curves in Figures 10 and 11 for the modelled short and long 

CF-SWMST columns, respectively. In Figures 10 and 11, the applied axial loads have been normalised 

using the respective capacity predictions (Nuc) as per AS 2327 [98], which were reported in [4, 5].  As 

mentioned in Section 2.6, the predicted axial displacements were adjusted by adding on the expected 

elastic deformations of the endplate assemblies. The load capacities predicted from the FEM runs (i.e. 

peak loads of the respective P - δv plots) are given in Table 4. The predicted capacities (PFEM) are 

compared to the corresponding experimental values (Pexp) in Figure 12.  

Satisfactory agreement was observed between the experimental and predicted initial gradients of the P 

- δv plots. There was also good agreement in relation to the general shape of the load - axial displacement 

curves between the FEM and the corresponding experiments. 

In general, for the concentrically loaded specimens, the predicted capacities were conservative for the 

specimens with the smallest two diameters and were non-conservative for the specimens with the two 

largest diameters. As can be seen from Figure 12, the actual to predicted capacity ratio (Pexp/PFEM) 

showed a decreasing trend with specimen slenderness (D/t). This was the case for both short and long 

columns.  The prediction conservativeness for the specimens with the two smallest diameters increased 

when a nominal eccentricity of 2 mm was considered. However, for the specimens with the two largest 

diameters, the actual to predicted capacity ratio was still less than 1.0 even then. The results showed 

that the consideration of an unintended nominal eccentricity of 2 mm decreased the predicted capacities 

by 4 – 9% and 9 - 13% for the considered short and long columns, respectively. The sensitivity to the 

nominal eccentricity increased with decreasing diameter and increasing column length, as was expected.  
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The actual to predicted capacity ratios obtained for the concentrically loaded specimens, indicated that 

the predicted levels of strength enhancement due to confinement were possibly overestimates for the 

two larger diameter specimens. Conversely, this also suggested that more confinement benefit than 

considered in the CDP model, as per the parameters and stress-strain curves that were used for the 

modelling, was available for the smallest diameter specimens. Given the reported beneficial effect of 

higher dilation angles for strength enhancement of the concrete cores, this indicates that dilation angles 

greater than 300 should be considered for the smallest diameter specimens, while lesser values should 

be used for the specimens of the two largest diameters. However, the recommended dilation angles as 

per [40] are contrary to this trend, as can be seen from the values listed in Table 4, indicating more 

refinement is required in relation to the proposed expression for the dilation angle.    

Figures 13 and 14 display the cross-sectional stress state of the concrete cores of the modelled 

specimens at the respective peak loads. As per Figures 13 and 14, for concentrically loaded short column 

specimens with a nominal 2 mm eccentricity, the ratio of maximum compressive stress to fcm decreases 

from 1.23 to 1.11 with increasing D/t. For the long columns, the trend is inconsistent with values in the 

range 1.11 to 1.22. From the actual to predicted capacity ratios obtained for the modelled CF-SWMSTs, 

it appears that the actual decrease in strength enhancement with D/t is greater than that predicted from 

the material model used for the FEM.   

For the eccentrically loaded specimens, a decreasing trend of actual to predicted capacity ratio with D/t 

was also observed, similar to the concentrically loaded specimens. However, the conservativeness of 

the ratios was generally higher with values closer to 1.0 obtained for specimens of the two largest 

diameters as well. The conservativeness increased with increasing load eccentricity. It is also clear, 

from Figures 13 and 14, that strength enhancement above fcm exists in the compressive region for 

eccentrically loaded specimens as well, though non-uniform across the cross-section. The modelling 

approach adopted in this work and the resulting strength enhancement of the concrete core appear to be 

satisfactorily applicable for eccentrically loaded specimens, for the range of D/t values considered in 

this study and especially for larger eccentricities. Nonetheless, the preceding discussion in relation to 
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strength enhancement is valid for the eccentrically loaded specimens as well given the greater 

conservativeness observed in the predictions for the two smaller diameter specimens.   

In addition, the different levels of applicability observed of the FE modelling for concentrically loaded 

CF-SWMSTs compared to those loaded eccentrically, indicate that different slenderness limits are 

applicable depending on loading type. It also suggested that the adopted material models did not 

adequately capture this difference. However, the non-consideration of residual stresses in the modelling 

may also have been a factor in this regard.  

3.2 Failure modes 

The deformed states as predicted by the FEM for eight representative specimens are compared to those 

observed during the corresponding experimental tests in Figure 15. Note that in relation to Figure 15, 

due to time constraints, only the FE models of D1E0, D1E0 2mm ecc and D4E2 were run until axial 

displacements, near to the respective maximums in the corresponding tests, were achieved. 

It was observed that for some of the modelled specimens, the failure mode predicted for purely axially 

loaded CF-SWMST specimens, irrespective of whether short or long, differed to that observed 

experimentally. This can be seen in Figure 15, by way of example, as per the failure modes shown for 

specimens D1E0 and D4E0. While a flexural type failure mode followed by local buckling in the post-

peak region was observed experimentally for these two specimens, the FEM runs predicted a mode 

dominated by bulging at mid-height and a doubly curved flexural mode respectively. On the contrary, 

the FEM runs for which a nominal 2 mm unintended eccentricity was considered for these respective 

specimens, displayed flexural type failure modes, which were in better qualitative agreement with those 

observed experimentally. This indicated that the failure mode predicted by the FEM of purely axially 

loaded CF-SWMST specimens could be sensitive even to small unintended eccentricities. It also 

indicated that such eccentricities may indeed have been present for the tested specimens. Nonetheless, 

it is likely that even a much smaller eccentricity would be sufficient to preclude the predicted failure 

mode to be a flexural one.  
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For the eccentrically loaded specimens, the predicted deformed states from the FEM agreed 

qualitatively with the flexurally deformed states observed during the corresponding experiments.  

It should be noted that, in general, the local buckling patterns observed during the experimental tests, 

were not predicted by the FEM. This was the case even for the FEM runs which were continued until 

deformations the corresponding experimental specimens were subjected to. This can be seen in Figure 

15 from the deformed states of specimens D1E0 2mm ecc and D4E2. For specimen D1E0 2mm ecc, 

while slight bulging of the steel tube, indicative of local buckling, was seen near the tube ends as per 

the FEM result, the largest buckle at mid-height observed during the corresponding test was not 

replicated. On the other hand, for specimen D4E2, no local buckling was predicted by the FEM 

whatsoever. The failure of FEM to predict the local buckling behaviour has previously been reported 

for concrete-filled LWTs as well [42]. The fact that residual stresses were not modelled as part of the 

FEM could have contributed to the non-replication of the local buckling, which would have been 

affected by the presence of such stresses in the respective experimental tests. 

3.3 Load - strain behaviour 

The variations of longitudinal (εlong) and circumferential (εtrans) strains with applied axial load, 

corresponding to those measured by strain gauges L1 & L3 and C1 & C3 in the respective tests, are 

compared to the respective variations predicted by the FEM in Figures 16 to 19. The locations of the 

respective strain gauges of the test specimens are indicated schematically in Figure 6. The strains as per 

the FEM at the respective measurement locations were calculated through linear interpolation using the 

longitudinal and circumferential strains that were output from the analyses for the mid-height perimeter 

nodes of the tube outer surface. Good agreement was observed between the predicted and measured 

strain variations. This was both in terms of the initial gradient as well as in relation to the increased 

change in strain with load as the peak load was approached. For some of the concentrically loaded 

specimens, the strain variations predicted by the respective FEM runs with a nominal eccentricity of 2 

mm showed better qualitative agreement with the corresponding measured variations. This is because 

for the FEM runs with no eccentricity, the predicted strain variations at both tube extremes (i.e. L1 and 

L3) were compressive indicating that the predicted deformation is not a flexural one as that observed 
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experimentally. This observation further supported the postulation that a small nominal eccentricity 

may indeed have been present in the respective experimental tests. The good qualitative agreement 

noted between the predicted and measured variations of circumferential strain also suggested that the 

material model that had been used satisfactorily captured the lateral dilatant behaviour of the concrete 

core. 

3.4 Load - lateral displacement behaviour 

The experimentally measured lateral deflections at mid-height (δh) are compared to those predicted by 

the FEM modelling in Figures 20 and 21 for the modelled short and long CF-SWMSTs, respectively. 

In Figures 20 and 21, the applied axial loads have been normalised using the respective capacity 

predictions (Nuc) as per AS 2327 [98], which were reported in [4, 5]. It was observed that the initial 

flexural stiffness, as well as the variation of flexural stiffness as the peak load was approached, were 

well captured by the modelling. This is in-spite of the capacity mismatch between the experimental 

values and FEM predictions, as discussed in Section 3.1. The deformations at which local buckling was 

first observed in the respective experimental tests are also indicated in Figures 20 and 21. Even though 

some of the FEM runs were continued to even larger deformations than those referred to above, the 

analyses did not display any local buckling behaviour.  

3.5 Comparison of FEM versus codified predictions 

The capacities predicted by the FEM for the short and long CF-SWMST columns were also compared 

against those calculated as per six widely used international design standards relating to CFSTs namely, 

AS 2327 [98], Eurocode 4 [99], AISC-360 [100], CAN/CSA S16-01[101], AIJ-2001 [102] and 

GB50936 [103]. The respective FEM to codified capacity ratios are listed in Tables 6 and 7. The 

predicted capacities for the concentrically loaded columns, as per the standardised guidelines, were 

compared to those predicted by the corresponding FEM runs with zero and 2 mm eccentricity. 

For the concentrically loaded short and long CF-SWMST columns, it was seen that, on average, the 

predictions of AS 2327, EC4 and CAN/CSA S16-01 gave the best agreement with the corresponding 

FEM predictions. For the short columns, the capacities as per the respective guidelines agreed well with 

the capacities predicted from the FEM runs with zero eccentricity. However, for the long columns, the 
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FEM capacities with zero eccentricity were approximately 10% greater than the codified values. The 

FEM to codified capacity ratios, for the concentrically loaded long columns, were closer to 1.0 for the 

FEM runs where a nominal 2 mm eccentricity was considered. This suggested that the codified 

guidelines inherently consider some form of imperfection or unintended eccentricity in relation to the 

capacity of long CFST columns.  

For the eccentrically loaded short columns, the FEM capacities were in best agreement with those of 

AIJ. On the other hand, the capacities predicted by AS 2327 an EC4 provided the best agreement with 

the corresponding FEM values for the eccentrically loaded long column specimens. All three of the 

aforementioned standards specify rectangular stress distributions for the steel and concrete sections to 

calculate the eccentric column capacity. The good agreement obtained between the codified capacity 

values and those of the FEM indicates that the non-uniform stress state at the peak loads, shown in 

Figures 13 and 14 for the concrete cores, may satisfactorily be approximated by such stress distributions.      

4 Sensitivity study 

4.1 Sensitivity to parameter values and modelling options 

An assessment was carried out of the sensitivity of the predicted capacities to several parameters and 

modelling options that were used for the FEM. These are listed below, along with the respective values 

and options that were considered. The corresponding default values used for the FEM are also noted.  

1. Dilation angle (ψ) – 250 and 350 (default = 300) 

2. Friction coefficient (μ) for contact - 0.1 and 0.6 (default = 0.25) 

3. Mesh element size – D/10 and D/20 (default = D/15)   

4. Mesh element type – C3D8I (default element type was C3D8R)  

5. Reversed definition of master and slave surfaces for the contact interaction (default was to 

consider the tube inside surface as master and core outside surface as slave)  

6. Choice of sliding definition for the contact interaction – Finite sliding option (small sliding 

formulation used as default) 

7. Viscosity parameter – 0.001 (default = 0.0) 
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Eight representative FEM runs were used to assess the parameter and option sensitivity as per the 

foregoing namely, D(1,4)E0 2mm ecc, D(1,4)E2, LD(1,4)E0 2mm ecc and LD(1,4)E2. To assess the 

sensitivity, only one parameter/option was changed at a time.  The percentage change in the predicted 

capacity with respect to the capacities of the respective default runs are tabulated in Table 8. Due to 

limitations in the computing resources that were available, a mesh size of D/20 could not be considered 

for the respective long column runs. 

The predicted capacities of the representative specimens were not greatly sensitive to the parameter 

values and options considered, with less than 2% variation being observed. Much greater sensitivity to 

the dilation angle was previously reported for concentrically loaded CFST short columns. It appears 

that the existence of even a nominal end eccentricity of the loading reduces the sensitivity of the result 

to the dilation angle. 

The greatest variation in relation to the default capacity resulted from the consideration of a non-zero 

viscosity parameter. However, even for this case, for the specimens with the larger load eccentricity, 

the resulting variability with respect to the default value was less than 5%. In the FEM, as a viscosity 

parameter equal to 0.001 was only used for specimens of the two largest diameters with the larger 

eccentricity, this was deemed acceptable.     

4.2 Sensitivity to meshing strategy 

In the FEM that was carried out the geometry of the spiral weld seam was modelled explicitly. The 

effect of ignoring such explicit consideration was also evaluated as part of the sensitivity study. For this 

purpose, the following two options were considered. 

1. Single-helix type mesh as per the default analyses but with zero outer and inner bead thickness 

values specified for the SWT (‘Zero-bead’ runs) 

2. Plain tube with a uniform rectangular mesh for the tube (‘Plain-tube’ runs with no weld seam)  

For both cases listed above, the concrete core was generated as per the procedure described in Section 

2.1. Except for the meshing strategy adopted for the steel tube, all other parameters and model options 

were kept as per the respective default runs. The load-axial displacement behaviour obtained for the 
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‘Zero-bead’ and ‘Plain-tube’ runs of the eight representative specimens referred to in Section 4.1 are 

compared to the respective default runs in Figure 22. The corresponding percentage load capacity 

deviations with respect to the default values are noted in Table 8. It should be noted that for the plain-

tube runs with the larger eccentricity (E2) endplates had to be incorporated in the modelling due to 

numerical instabilities. The support points were rigidly connected to the end surface of the endplates 

while the opposite plate faces were tied with the CFST ends through ‘tie’ constraints.  

Less than 2% difference in capacity was observed for the plain-tube runs in comparison to the default 

runs, with the difference being even less (<1%) in relation to the zero-bead runs. As is clear from Figure 

22, negligible differences were also observed in the load - axial displacement behaviours resulting from 

the different mesh strategies. The deformation states predicted by the plain-tube runs as well as the 

zero-bead runs were also equivalent to those of the default FE models. This can be seen in Figure 23, 

where the deformed states from four representative plain-tube runs are compared to those of the 

corresponding runs using the default mesh. It should be noted that local buckling was not predicted 

even for FE models for which a plain-tube mesh was used for the steel tube.  

The results suggested that explicit modelling of the spiral weld seam geometry has an insignificant 

effect on the load - deformation behaviour and load capacity predicted by the FEM. Nonetheless, this 

insensitivity to the weld geometry is possibly a corollary of not explicitly modelling the residual stress 

state of the SWT in the analysis, as well. 

5 Limitations of this study 

As per the authors’ opinion, the main limitation of the work described in this study is in relation to the 

non-inclusion of SWT residual stresses explicitly in the modelling. As discussed in Section 1.7, such 

residual stresses could have an impact on the confinement accorded to the concrete core from the SWT 

and in turn on the load capacity and deformation behaviour. This is especially so since higher levels of 

residual stresses of complex distributions have been reported for SWTs, as discussed previously. It has 

been previously reported that residual stresses have a negligible effect on the ULS capacity behaviour 

of CFST columns [40]. However, this conclusion was in relation to short columns and was based on 
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investigations carried out on square CFSTs rather than circular specimens. The inclusion of self-

equilibrating residual stress states in the FEM of CF-SWMSTs is also not straight forward as no such 

residual stress distribution model has been proposed for SWTs to date, unlike for LWTs [104]. 

Experimental measurements of the complete residual stress state of SWTs have also not been reported. 

Li et al. [105] who modelled concrete-filled spiral-welded stainless-steel tubes through FEM, utilised a 

simplified method to consider residual stresses. In that case, a stripe of the SWT, which followed the 

spiral seam geometry, was applied an initial longitudinal tensile stress of 0.9fy while the remaining areas 

of the tube were applied a compression of 0.1fy. The longitudinal length of the strip was equal to 0.1 

times the pitch. It was reported that the effect of applying such initial stress distributions on the ULS 

capacity behaviour was negligible. However, the authors have confirmed that initial stress distributions 

applied to a SWT in this manner are not in sectional equilibrium. This is contrary to the longitudinal 

residual stress distributions that have been proposed and commonly used for LWTs. Given the boundary 

conditions applied to the models in [105], these applied initial stress distributions dissipate out, leaving 

behind only stresses of minor magnitude, compared to those specified.  

6 Conclusions 

The following conclusions were arrived upon based on the FEM that was carried out. 

1. Irrespective of load eccentricity, widely used FE modelling approaches provided conservative 

predictions of the experimental load capacity for CF-SWMST short and long columns with D/t 

ratios less than 100. The modelling approaches that were adopted appear to be more applicable 

to CF-SWMST columns with smaller section slenderness and higher load eccentricity.   

2. FE models of CF-SWMST columns can provide close predictions of the experimentally 

obtained axial and flexural stiffness. Such models also provide predictions of longitudinal and 

circumferential strain variations which are in good qualitative agreement with the actual 

behaviour. This indicated that the lateral dilatant behaviour of concrete was well captured by 

the material models that were used.   
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3. The FEM results indicated that the constitutive material models that were adopted possibly 

underestimated the decrease in concrete strength enhancement due to confinement, with 

increasing section slenderness.  

4. While the globally deformed states predicted by the FEM for eccentrically loaded CF-SWMST 

columns were in satisfactory agreement with those obtained experimentally, the local buckling 

behaviour could not be replicated by the FEM.  

5. The predicted deformed shapes for concentrically loaded CF-SWMSTs were observed to be 

sensitive to even a small nominal eccentricity of the applied loading.   

6. The capacities predicted by the FEM for CF-SWMST columns were verified to be insensitive 

to a range of modelling parameters and approaches in the presence of even a small nominal 

load eccentricity.  

7. The explicit consideration of the spiral weld seam geometry in the FEM was confirmed to have 

an insignificant effect on the predicted load capacity and load - deformation behaviour of CF-

SWMST columns. It appears that modelling of CF-SWMST columns as plain tubes is adequate 

and equivalent. 

8. Depending on load eccentricity and column slenderness, differing codified guidelines provided 

capacity predictions that were in closest agreement to those predicted by the FEM for the CF-

SWMSTs that were modelled.  This indicated that the FEM approach could not be equivalently 

approximated by the guidelines of any one particular design standard.   

9. The non-consideration of SWT residual stresses in the FEM was identified as a key limitation 

of the work. Such residual stress distributions should be experimentally measured and included 

in future FEM studies to verify the sensitivity of the predicted behaviour to their inclusion.   
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Table 1: Pertinent details of non-SWT CFSTs used for verification of FEM approaches (Le ≡ effective length (listed for pin ended columns), (U)HSC ≡ 
(Ultra) High strength concrete, RAC ≡ Recycled aggregate concrete, RuC ≡ Rubberised concrete, LWC ≡ Light-weight aggregate concrete ) 

Ref D (mm) t (mm) D/t 
fcm 

(MPa) 
fy (MPa) L (Le)/D e/D 

End 
conditions 

Concrete 
type 

Max 
circumferential 

element size 

Software 
used 

Pmax/PFEM 
avg. 

[27] 60 - 1020 0.9-17 17 - 319 15 - 168 186 - 853 ≤ 3.5 0 Fixed Normal, HSC D/13 ABAQUS 0.99 

[14] 267 6.3 42.4 54 265 ⁓13.1 
0.04-
0.64 

Pinned Normal D/10.7 ANSYS 1.02 

[28] 140 4.0 35 Unstated Unstated ⁓ 3 0 Pinned Unstated D/7.6 ABAQUS ⁓ 1 

[15] 140 3.6 39 26.3 49.5 233.1 
4.1 - 
11.3 

0.15-
0.45 

Pinned 
Normal, 

RAC 
D/4.5 ABAQUS 1.03 

[29] 114, 167 3.1-5.6 20 - 53.9 44, 60 ⁓ 300 2 0 Fixed Normal, HSC D/11.5 ABAQUS Unstated 
[30] 100 - 250 1.9-6.5 16 - 134 23 - 102 282 - 853 2.6 - 3 0 Fixed Normal, HSC D/7.63 ABAQUS 0.987 

[7] 219, 273 16, 10 
13.7-
27.3 

176 -186 374, 412 15 - 19 
0 

Pinned UHSC D/12.7 ABAQUS 
1.071 

0.1, 0.2 1.014 

[24] 111.5 0.96 116.1 31.4,79.9 370 3.14 0 Fixed Normal, HSC D/13.7 
3D-

NLFEA 0.991 

[31] 159 4.8 33.1 65 433 4.1 0 Fixed HSC Not reported ABAQUS 0.92 
[64] 168, 189 2.5-8.1 20 - 65.7 167 - 177 363 - 452 3.8 - 4 0 Fixed UHSC D/4.7 ATENA 0.956 
[65] 558 16.5 33.8 25.4 546 1.8 0 Fixed Normal D/7 ABAQUS 1.04 
[63] 426 8 53.3 22.6 314 4.4 0 Fixed Normal D/10.2 ABAQUS 0.997 

[32] 177 3 59 33.5-45.6 320.9 3 0 Fixed 
Normal, 

LWC 
D/15 ABAQUS 1.015 

[56] 219 5-10 22 - 44 149 - 193 300, 381 2.74 0 Fixed UHSC D/8.91 ABAQUS 1.006 
[18] 152,190 0.9-1.7 125-221 41 - 114 186 - 306 3.5, 7 0.02-0.1 Pinned Normal, HSC D/7.6 – D/6.1 ABAQUS 0.9 - 1.2 
[57] 140 3.0-6.7 21, 47 23, 28 285 - 537 4.3 - 4.4 0 Fixed Normal Not reported ANSYS 1.08 
[33] 111-219 1.9-4.7 31 - 60 35 - 47 260, 350 3 - 4 0 Fixed Normal D/14 ABAQUS 0.975 
[34] 114-219 2.7-4.3 35.6 - 57 20 - 39.6 284 - 456 2.3 - 3.3 0 Fixed Normal, RuC D/12.7 ABAQUS 0.993 
[35] 300 3.7 81.1 28, 44 311 3 0 Fixed Normal D/10.2 ABAQUS 0.973 
[66] 168, 219 2.1-4.0 45 - 104 30 - 46 318, 337 2.8, 4 0 Fixed Normal D/14 ABAQUS ⁓1 

[36] 140 3, 6.5 
21.5 – 

47 
18 - 31 285, 313 4.3, 4.4 0 Fixed Normal D/14 ABAQUS 1.06 

[37] 139.1 2.8 49.6 41.2 388.4 3 0 Fixed-Pinned Normal Not reported ABAQUS 0.972 
[38] 199, 140 3.6,2.7 51.3 - 55 28 - 34 309, 465 2,3 0 Fixed RAC D/10.2 ABAQUS 1.04 
[69] 89 - 300 2 - 10 16 - 150 23 - 94 285 - 537 2.6 - 4.4 0 Fixed Normal, HSC D/10.2 ANSYS 0.98 

[106] 150 1.5 - 8 19 - 100 13 - 35 255 2.7 0 Fixed Normal D/15.3 ABAQUS 0.8 - 1.2 
[39] 121 5 24.2 90 295 3.1 0 Fixed HSC D/8 ABAQUS 1.04 
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Ref D (mm) t (mm) D/t 
fcm 

(MPa) 
fy (MPa) L (Le)/D e/D 

End 
conditions 

Concrete 
type 

Max 
circumferential 

element size 

Software 
used 

Pmax/PFEM 
avg. 

[10] 106 - 133 3 - 10 13 - 35 131 - 150 328 - 443 3.5 - 12 0 Fixed HSC Not reported ABAQUS 0.97 
[40] 60 - 450 0.9-10 17 - 221 18 - 185 186 - 835 1.8 - 4.3 0 Fixed Normal, HSC D/15 ABAQUS 1.024 
[41] 100 - 300 1.9-6.5 22 - 150 27 - 102 266 - 404 3, 4.3 0 Fixed Normal Not reported ABAQUS 1.011 
[42] 180 3.8 47.4 51 360 4.1 0 Pinned Normal D/8.91 ABAQUS 0.996 
[43] 114 3, 4, 6 19 - 38 115 310 4 0 Fixed HSC D/15.3 ABAQUS 0.98 
[44] 114 5.6 20.4 60 290 - 310 2.19 0 Fixed Normal Not reported ABAQUS 1.02 
[45] 150 3 50 47.4 324.4 3 0 Fixed-Pinned Normal D/6.4 ABAQUS ⁓ 1 
[85] 150 1.2 - 6 25 - 125 19 - 44.3 285 - 327 3 0 Fixed Normal D/10 ADINA 1.002 

[11] 114 - 280 1.1 - 6 19 - 221 25.4-110 186 - 363 3 - 10.5 0 Fixed Normal. HSC D/6.4 ANSYS 
0.96 - 
1.04 

[8] 76 - 165 1.9-4.8 24 - 40 13.8-51.7 340 - 421 30 - 38.5 0 Pinned Normal Not reported ABAQUS ⁓ 1.15 
[16] 150 3 50 59.3 324.4 3 0 - 0.2 Fixed-Pinned Normal D/10.2 ABAQUS ⁓ 1 

[107] 200 4 50 49 345 3 0 Fixed Normal Not reported ABAQUS 1.06 
[46] 250 - 500 5 - 10 48 - 50 32 345 3 0 Fixed Normal Not reported ABAQUS 0.87-0.91 
[47] 114 - 245 5, 7.1 23 - 35 32 - 74 411 - 511 4.5 - 6.6 0 Fixed-Pinned Normal D/6.4 ABAQUS ⁓ 1 
[9] 219 6.3 35 99 - 108 300 - 405 3.2-14.1 0 Pinned HSC Not reported ABAQUS 1.01 

[48] 206 2.8 73 ⁓ 60 362.9 3 0 Fixed HSC Not reported ABAQUS ⁓ 1.05 
[19] 133 4.5 30 Unstated Unstated 3.5-20.5 0.376 Pinned Unstated D/7.63 ABAQUS 1.08 
[49] 180 3 60 49.8 215 3.5 0 Fixed Normal D/7.6 ABAQUS 1.01 
[70] 47 - 113 1.9-2.9 25 - 39 17.8-25.4 360 3 - 7.2 0 Fixed Normal Axisymmetric ANSYS 0.996 
[58] 114 - 360 3.8-4.5 23 – 79 25 - 81 343, 570 2.61, 3 0 Fixed Normal, HSC D/10.2 ABAQUS 0.98 
[59] 140 - 300 2.0-6.5 22 - 150 24-31 232 - 342 2.8 - 4.3 0 Fixed Normal D/2.55 ABAQUS 1.007 
[61] 159 4.8 33 64.5 433 4 0 Fixed HSC D/10.2 ABAQUS 0.99 
[68] 152.4 2.0-4.3 35 – 76 24, 29 276 - 338 3, 4 0 Fixed Normal D/7.63 ABAQUS 0.96 
[50] 140 3.0-6.8 21 - 47 24, 28 285 - 537 4.3, 4.4 0 Fixed Normal D/5 ABAQUS ⁓ 1 

[17] 
165, 190 0.9-2.9 59 - 221 41 – 113 

186 – 
363 

4 0 – 0.1 Pinned Normal, HSC D/15 ABAQUS 0.998 

168 5.1-8.8 19 - 33 27 -46 295 - 323 20 0.3 Pinned Normal D/15 ABAQUS 1.04 
[12] 219 5.0-6.3 35 149 - 193 300, 380 2.74 0 Fixed UHSC D/12.7 ABAQUS 1.01 

 219, 273 10, 16 17 - 27 176 - 186 374, 412 15.4 - 19 0.1-0.23 Pinned UHSC D/12.7 ABAQUS 1.22 
[51] 200 - 450 2 - 5 40 - 150 22 - 38 266 - 342 Unstated 0 Fixed Normal Not reported ABAQUS ⁓ 1 
[52] 102 - 152 4 - 6 20 - 30 60 - 80 291 - 322 3 - 4.4 0 Fixed HSC D/7 ABAQUS 0.97 
[71] Unstated Unstated 36, 46 31 317 2.5 - 5.1 0 Fixed Normal Axisymmetric ADINA ⁓ 1 
[13] 100 1.9 53 97.3 404 9-30 0 - 0.3 Pinned HSC D/10.2 ABAQUS 1.21 
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Table 2: Details of previous FEM carried out for CF-SWMST columns [6] 

Parameter Value 
D (mm) 103, 152.25, 204, 252, 203.25 
t (mm) 1.9 

Tube length to outside diameter ratio (L/D) 2.91, 2.96, 2.94, 2.98, 6.89 
Average concrete compressive strength (fcm) (MPa) 50 

Average steel yield strength (fy) (MPa) 288 
ψ 400 
Kc 5.5 5+2(fcm)0.075⁄  

fb0/fc0 1.5fcm
-0.075 

 

Table 3: Proposed definitions for key parameters of CDP model 

Parameter Definition 
ψ Empirical equations of  Lin and Zhao [27] and Al-Ani [30] 

Emipirical equation of Tao et al. [13] – also used in [36], [41] 
300 used in [7, 28, 45, 48] 

150 used in [18, 43, 47] 
400 - [33] 

200 [34] (100 and 150 used for rubberised concrete [34]) 
36.310 [49] 

Kc Expression proposed by Lin and Zhao [27] 
Expression proposed by Tao et al. [40] – also used in [30, 32, 36, 41] 

0.667 [7, 18, 33, 34, 43] 
fb0/fc0 Tao et al. [40] expression- also used in [27, 30, 32, 36, 41]  - as 

proposed by Papanikolaou and Kappos [96] 
1.16 [7, 14, 18, 34], 1.1 [64], 1.225 [33], 1.12 [43] 
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Table 4: Details of modelled CF-SWMST specimens 

Label D (mm) t (mm) D/t L (mm) Le (mm) e/D fcm 
(MPa) 

fy 
(MPa) 

Weld pitch 
(mm) 

Weld width 
(mm) 

ψTao (deg.) Pexp 
(kN) 

PFEM 
(kN) 

Pexp / PFEM 

D1E0 102.86 1.83 56.3 306 614 0 29.9 234.9 255 8.77 27.5 421 393 1.07 
D1E0 2mm ecc 102.86 1.83 56.3 306 614 0.02 29.9 234.9 255 8.77 27.5 421 357 1.18 
D1E1 102.86 1.88 54.7 306 614 0.15 29.0 234.9 258 8.63 27.2 298 261 1.14 
D1E2 102.85 1.86 55.2 306 614 0.40 29.9 234.9 255 8.61 27.4 195 157 1.24 
D2E0 152.65 1.95 78.4 456 764 0 30.4 234.9 219 7.35 33.2 764 792 0.96 
D2E0 2mm ecc 152.65 1.95 78.4 456 764 0.01 30.4 234.9 219 7.35 33.2 764 745 1.03 
D2E1 152.74 2.10 72.6 456 764 0.15 30.4 234.9 219 6.88 31.4 557 537 1.04 
D2E2 153.01 1.99 76.7 456 764 0.40 30.4 234.9 220 7.91 32.8 327 298 1.10 
D3E0 202.92 1.92 105.6 609 917 0 31.1 234.9 513 8.02 39.7 1118 1306 0.86 
D3E0 2mm ecc 202.92 1.92 105.6 609 917 0.01 31.1 234.9 513 8.02 39.7 1118 1246 0.90 
D3E1 202.76 1.86 108.8 609 917 0.15 31.1 234.9 519 7.65 40.3 778 840 0.93 
D3E2 202.71 1.85 109.4 609 917 0.40 31.1 234.9 519 7.67 40.3 445 448 0.99 
D4E0 229.97 1.94 118.8 762 1070 0 29.3 234.9 485 8.47 40.7 1320 1566 0.84 
D4E0 2mm ecc 229.97 1.94 118.8 762 1070 0.01 29.3 234.9 485 8.47 40.7 1320 1505 0.88 
D4E1 229.48 1.86 123.7 762 1070 0.15 29.7 234.9 476 8.55 41.5 939 1011 0.93 
D4E2 229.72 1.93 118.8 762 1070 0.40 29.3 234.9 479 8.51 40.7 522 583 0.90 
LD1E0 102.67 1.83 56.0 918 1226 0 24.2 234.9 258.0 9.35 26.5 363 312 1.16 
LD1E0 2mm ecc 102.67 1.83 56.0 918 1226 0.02 24.2 234.9 258.0 9.35 26.5 363 285 1.27 
LD1E1 102.77 1.77 58.1 918 1226 0.15 24.2 234.9 259.5 8.84 26.6 254 199 1.28 
LD1E2 102.72 1.83 56.0 918 1226 0.40 24.2 234.9 257.5 9.85 26.5 162 123 1.31 
LD2E0 152.74 1.76 86.6 1368 1676 0 23.1 234.9 221.8 7.76 29.0 634 645 0.98 
LD2E0 2mm ecc 152.74 1.76 86.6 1368 1676 0.01 23.1 234.9 221.8 7.76 29.0 634 558 1.14 
LD2E1 152.76 1.78 85.9 1368 1676 0.15 23.2 234.9 220.0 8.10 28.8 421 376 1.12 
LD2E2 152.72 1.81 84.2 1368 1676 0.40 23.2 234.9 220.2 8.23 28.3 269 218 1.23 
LD3E0 203.04 1.93 105.1 1827 2135 0 24.3 234.9 515.5 7.16 35.0 795 1109 0.72 
LD3E0 2mm ecc 203.04 1.93 105.1 1827 2135 0.01 24.3 234.9 515.5 7.16 35.0 795 973 0.82 
LD3E1 202.99 1.95 103.9 1827 2135 0.15 24.3 234.9 517.7 7.36 34.8 601 640 0.94 
LD3E2 202.15 1.93 105.0 1827 2135 0.40 24.3 234.9 515.0 7.04 34.9 351 356 0.98 
LD4E0 229.81 1.96 117.4 2286 2594 0 24.2 234.9 482.5 7.61 37.2 1103 1359 0.81 
LD4E0 2mm ecc 229.81 1.96 117.4 2286 2594 0.01 24.2 234.9 482.5 7.61 37.2 1103 1202 0.92 
LD4E1 229.69 1.98 116.1 2286 2594 0.15 24.3 234.9 480.8 7.07 37.0 723 770 0.94 
LD4E2 230.14 1.95 118.3 2286 2594 0.40 24.3 234.9 480.8 7.67 37.4 395 430 0.92 
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Table 5: Details of hollow SWT column tests (imp ≡ imperfection amplitude) 

Label 
 

D (mm) t (mm) D/t L (mm) 
Le 
(mm) 

Weld 
pitch 
(mm) 

Weld 
width 
(mm) 

Outside 
bead 

Inside 
bead 

Pexp 

Pexp/ PFEM 
zero 
imp 
C3D8R 

zero 
imp 
C3D8I 

0.003D 
imp 
C3D8I 

HD3E0 203.08 1.96 103.7 609 917 518.0 6.66 
1.16 0.65 

266.8 0.94 0.92 1.06 
HD4E0 229.59 1.76 130.5 762 1070 481.0 8.71 304.0 1.06 1.04 1.29 
HLD4E0 229.82 1.99 115.3 2286 2594 482.3 7.59 302.6 0.94 0.91 1.12 
Average           0.98 0.96 1.16 
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Table 6: Comparison of short column capacities predicted by the FEM with those of design standards 

Specimen PFEM / Pdesign_standard 

AS 2327 EC4 AISC 360 AIJ CAN/CSA S16-01 GB-50936 
D1E0 1.00 1.01 1.13 1.10 0.98 0.99 
D2E0 0.98 1.00 1.12 1.11 1.01 1.04 
D3E0 0.97 0.98 1.10 1.11 1.02 1.06 
D4E0 0.98 0.98 1.10 1.12 1.03 1.09 
Average 0.98 0.99 1.11 1.11 1.01 1.04 
D1E0_2mm_ecc 0.91 0.92 1.03 1.00 0.89 0.90 
D2E0_2mm_ecc 0.93 0.94 1.05 1.04 0.95 0.98 
D3E0_2mm_ecc 0.92 0.94 1.05 1.06 0.97 1.01 
D4E0_2mm_ecc 0.95 0.95 1.06 1.07 0.99 1.05 
Average 0.93 0.93 1.05 1.04 0.95 0.98 
D1E1 1.02 1.05 1.03 0.95 0.98 1.02 
D2E1 1.01 1.04 1.02 0.98 0.97 1.06 
D3E1 0.99 1.02 1.18 0.99 1.09 1.09 
D4E1 0.99 1.02 1.18 0.99 1.15 1.11 
Average 1.00 1.03 1.10 0.98 1.05 1.07 
D1E2 1.08 1.09 1.02 0.95 1.14 0.98 
D2E2 1.08 1.10 1.10 0.97 1.31 0.96 
D3E2 1.09 1.12 1.30 0.99 1.56 0.93 
D4E2 1.18 1.21 1.43 1.06 1.71 1.02 
Average 1.11 1.13 1.21 0.99 1.43 0.97 

 

Table 7: Comparison of long column capacities predicted by the FEM with those of design standards 

Specimen PFEM / Pdesign_standard 

AS 2327 EC4 AIS 360 AIJ CAN/CSA S16-
01 

GB-50936 

LD1E0 1.03 1.04 1.09 1.11 1.00 1.00 
LD2E0 1.13 1.15 1.21 1.23 1.13 1.18 
LD3E0 1.12 1.13 1.20 1.21 1.13 1.21 
LD4E0 1.11 1.12 1.20 1.22 1.15 1.26 
 1.10 1.11 1.17 1.19 1.10 1.16 
LD1E0_2mm_ecc 0.94 0.95 1.00 1.01 0.91 0.91 
LD2E0_2mm_ecc 0.98 0.99 1.05 1.07 0.98 1.02 
LD3E0_2mm_ecc 0.98 0.99 1.05 1.07 0.99 1.07 
LD4E0_2mm_ecc 0.98 0.99 1.06 1.08 1.01 1.11 
 0.97 0.98 1.04 1.06 0.97 1.03 
LD1E1 1.00 1.07 0.99 0.82 0.93 1.02 
LD2E1 1.01 1.08 1.17 0.86 0.92 1.07 
LD3E1 1.01 1.09 1.17 0.86 0.89 1.10 
LD4E1 1.02 1.09 1.16 0.84 0.87 1.11 
 1.01 1.08 1.12 0.84 0.91 1.07 
LD1E2 1.06 0.99 0.97 0.82 0.93 1.00 
LD2E2 1.08 1.00 1.08 0.84 1.08 0.98 
LD3E2 1.12 1.04 1.14 0.86 1.23 1.00 
LD4E2 1.13 1.02 1.17 0.85 1.26 0.99 
 1.10 1.01 1.09 0.84 1.12 0.99 
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Table 8: Sensitivity of capacity predictions to FE model parameters and options 

 

Parameter / Option D1E0 2mm ecc D1E2 D4E0 2mm ecc D4E2 LD1E0 2mm ecc LD1E2 LD4E0 2mm ecc LD4E2 
μ = 0.1 -0.2% -0.3% -0.1% 0.0% -0.3% -0.3% 0.0% -0.1% 
μ = 0.6 0.4% 0.4% 0.1% 0.0% 0.2% 0.3% 0.0% 0.1% 
ψ = 250 -1.0% -1.0% -0.9% -1.1% -1.0% -0.7% -0.4% -0.6% 
ψ = 350 1.8% 1.2% 1.0% 1.2% 1.2% 0.8% 0.5% 0.8% 

C3D8I elements -0.3% -0.6% -0.9% -0.7% 0.1% -1.6% -1.2% -0.8% 
Core outside surface as 

master surface 0.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
Finite sliding option in 

contact interaction definition 0.0% 0.0% 0.0% 0.0% Not run Not run Not run Not run 
Element size = D/10 -0.7% -0.6% -0.6% -1.2% -0.6% -0.8% -0.3% -1.4% 
Element size = D/20 0.5% 0.4% 0.2% 0.7% Not run Not run Not run Not run 

Viscosity parameter = 0.001 
11.3% 5.1% 14.1% 

same as 
default 3.2% 3.5% 2.3% 

same as 
default 

Plain-tube runs -0.1% -0.6% -1.2% -0.2% 0.3% -0.5% -1.8% -0.5% 
Zero-bead runs 0.0% -0.8% -0.8% 0.0% 0.1% -0.5% 0.4% 0.7% 
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Figure 1: Uniaxial compressive stress-strain curves used for CFST concrete cores 

 

Figure 2: Uniaxial tensile/compressive stress-strain curves reported for mild-/higher carbon steel 

 

Figure 3: Spiral weld seam geometry considered for the FEM 
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a)  b)  c)  d)  

Figure 4: Typical mesh geometry used for the a) SWT, b) concrete core, c) weld seam cross-section 
and d) CF-SWMST cross-section (images correspond to D1E2) 

 

 

Figure 5: Uniaxial tensile/compressive stress-strain curve used for mild-steel in the FEM 

   
 

 

Figure 6: Comparison between experimental and FEM test setups considered for specimen D1E2 
(location of strain gauges shown in the schematic) 
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Figure 7: First buckling mode under pure axial compression corresponding to (left to right) a) HD3E0, 
b) HD4E0, and c) HLD4E0 

 

 

Figure 8: Experimental and predicted P – δv plots for a) HD3E0, b) HD4E0, and c) HLD4E0  

(imp ≡ imperfection amplitude) 
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a) HD3E0   

b) HD4E0      

c) HLD4E0    

Figure 9: (Left to right) Failure modes of hollow SWTs observed experimentally and from FEM runs 
using; C3D8R with zero imperfections, C3D8I with zero imperfections, and C3D8I with an 

imperfection amplitude of 0.003D 
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Figure 10: Experimental and predicted P – δv plots for CF-SWMST short columns a) D1E0-2, b) 

D2E0-2, c) D3E0-2, and d) D4E0-2 (F ≡ FEM) 
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Figure 11: Experimental and predicted P – δv plots for CF-SWMST long columns a) LD1E0-2, b) 
LD2E0-2, c) LD3E0-2, and d) LD4E0-2 (F ≡ FEM) 
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Figure 12: Pexp/PFEM variation with section slenderness for CF-SWMST a) short columns and b) long 
columns 
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Figure 13: Mid-height axial stresses of CF-SWMST short column concrete cores at mid-height (ratio 
of maximum compressive stress to fcm shown in brackets, fcm contour shown dashed) 
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Figure 14:  Mid height axial stresses of CF-SWMST long column concrete cores at peak loads (ratio 
of maximum compressive stress to fcm shown in brackets, fcm contour shown dashed) 
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Figure 15: Comparison of experimental and FEM predicted deformed states 
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Figure 16: a), c) P – εlong and b), d) P – εtrans plots for D1E0-2 and D2E0-2  

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - D(1,2)E0 2mm ecc)  
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Figure 17: a), c) P – εlong and b), d) P – εtrans plots for D3E0-2 and D4E0-2  

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ -  D(3,4)E0 2mm ecc)  
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Figure 18: a), c) P – εlong and b), d) P – εtrans plots for LD1E0-2 and LD2E0-2  

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ -  LD(1,2)E0 2mm ecc)  
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Figure 19: a), c) P – εlong and b), d) P – εtrans plots for LD3E0-2 and LD4E0-2  

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - LD(3,4)E0 2mm ecc)  
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Figure 20:  Experimental and predicted P – δh plots for CF-SWMST short columns a) D1E0-2, b) 

D2E0-2, c) D3E0-2, and d) D4E0-2 (exp. ≡ experimental) 
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Figure 21:  Experimental and predicted P – δh plots for CF-SWMST long columns a) LD1E0-2, b) 
LD2E0-2, c) LD3E0-2, and d) LD4E0-2 (exp. ≡ experimental) 
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Figure 22:  P – δv plots corresponding to differing meshing strategies for  

a) D1E0,2, b) D4E0,2, c) LD1E0,2, and d) LD4E0,2          
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Figure 23: Comparison of predicted deformed states as per default and plain-tube FEM runs  
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Abstract 

This study investigated the capacity of finite element modelling (FEM) approaches to predict the 

experimentally obtained behaviour of concrete-filled spiral-welded stainless-steel tube (CF-SWSST) 

short and long columns. Using the ABAQUS software, FEM was carried out of 24 CF-SWSST column 

tests. Nominal outside diameter to thickness ratios, effective length to diameter ratios and load 

eccentricity to diameter ratios equal to 51 – 114.5, 4.5 – 12.0, and 0 - 0.4 had been considered for the 

tests that were modelled. The distinct spiral weld seam geometry of the SWSST was explicitly 

considered in the FEM. Widely reported and accepted FEM modelling approaches and material models 

were adopted for this work. The concrete damaged plasticity model was utilised for the concrete core, 

while the stress-strain behaviour of stainless-steel was modelled using a modified Ramberg-Osgood 

relationship. On average, the capacities predicted by the FEM for the CF-SWSST columns were found 

to be non-conservative. The non-conservativeness was higher for specimens under concentric axial 

loading and increased with column and section slenderness. The actual to predicted capacity ratios were 

much closer to 1.0 for eccentrically loaded CF-SWSST columns, with conservative capacities predicted 

for eccentrically loaded specimens with the smallest section slenderness. For load eccentricity to 

diameter ratios of 0.15 and 0.4, there was negligible difference in the prediction conservativeness. 

Compared to analogous concrete-filled spiral-welded mild-steel tube columns, the FEM predictions 

obtained for the CF-SWSST columns were notably less conservative. This suggested that separate 

material constitutive models may be warranted for the FEM of CF-SWSSTs compared to their mild-

steel counterparts. For the modelled eccentrically loaded specimens, the FEM predicted globally 

flexurally deformed states which agreed with those obtained experimentally, though the local buckling 

patterns were not replicated. In addition, the FEM qualitatively captured the experimentally obtained 
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bending stiffness and strain variations. A modelling sensitivity study found that the FEM results were 

effectively equivalent even when the SWSSTs were modelled as plain seamless tubes.  

Keywords: Finite element modelling, spiral-welded, stainless-steel, column, eccentric loading 

1 Introduction 

For concrete-filled steel tube (CFST) structural columns located in durability critical environments, 

stainless-steel tubes provide a viable alternative to their mild- and higher-carbon steel counterparts. 

Even though stainless-steel tubes are approximately four times as costly in relation to initial costs, their 

greater resistance to corrosion significantly reduces the maintenance burden, resulting in comparable 

costs when considered on a life-cycle basis [1]. CFSTs have also been reported as an economical way 

of utilising stainless-steel in structural elements [2].  The cost effectiveness of such concrete-filled 

stainless-steel tube (CFSST) columns can be further enhanced by utilising spiral welding for the 

fabrication of the stainless-steel tube. Spiral-welded stainless-steel tubes (SWSSTs) are fabricated by 

helically bending a continuous length of steel plate and welding the resulting spiral-shaped weld seam. 

The cost benefits of such spiral-welded tubes over their more conventional longitudinally welded 

counterparts have been widely reported [3-6] .  

The ultimate limit state (ULS) behaviour of concrete-filled SWSST (CF-SWSST) columns can vary 

from those of their longitudinally welded and seamless counterparts. This is due to the unique 

fabrication induced residual stress distributions, as well as surface imperfection patterns that exist in 

SWSSTs compared to other tube types [7-11]. The authors have previously experimentally investigated 

the behaviour of short and long CF-SWSST columns under concentric and eccentric axial loading [12, 

13]. Austenitic SWSSTs were used in the afore-mentioned investigations. These studies found that the 

ULS failure modes of CF-SWSST columns were equivalent to those of CFSSTs of other tube types. In 

addition, it was also found that the guidelines of several existing international design standards [14-19], 

relating to carbon-steel CFSTs, can also be directly applied for eccentrically loaded CF-SWSST short 

and long columns. The codified approaches were also seen to be applicable to CF-SWSST short 

columns under concentric axial loading, albeit with the need to modify the default slenderness limits 
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defined in some design standards. On the other hand, in relation to concentrically loaded CF-SWSST 

long columns, in general, it was observed that the existing guidelines provide unconservative 

predictions, irrespective of section slenderness. It was ascertained that separate calibration of the 

guidelines would be required for their use in relation to CF-SWSST long columns under pure axial 

loading. For both concentric as well as eccentric loading, the authors’ previous work found that the 

scatter of actual to predicted capacity ratio of CF-SWSST columns was distinct from that of CFSSTs 

of other tube types. This finding, which was attributed to the possible effect of residual stresses and 

imperfections, confirmed that the structural behaviour of CF-SWSST columns warrant separate 

consideration.  

Nonetheless, the afore-mentioned findings were based on a limited number of experimental tests. The 

parameters that were varied in the respective short and long column tests were the ratios of tube outside 

diameter to thickness (D/t) and load eccentricity to outside diameter (e/D). The nominal ranges that 

were considered of the afore-mentioned ratios were 51 - 114.5 and 0 - 0.4, respectively. The effective 

length to outside diameter (Le/D) ratios corresponding to the short and long columns that were tested 

were 4.5 - 6.0 and 10.5 - 11.9, respectively. However, to verify the applicability of the conclusions that 

were made in the afore-referenced studies, to CF-SWSST columns in general, further tests are required. 

Such tests would need to consider CF-SWSSTs with differing diameters, wall thicknesses, effective 

lengths, as well as concrete and stainless-steel strengths. Nevertheless, such experimental testing is 

inherently limited by the size of testing equipment as well as by budgetary constraints. As a result, many 

researchers have used numerical modelling methods, such as finite element modelling (FEM) to 

circumvent this limitation. FEM has been used to conduct parametric studies of structural element 

behaviour using a limited number of experimental tests to validate the modelling approach.  

Only Li et al. [20]  have previously investigated the behaviour of CF-SWSST columns through FEM, 

where the ABAQUS [21] software was used for the modelling. However, their study was limited to 

concentrically loaded short and long column specimens. Pertinent details of the test specimens used by 

Li et al. [20] to validate their modelling approach are given in Table 1. The constitutive material models 

and corresponding uniaxial stress-strain curve definitions used for the FEM are given in Table 2. 

273



4 
 

 
 

Specific parameter values considered for the ‘Concrete Damaged Plasticity’ (CDP) model are noted in 

Table 3. The uniaxial stress-strain model proposed by Gardner and Ashraf [22] was used for stainless-

steel by Li et al. [20], with the model parameters being obtained using tensile coupon test data. The 

surface interaction between the stainless-steel tube and the concrete core was defined using the ‘contact 

interaction’ option in ABAQUS [21]. ‘Hard’ contact was defined in the normal direction, which 

prevented the slave surface from penetrating the master surface. Friction-based contact was defined for 

the tangential direction with a friction coefficient of 0.6 being adopted. Good agreement was reported 

between the ULS capacities predicted by the FEM and those observed during the corresponding 

experiments, with the average actual to predicted capacity ratio (Pexp/PFEM) ranging from 0.98 to 1.11. 

Good general agreement was also reported between the respective load-displacement behaviours as well 

as failure modes. The spiral weld seam of the SWSSTs was explicitly modelled in the FEM carried out 

by Li et al. [20], through the use of solid elements. The solid element type ‘C3D8I’ (eight-noded 

hexahedral elements with incompatible modes), available in the ABAQUS software, was used for the 

FE modelling reported in [20].  

Surface imperfections were also included in the FEM carried out by Li et al. [20]. The imperfections 

were approximated through the first buckling mode of the hollow SWSST of each specimen, with an 

amplitude of 0.003D for short columns and 0.002D for long columns. The amplitude was justified by 

the fact that it provided good agreement between the actual and predicted behaviour for hollow SWSST 

columns, which had the same nominal geometry as those of the tested CF-SWSSTs. Li et al. [20] also 

included residual stresses in their FEM by defining a simplified residual stress distribution. For a stripe 

which followed the spiral weld seam and 0.1 times the weld pitch in width, an initial longitudinal tensile 

stress of 0.9f0.2% was specified, with the remainder of the tube being specified a longitudinal 

compressive stress of 0.1f0.2% (f0.2% is the 0.2% proof stress of stainless-steel). The sensitivity of the 

capacities obtained from the FEM to the inclusion of this stress distribution was not reported in [20]. 

However, the authors have verified that this initial stress distribution would have had minimal effect on 

the behaviour as it is not in sectional equilibrium. As a result, the applied initial stresses dissipate, 

effectively resulting in only minor stress levels being retained. Given that high levels of residual stresses 
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of complex distribution have been reported for SSSWTs, intuitively, it would seem that their accurate 

inclusion in the FEM of CF-SWSSTs is required. However, as per the good agreement reported between 

the actual and predicted behaviour in [20], it appears that such residual stresses have effectively been 

considered through the inclusion of surface imperfections or have minimal effect on the behaviour 

predicted by the FEM. 

It should be noted that the modelling approach followed in [20] was broadly in line with that adopted 

by Aslani et al. [23], who considered the behaviour of concrete-filled spiral-welded mild-steel tube (CF-

SWMST) short and long columns through FEM. The models and parameter values used in [23] are also 

noted in Tables 1, 2 and 3 for reference. It can be seen that the choices of uniaxial stress-strain curve 

for concrete in compression and tangential friction coefficient differed between the studies of [20] and 

[23]. However, it is likely that these differences would result in negligible variation in the predicted 

behaviour. As per previous reported works, irrespective of the uniaxial concrete stress-strain model or 

friction coefficient adopted for the analyses, good agreement was obtained between the actual and 

predicted behaviour [24]. Even though this was reported in relation to mild- and higher-carbon steel 

CFSTs of non-SWT tube types, it is likely to be applicable to CF-SWSSTs as well.   

FEM investigations of CFSST columns of other non-SWT tube types have also been reported. Details 

of the test specimens used to validate these respective FEM approaches, as well as the respective 

material models and parameters adopted, are given in Tables 1, 2 and 3. All these FEM investigations 

were limited to concentrically loaded columns and were carried out using the ABAQUS software. As 

can be seen from Tables 1, 2, and 3, different material constitutive models, uniaxial stress-strain curves, 

and model parameters were used in previous FEM investigations of CFSST columns of non-SWT tube 

types. Nonetheless, on average, actual to predicted capacity ratios close to 1.0 were reported in all 

investigations. Good agreement was also reported between the predicted and experimentally obtained 

load-displacement behaviours. Unlike for the CF-SWSSTs modelled by Li et al. [20], the weld seam 

was not explicitly modelled for CFSSTs of other tube types. ‘Confined’ as well as ‘unconfined’ concrete 

compressive stress-strain formulations were used for the previously reported FEM of CFSSTs. 

Confinement-induced strength enhancement of the concrete core was explicitly considered in the 
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‘confined’ formulations. For the ‘unconfined’ stress-strain models, only the enhancement of ductility, 

due to core confinement, was considered in their formulations, with the strength enhancement resulting 

from the constitutive material model that was used. In general, when the concrete damaged plasticity 

model was used, the adoption of ‘confined’ concrete stress-strain curves necessitated the use of a lower 

dilation angle, as can be inferred from Tables 2 and 3. Consistent with that reported in [20], the 

interaction between the inside surface of the stainless-steel tube and the concrete core of the CFSSTs 

was considered through a ‘contact interaction’ definition in ABAQUS. Nonetheless, in general, the 

friction coefficients that were used to define tangential contact were not consistent with that reported in 

[20].      

Only a few previous FEM investigations of CFSSTs of non-SWT tube types included imperfections as 

part of the analysis. Sharif et al. [25] modelled such imperfections using the first buckling mode with 

an amplitude equal to 0.01t. The amplitude value was chosen based on a calibration study in which the 

actual and predicted capacities of hollow stainless-steel columns were compared. Based on measured 

values, Ellobody [26] modelled imperfections using the first buckling mode with amplitudes equal to 

0.032t for short columns and L/1905 – L/1935 for long columns (where ‘L’ refers to the tube length). 

For the long columns considered by Ellobody [26], the first buckling mode was a global mode. Tao et 

al. [27] also considered ‘bow’ shaped global imperfections, with amplitudes equal to L/10000, which 

were based on measured values of out-of-straightness. Other investigators such as Hassanein et al. [28] 

and Tam et al. [29] did not consider any imperfections for the FEM they carried out.   

The modelling approaches reported for non-SWT CFSST columns were broadly in line with those 

reported for mild- and higher-carbon steel CFSTs of non-SWT tube types [24]. FEM approaches in 

relation to mild- and higher-carbon steel have been previously reviewed and discussed in detail by the 

authors [24], which is not replicated here. It is sufficient to note that such existing FEM approaches 

were found to be well-developed and widely-used. The only significant difference identified in the 

modelling between mild-steel and stainless-steel CFSTs was the consideration of a modified Ramberg-

Osgood formulation [30] for the stainless-steel stress-strain behaviour. From Tables 1, 2 and 3, it can 

276



7 
 

 
 

also be seen that the FEM approaches were similar between CF-SWSSTs considered in [20] and 

CFSSTs of other tube types.  

No previous publication could be found in the literature which considered, through FEM, the behaviour 

of eccentrically loaded CF-SWSSTs or CFSSTs of other tube types. Nonetheless, as found previously 

by the authors [24], several FEM investigations have been carried out on eccentrically loaded mild- and 

higher-carbon steel CFST columns. The FEM approaches which were used for those investigations are 

likely to be valid for eccentrically loaded CFSST columns as well, albeit with the need to adopt a 

suitable stress-strain model formulation for stainless-steel. 

In this context, the main objective of the work described in this paper was to ascertain the capability of 

existing FEM approaches to predict the experimentally obtained behaviour of eccentrically loaded short 

and long CF-SWSST columns. A similar exercise was carried out previously by the authors for CF-

SWMST columns [24]. The FEM approach adopted in that case was adopted for CF-SWSSTs as well. 

It should be noted that obtaining ‘best-fit’ parameter values to maximise the agreement between the 

predicted and experimental behaviour was not the aim of this study. Rather, consistent with the work 

done for CF-SWMST columns, the work presented forms a benchmark study on the applicability of 

existing modelling approaches and formulations to CF-SWSST short and long columns. Furthermore, 

it should also be stated that conducting a parametric study was also not an objective of the work 

described in this paper. Such a study would be a straightforward extension of this work, if the 

experimental behaviour of CF-SWSSTs can be well captured by FEM methods. The work presented 

also evaluated the sensitivity of the predicted behaviour to several key assumptions and parameters that 

were considered for the FEM. This paper is also the first reported instance of FEM in relation to 

eccentrically loaded CFSSTs of any tube type.   

2 Finite Element Modelling 

In order realise the afore-mentioned objectives, FEM was carried out of twenty four CF-SWSST short 

and long columns previously tested by the authors [12, 13]. The ABAQUS FEM software was utilised 

for this purpose. The modelling approach adopted was the same as that considered previously by the 

277



8 
 

 
 

authors for the FEM of CF-SWMSTs [24]. The FEM methodology is re-presented briefly in the 

following subsections for clarity. The SSSWTs of the specimens that were modelled were of Austenitic 

Grade 316 stainless-steel.  

2.1 Specimen geometry 

Geometrical details of the CF-SWSST columns that were modelled are listed in Table 4. The manner 

in which the tube geometries were measured can be found in [12] and [13]. In the experimental tests 

that were modelled, for each tube diameter, three load eccentricities (e) were considered. These were 

namely 0, 0.15D and 0.4D where D is the outer diameter of the SSSWT. In Table 4, each specimen is 

referred to by a label of the form ‘(H)S(L)DN1EN2’, where ‘H’, ‘L’, ‘S’, ‘D’, and ‘E’ refer to hollow 

tubes, long columns, stainless-steel, outside diameter, and load eccentricity, respectively. In the labels, 

N1 represents the value of the outside tube diameter with values 1 to 4 representing the smallest to 

largest diameters that were considered. N2 is equal to either 0, 1 and 2 representing eccentricity ratios 

(e/D) equal to 0, 0.15, and 0.4, respectively. The spiral weld seam geometry, shown schematically in 

Figure 1, was also explicitly considered in the specimen geometry that was modelled. For the short and 

long CF-SWSST column specimens that were modelled, the average outside and inside weld bead 

thicknesses, calculated as per the measured weld seam dimensions reported in [12] and [13] 

respectively, were used for the model geometries. The average outside and inside weld bead thicknesses 

were equal to 1.10 mm and 0.65 mm for the short CF-SWSSTs and 0.98 mm and 0.75 mm for the long 

CF-SWSSTs. The SWSST geometry was created within the ABAQUS software. Partitions, which ran 

parallel to the spiral weld seam, were also created on either side of the weld seam for ease of generating 

the finite element mesh. The generated SSSWT geometry was also used to generate the concrete core 

inclusive of the cut-out for the weld bead. A Boolean cut operation in ABAQUS was used in this regard, 

where a concrete cylinder, with a diameter equal to the average of the inner and outside diameters of 

the respective SSSWT, was ‘cut’ using the generated tube geometry.   

2.2 Mesh and element type 

Finite element (FE) meshes for the modelled SSSWT and concrete core geometries were generated 

automatically using the ABAQUS software. The element type C3D8R namely, eight-noded hexahedral 
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elements with reduced integration and hourglass control, together with a global element size of D/15 

was used for both the SSSWT and the concrete core. The typical mesh arrangement considered for the 

SSSWT, concrete core and weld seam are shown in Figure 2. For the SSSWT a ‘single-helix’ type mesh 

was generated by the software, where the mesh divisions ran spirally, parallel to the weld seam, and 

perpendicular to the longitudinal axis. The mesh of the outside of the concrete core was also of a single-

helix type. 

2.3 Material modelling 

Von-Mises plasticity with isotropic hardening was considered for the SSSWT. The uniaxial stress-strain 

behaviour in tension and compression was modelled using the stress-strain model proposed by Quach 

et al. [31]. The inversion proposed by Abdella et al. [32] was used to calculate the stress-strain curve. 

The model formulation of [31] requires the definition of the three basic Ramberg-Osgood parameters 

[30] namely, the 0.2% proof stress (f0.2%), initial modulus (E0) and the non-linearity coefficient (n). 

Average values of these respective parameters, obtained through tensile tests conducted on coupons 

extracted from a representative SSSWT, were used for this purpose. The respective average values were 

262.5 MPa, 187 GPa and 7.5 respectively. The experimentally obtained stress-strain curves from the 

aforementioned coupon tests are given in [12] and [13]. It should be noted that the authors previously 

found that, for strains of structural engineering interest, there is negligible difference between the 

different stress-strain formulations reported in the literature for stainless-steel, such as those of [22, 33]. 

The same material properties as the rest of the SSSWT were considered for the spiral weld seam. 

The concrete damaged plasticity (CDP) model was considered to model the inelastic behaviour of the 

concrete core. For the CDP model definition, the concrete uniaxial compressive stress-strain curve 

proposed by Han et al. [34]  was utilised. The model of Han et al. [34] is an empirical, widely used 

model based on a large database of CFST stub column tests. It takes into account the increased ductility 

resulting from confinement of the concrete core at the ULS. For each specimen, the corresponding 

stress-strain curve was calculated using the respective measured test-day concrete cylinder strength (fcm) 

and specimen geometry. The fcm values of the test specimens that were modelled are given in Table 4. 

The uniaxial tensile behaviour of concrete was modelled using the fracture energy approach and 
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equations proposed by Hillerborg et al. [35]. For the fracture energy calculation, the maximum 

aggregate sizes of the respective concrete mixes used for the short and long CF-SWSST specimens 

were considered. These were equal to 10 mm and 7 mm respectively. The respective expressions given 

in [36] were used to calculate the Young’s modulus (Ec) and tensile strength (ft) of concrete 

corresponding to the modelled specimens.  Consistent with that proposed by Han et al. [34] and 

considered previously by the authors for CF-SWMSTs, a constant dilation angle (ψ) equal to 300 was 

used in the CDP model. The sensitivity of the FEM results to the value of ψ was also evaluated as part 

of this study and is discussed in Section 4. Kc and fb0/fc0, applicable to the respective specimens, were 

calculated using  the expressions given in [37] and [38] respectively. Kc and fb0/fc0 are the ratio of the 

second stress invariant on the tensile meridian to that on the compressive meridian and the ratio of initial 

equibiaxial compressive yield stress to the initial uniaxial compressive yield stress, respectively. A 

default value of zero was considered for the viscosity parameter of the CDP model, though for some 

specimens a value of 0.001 was used as numerical instabilities were encountered for the FEM runs with 

the default value. These specimens were SD4E2, SLD2E2, SLD3E2 and SLD4E2. The sensitivity of 

the results to the use of a non-zero viscosity parameter value is discussed in Section 4. The 

recommended default value of 0.1 was used for the flow potential eccentricity in the CDP model.   

2.4 Consideration of interface behaviour between SSSWT and concrete core 

A contact interaction definition considering the ‘small sliding’ formulation in ABAQUS was used to 

model the interface behaviour between the inside surface of the SSSWT and the outside surface of the 

concrete core. In previous FEM investigations of CFSST columns, varying approaches have been 

considered in relation to defining the master and slave surfaces of the contact interaction. While the 

inside surface of the stainless-steel tube was defined as the master surface in [39] and [26], the outside 

surface of the core was defined as the master surface in [40] and [28]. The former approach was used 

for the modelling carried out in this paper and the sensitivity of the result to this choice was evaluated 

as part of a sensitivity study, which is described in Section 4. For the contact interaction, a ‘hard’ contact 

was defined in the normal direction preventing penetration of the master surface by the slave surface, 

while a friction contact was specified in the tangential direction. A friction coefficient of 0.25 was used 
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for the tangential direction consistent with several previous FEM studies of CFSSTs, as can be seen 

from Table 3.   

2.5 Boundary conditions and loading 

In the CF-SWSST column tests that were modelled, pinned-pinned end conditions were obtained 

through the use of  roller-transfer plate assemblies at the specimen ends. The transfer plates were bolted 

onto the end plates that had been welded to the ends of the CF-SWSSTs, offset as required to cause the 

respective design eccentricity. The loading was applied to the roller ends, thereby creating the pinned-

ends. In the FEM that was carried out, the roller-transfer plate assemblies were not explicitly modelled. 

Instead, rigid constraints were defined between the respective loading points and the steel and concrete 

end surfaces of the CF-SWSSTs. The loading points were located 154 mm longitudinally offset to the 

end surface, which was equal to the length of the roller-transfer plate assembly. The respective 

eccentricity was obtained by displacing the loading point as required relative to the longitudinal axis of 

the specimen so as to cause bending about the required axis. 

The top loading point was restrained against deformation in all degrees of freedom, except for rotation 

about the axis of bending. The bottom loading point was additionally unrestrained for translation in the 

longitudinally direction. It should be noted that the specimen was oriented so that the spiral weld seam 

of the SSSWT was in the same orientation as in the actual test, relative to the axis of bending.  

The ‘Static General’ analysis step was considered in ABAQUS for the FEM. Displacement control 

loading was considered in the modelling where an increasing longitudinal displacement was applied to 

the bottom loading point. Due to time constraints, the FEM runs were, in general, only continued until 

the axial load dropped below ~90% of the respective peak load. However, for selected specimens, the 

FEM runs were continued for larger deformation levels, for comparison of deformation states predicted 

by the FEM with those obtained experimentally. The specimens considered for this purpose were, 

SD1E(0,2), SD4E(0,2), SLD2E(0,2) and SLD3E(0,2).  

For the nominally concentrically loaded CF-SWSST columns, additional FEM runs were conducted 

considering a nominal load eccentricity of 2 mm. In Table 4, these runs are indicated by the suffix ‘2 
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mm ecc’ in the respective labels. For these additional runs, the load eccentricity was specified so as to 

cause bending in the direction that was observed in the respective test. This exercise was carried out to 

ascertain the effect of any unintended eccentricity on the predicted behaviour, caused as a result of the 

test setup or specimen fabrication. 

From each FEM run the axial displacement at the bottom loading point, the mid-height lateral 

displacement, and engineering strains of the outside surface of the SSSWT at column mid-height were 

output. 

2.6 Modelling of residual stresses and imperfections 

 Consistent with the FEM previously carried out by the authors for CF-SWMSTs [24], residual stresses 

were not explicitly considered in the modelling that was done. As discussed in [24], this omission is a 

clear limitation of the modelling as residual stresses can potentially affect the ULS behaviour of CFSST 

columns. Nonetheless, there currently exists no residual stress distribution which has been proposed 

and widely adopted for SSSWTs. This is unlike for stainless-steel tubes of other types for which such 

residual stress distribution models exist [41]. While residual stress measurements have been reported 

for carbon-steel SWTs [8], such measurements have not been reported for SSSWTs. As discussed in 

Section 1, previous simplified approaches, which considered residual stresses for FE models of CF-

SWSSTs, are also not adequate. Given this context, it was not possible to include realistic residual stress 

distributions in the FEM that was done. However, it is advisable that this limitation be addressed in 

future studies, for which accurate measurement of residual stress distributions of SWSSTs would be 

necessary. 

To ascertain the need to include imperfections in the FEM of CF-SWSSTs, FEM of geometrically 

similar hollow SSSWT column tests was carried out. SSSWT hollow column tests carried out by the 

authors were utilised for this purpose, where the FEM followed the same methodology as discussed in 

Sections 2.2 to 2.5. The tested hollow specimens had the same nominal geometry as the SSSWTs used 

for the concrete filled specimens. Geometrical details of the tested hollow columns are given in Table 

5. For the modelling of the hollow SSSWTs, element types C3D8I as well as C3D8R were considered. 

For the modelled specimens, initial imperfections were defined using the respective first buckling mode 
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under pure axial compression, with amplitudes equal to 0, 0.0015D and 0.003D. The first buckling 

modes obtained for the modelled hollow SWSST columns, under pure axial compression, are shown in 

Figure 3. While all three amplitudes were considered for the runs where C3D8I elements were used, for 

the runs with C3D8R elements no imperfections were modelled. For some of the runs, the ‘Static Riks’ 

analysis step in ABAQUS was used when the ‘Static General’ step resulted in numerical instabilities. 

Nonetheless, for some specimens, numerical instabilities were encountered even when the ‘Static-Riks’ 

step was used. These instabilities occurred immediately after the respective peak loads. The load-axial 

displacement variations obtained from the respective runs are given in Figure 4. The corresponding 

experimentally obtained behaviours are also included in Figure 4 for comparison. The peak loads 

obtained from the respective FEM runs are compared against those of the corresponding experiments 

in Table 5. The failure modes as per the FEM are compared to those observed during the respective 

experiments in Figure 5.  

In general, the level of agreement between the predicted and experimentally obtained failure modes was 

inconsistent. Neither the use of a particular element type (C3D8I/C3D8R) nor the consideration or non-

consideration of imperfections gave good agreement with the corresponding experimentally obtained 

behaviour, on a consistent basis.  

For specimens HSD1E0 and HSD4E0, good agreement was observed between the failure modes 

obtained experimentally and those predicted by the FEM runs which utilised C3D8I elements. On the 

other hand, for the other two short column specimens that were modelled, the FEM runs using C3D8R 

elements gave the better agreement with the experimentally obtained failure mode.    

For the hollow long columns, during the experiments, it was observed that an inward ‘indent’ type 

buckle of a wrinkly nature occurred along the spiral weld seam. However, this was not replicated in the 

corresponding FE models. This indicated that the experimentally obtained failure buckling behaviour 

may have been affected by residual stresses existing in the SSSWT. Except for specimen HSLD4E0, 

the predicted failure modes for the longer columns generally consisted of ovalizing deformations as 

well, possibly because of the first buckling mode shape used to model imperfections. 
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Given the inconsistency of the predicted failure modes compared to those obtained experimentally, the 

choice of imperfection magnitude was determined based on the proximity of the actual to predicted 

capacity ratio, on an average basis, to 1.0.  

For the modelled hollow SWSST short columns, on average, the FEM runs which used C3D8I elements 

and considered zero imperfections gave Pexp/PFEM values closest to 1.0. For the hollow SWSST long 

columns that were considered, the FEM runs with C3D8R elements and zero imperfections resulted in 

average actual to predicted capacity ratios closest to 1.0.  

Therefore, based on the foregoing, it was determined that including imperfections in the analysis was 

not required for the modelled CF-SWSST columns. From the FEM done for hollow SWSSTs, it was 

observed that element types C3D8I and C3D8R appeared to be best suited to model short and long 

SWSSTs, respectively. Nonetheless, in this paper, C3D8R elements were used for all the CF-SWSST 

specimens that were modelled. Compared to C3D8I elements, the use of C3D8R elements results in 

significant time savings with negligible difference in the predicted behaviour, as discussed in Section 

4. As evidenced in Section 4, the sensitivity of the predicted behaviour to the element type observed for 

hollow SWSST columns, was not replicated for CF-SWSSTs. The use of C3D8R elements for all CF-

SWSSTs that were modelled was, thus, deemed acceptable.  

3 Results and discussion 

3.1 Load - axial displacement behaviour 

The load - axial displacement (P - δv) behaviour predicted by the FEM for the respective CF-SWSST 

columns are compared to the experimentally obtained variations in Figures 6 and 7. In Figure 6 and 7, 

as well as in subsequent figures of this paper, Nuc refers to the capacity predicted by Australian Standard 

AS 2327 [14] for the respective column specimens. The respective capacities predicted by the FEM, 

taken as the peaks of the respective P - δv plots, are listed in Table 4. The variations of the actual to 

predicted capacity ratio (Pexp/PFEM) with section slenderness D/t for the short and long CF-SWSSTs are 

given in Figures 8a and 8b, respectively. 
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The axial displacements obtained from the FEM were adjusted to consider the elastic deformations of 

the roller-transfer plate assemblies that would have occurred during the respective experiments. This 

was because these assemblies were not explicitly considered in the FEM, as discussed previously. 

Experimentally obtained elastic stiffnesses of 891 kN/mm and 1050.6 kN/mm were used for this 

adjustment. It was observed that there was good general agreement in relation to the initial gradients of 

the P - δv plots between the predicted and experimentally obtained behaviours.     

3.2 Comparison of actual and predicted capacities & failure modes 

3.2.1 Concentrically loaded specimens 

It was observed that for concentrically loaded short CF-SWSST columns, the FEM predictions were 

unconservative. The prediction corresponding to the short column specimen with the smallest tested 

diameter was the least unconservative. The non-conservativeness was greater for the concentrically 

loaded specimens of the other three diameters, with no notable variability being observed with 

increasing slenderness.  Nonetheless, the actual to predicted capacity ratios were closer to 1.0 when a 

nominal 2 mm eccentricity was considered. In fact, for specimen SD1E0, the consideration of a 2 mm 

nominal eccentricity resulted in a predicted capacity that was conservative. 

The respective FEM predictions were also non-conservative for the concentrically loaded long CF-

SWSSTs that were modelled. The degree of non-conservativeness was higher for the long columns 

compared to the short columns. Similar to the short columns, the non-conservativeness decreased when 

a nominal 2 mm eccentricity was considered. Nonetheless, for the modelled long columns, the actual to 

predicted capacity ratios were all still notably less than 1.0 even for the runs with 2 mm eccentricity.  

The predicted capacities obtained for the concentrically loaded CF-SWSST columns indicated that 

small eccentricities may have been present in the tested short columns. Nonetheless, in general, the 

actual to predicted capacity ratios were less than 1.0 even when such eccentricities were considered for 

the FEM. This indicated that the material model that was used may have overestimated the strength 

enhancement due to confinement that is applicable for CF-SWSSTs. The predicted strength 

enhancement due to confinement for the concentrically loaded CF-SWSSTs with 2 mm eccentricity can 

be observed from Figures 9 and 10. Figures 9 and 10 present the axial stress states of the concrete cores 
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of the modelled specimens at the respective peak loads. The ‘strength enhanced region’ for each core is 

demarcated by a dashed contour line representing the respective uni-axial cylinder compressive strength 

(fcm). 

The consideration of a nominal 2 mm eccentricity reduced the predicted ‘concentric’ capacity by 4 – 

9% and 14 – 22% for the short and long CF-SWSSTs, respectively. The percentage reductions in 

relation to the short columns were comparable to that obtained previously by the authors for 

corresponding CF-SWMSTs [24]. However, for the long columns, the effect of a nominal 2 mm 

eccentricity was much greater for the modelled CF-SWSSTs than obtained for the corresponding CF-

SWMSTs. This was possibly due to the rounded stress-strain curve of stainless-steel which results in 

much greater second order effects compared to mild-steel specimens. Consistent with this observation, 

the authors have previously identified the need to consider separate column slenderness curves for 

stainless-steel CFST specimens, compared to mild- and carbon-steel specimens [13]. 

The deformed states predicted for four representative concentrically loaded CF-SWSSTs are compared 

to the corresponding deformations obtained experimentally in Figure 11. In general, the deformed states 

obtained from the purely axially loaded FEM runs were not in agreement with the flexurally deformed 

states observed experimentally. The predicted deformation modes were dominated by mid-height 

bulging for the short column specimens and were of a doubly-curved shape for the modelled long 

columns. Even though the FEM run of specimen SD4E0 displayed a globally flexurally deformed mode, 

mid-height bulging was still prominent even for that specimen. On the other hand, the runs which 

considered a nominal 2 mm eccentricity displayed globally flexurally deformed states, which were in 

good qualitative agreement with those observed experimentally. This further indicated that small 

eccentricities may have been present for the nominally concentrically loaded specimens in the 

respective tests. Nonetheless, it is also possible that the non-consideration of residual stresses in the 

FEM may have also contributed to the mismatch observed between the actual and predicted capacities. 

This is especially so since most of the capacities predicted by the FEM were non-conservative even 

when a nominal eccentricity of 2 mm was considered. 
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For the concentrically loaded CF-SWSST columns that were modelled, the local buckling patterns 

observed during the respective experiments were not replicated in the FEM. However, as can be seen 

by the predicted deformations for specimens SD1E0 and SD4E0, indications of local buckling were 

seen near the specimen ends for the modelled short columns. Such indications of local buckling were 

not observed in the deformed states predicted for the modelled long columns. However, it should be 

noted that for the long column specimens referred to in Figure 11, the FEM runs were not continued for 

deformation levels at which local buckling was first identified in the corresponding experiments. The 

lack of replication of the local buckling patterns observed for the short columns was also possibly a 

result of the non-consideration of residual stress effects, as such stresses would affect the local buckling 

behaviour. 

3.2.2 Eccentrically loaded specimens 

For the eccentrically loaded short and long CF-SWSST columns that were modelled, much closer 

agreement was obtained between the predicted and experimental capacities. On average, actual to 

predicted ratios much closer to 1.0 were obtained compared to the purely concentrically loaded 

specimens. Nonetheless, the predictions were, on average, non-conservative. The predictions were 

conservative only for three of the smallest diameter CF-SWSST columns  that were modelled namely, 

SD1E1, SD1E2 and SLD1E1. The level of agreement between the actual and precited capacities, on 

average, was greater for the modelled short columns compared to the long columns. In general, the 

actual to predicted capacity ratio showed a decreasing trend with section slenderness for the modelled 

short columns. The variation with slenderness was much less for the long columns that were considered. 

Furthermore, based on the FEM runs with eccentricities equal to 0.15D and 0.4D, it was observed that, 

on average, the actual to predicted capacity ratios differed negligibly with load eccentricity. In fact, the 

average actual to predicted capacity ratios obtained in the presence of even a 2 mm nominal eccentricity 

were close to the corresponding ratios obtained for the two larger eccentricities that were considered. 

This is unlike that  observed previously by the authors for comparable CF-SWMSTs [24], where the 

prediction conservativeness displayed a clear increasing trend with increasing eccentricity. The actual 

to predicted capacity ratios that were obtained for the CF-SWSST specimens that were modelled were, 
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in general, less than those obtained for corresponding CF-SWMSTs previously modelled by the authors 

[24]. This was especially so for the specimens of lesser slenderness that were considered, with the 

Pexp/PFEM ratio becoming comparable between CF-SWSSTs and CF-SWMSTs for specimens with the 

largest section slenderness. This indicated that the level of strength enhancement of the concrete cores, 

effective for CF-SWSSTs, may have been overestimated by the material models that were considered. 

It also suggested that separate material models may be warranted for the FEM of CF-SWSSTs compared 

to CF-SWMSTs. The predicted strength enhancement of the concrete cores, for the eccentrically loaded 

CF-SWSSTs that were modelled, is qualitatively presented in Figures 9 and 10. The decreasing trend 

of Pexp/PFEM with increasing D/t, stated above, also indicated that the decrease in strength enhancement 

with section slenderness was underestimated by the material models that were considered for the 

modelling. 

The deformed states predicted by the FEM for four representative eccentrically loaded specimens are 

compared to the corresponding experimentally obtained deformations in Figure 11. Good qualitative 

agreement was observed between the experimental and predicted deformations, with globally flexurally 

deformed states obtained in both. However, similar to that observed for the concentrically loaded CF-

SWSSTs, the local buckling pattern observed experimentally was not replicated in the FEM. Possible 

reasons for this mismatch are likely to be the same as those discussed in Section 3.2.1.  

3.3 Load - strain behaviour 

The predicted variations of mid-height longitudinal (εlong) and circumferential strains (εtrans) with 

normalised axial load (P/Nuc), obtained for the modelled CF-SWSST columns, are compared to those 

obtained experimentally in Figures 12 to 15. The plotted strains correspond to those that occurred at the 

respective flexural extremes at mid-height on the outside surface of the SSSWT. These locations 

correspond to the locations of strain gauges L1/C1 and L3/C3 referred to in [12] and [13]. Strain gauges 

L1 and C1 were located at the compressive extreme, while gauges L3 and C3 were located at the tensile 

extreme at mid-height, of the respective experimentally tested specimens. Good qualitative agreement 

was observed between the shapes of the predicted load-strain variations and those obtained 

experimentally. This was so in relation to the initial gradient as well as the rate of variation of strains 
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as the load approached the respective peak load. This was observed to be the case for longitudinal strains 

as well as circumferential strains. The latter was evidence that the circumferential strain increase of the 

SSSWT due to the ULS dilatant behaviour of the concrete core was satisfactorily captured by the FEM. 

The agreement between the predicted and experimental strain variations was best for the modelled CF-

SWSST specimens with the largest load eccentricity. The predicted strain variations displayed the 

adequacy of the modelling approach to capture the experimentally obtained behaviour in relation to 

longitudinal and circumferential strains.   

3.4 Load - lateral displacement behaviour 

The variations of axial load with mid-height lateral displacement (P -  δh) obtained for the modelled CF-

SWSST specimens are shown in Figures 16 and 17. Good agreement was observed between the initial 

gradients of the respective plots and those obtained experimentally. This suggested that the models 

satisfactorily captured the experimental behaviour in relation to the initial bending stiffness. In addition, 

even though there were mismatches with regard to the peak loads, there was qualitative agreement in 

relation to the variation of lateral displacement as the peak load was approached as well as in the post-

peak region. This suggested that the model was adequate to capture any second-order effects that would 

have occurred during the respective experiments as well.  

3.5 Comparison of capacities predicted through FEM to those of design standards 

The capacities predicted by the FEM (PFEM) were also compared to those calculated as per commonly 

used design standards (Pstandards) relating to CFST columns. The design standards that were considered 

were AS 2327[14], Eurocode 4 (EC4) [15], AISC-360 [16], AIJ-2001 [17], CAN/CSA S16-01 [18] and 

GB 50936 [19]. The respective codified capacities were calculated by considering the experimentally 

obtained 0.2% proof stress of stainless-steel (f0.2%) in place of the steel yield strength specified in the 

respective standards. The respective capacities calculated as per the aforementioned design standards 

were previously reported by the authors in [12] and [13]. The ratios of PFEM/Pstandards for the modelled 

CF-SWSST short and long columns are given in Tables 6 and 7, respectively. The concentric capacities 

calculated as per the various standards were compared to the purely axially loaded FEM runs as well as 

those which considered a nominal eccentricity of 2 mm.  
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For the concentrically loaded short columns, the capacities calculated as per the guidelines of AS 2327, 

EC4 and CAN/CSA S16-01 closely agreed with those predicted by the FEM, on average. For the 

modelled short columns, there was better agreement for the specimens where no nominal eccentricity 

was considered. On the other hand, for the eccentrically loaded short column specimens that were 

considered,  the PFEM/Pstandards ratio, on average, was closest to 1.0 for the capacities calculated as per 

AIJ-2001. 

For the concentrically loaded long CF-SWSSTs, the codified capacities corresponding to zero 

eccentricity were notably less than those predicted by the FEM, unlike for their short column 

counterparts. However, there was close agreement between the predicted capacities and those calculated 

as per the various standards when a 2 mm nominal eccentricity was considered for the FEM. This 

suggested that such nominal eccentricities, through idealised imperfections, may inherently have been 

considered in the respective codified formulations. The closest such agreement between the FEM and 

codified capacities was observed in relation to the capacities predicted by AS 2327, EC4, CAN/CSA 

S16-01 and GB-50936. For the eccentrically loaded long CF-SWSSTs that were modelled, the closest 

agreement between the FEM predictions and the codified values was displayed for capacities predicted 

by AS 2327, EC4 and GB-50936. 

In general, the comparison between FEM predictions and those of the various guidelines was consistent 

with that previously found by the authors for comparable CF-SWMSTs [24]. It should also be noted 

that no one code consistently agreed with the capacities predicted by the FEM, with the agreement 

varying widely with column slenderness and load eccentricity.   

3.6 Sensitivity study 

The sensitivity of the capacities predicted by the FEM to several modelling assumptions, strategies and 

parameter values was evaluated as part of the investigation presented in this paper. The modelling 

assumptions and parameter values which were considered for this purpose are listed below. The default 

case used for the FEM along with the variations considered to assess the sensitivity are also noted. 

1. Dilation angle used for the CDP model - 250 and 350 (300 default) 
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2. Friction coefficient used for tangential contact – 0.1 and 0.6 (0.25 default) 

3. Mesh element size – D/10 and D/20 (D/15 default) 

4. Mesh element type – C3D8I (C3D8R default) 

5. Sliding definition for the contact interaction – finite sliding (Small sliding used as default) 

6. Reversed definition of master and slave surfaces for the contact interaction (i.e. concrete core 

outside surface as master surface) 

7. Viscosity parameter – 0.001 (0 used as default, except for specimens stated in Section 2.3) 

In addition to the above, the sensitivity of the FEM prediction to explicitly considering the spiral weld 

seam cross section was also investigated. For this purpose, additional FEM runs were carried out with, 

o the same single-helix type mesh considered for the steel tube but with zero outside and inside 

weld bead thicknesses (‘zero-bead’ runs) 

o without considering a weld seam (i.e. modelling a plain tube) utilising a rectangular regular 

cylindrical mesh 

To assess the sensitivity of the results to the aspects noted above, four representative short CF-SWSST 

specimens were considered. The specimens used were namely, SD1E0 2mm ecc, SD1E2, SD4E0 2mm 

ecc and SD4E2. Only representative short column specimens were considered, as the authors have 

previously found, in relation to CF-SWMSTs, the result sensitivities were similar irrespective of the 

column slenderness [24].  

The sensitivity was assessed considering the respective predicted capacities. The obtained percentage 

variations with respective to the relevant default capacities, for the different aspects that were 

investigated, are tabulated in Table 8. 

In addition, the deformation states predicted by the FEM runs for which no weld seam was modelled 

(i.e. ‘Plain-tube’ runs) are compared to the respective default predicted deformations in Figure 18. 

The obtained results were observed to be notably sensitive to the consideration of a non-zero viscosity 

parameter in the CDP model. Nonetheless, even in that case, the variation of the result was less than 

5% for the specimens with the higher eccentricity (0.4D). Since a viscosity parameter equal to 0.001 
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was only used for modelling specimens with the larger eccentricity, this observation confirmed that the 

modelling approach used was acceptable. For all the other aspects that were evaluated, the variability 

of the predicted capacities, compared to the default value, was less than 3%. In particular, the sensitivity 

of the capacities to the dilation angle magnitude was much less than reported in previous publications 

[37], though concentrically loaded stub CFST columns were considered in that case. It appears, under 

eccentric loading, the capacities predicted by the FEM are not greatly sensitive to the dilation angle 

values, as well as to the other parameters and strategies that were investigated. 

As can be seen from Figure 18, the deformation states predicted by the ‘Plain-tube’ runs were equivalent 

to the respective deformations of the corresponding default runs. Together with the negligible variation 

in capacity magnitude observed between corresponding default and ‘Plain-tube’ runs, this suggests that 

the FEM prediction is insensitive to the explicit consideration of the spiral weld seam. Nonetheless, it 

should be noted that if the residual stress state of the SWSST was modelled explicitly, the consideration 

of the spiral weld seam geometry may have affected the FEM predictions to a greater degree. 

4  Conclusions 

Based on the FEM that was carried out the following conclusions can be arrived upon. 

1. Commonly used FEM approaches appear to provide non-conservative capacity predictions for 

concentrically loaded CF-SWSST short and long  columns, for the range of section slenderness 

values that were considered. 

2. On average, the FEM predictions were non-conservative even for eccentrically loaded CF-

SWSST short and long columns. However, the corresponding ratios of experimental to 

predicted capacity were much closer to 1.0 for such columns, indicating that existing FEM 

approaches may be better suited for CF-SWSST columns under eccentric loading.  

3. The agreement of the predicted capacities with the experimental values decreased with column 

and section slenderness but was largely similar irrespective of the load eccentricity. This 

indicated that the modelling approaches that were considered are better suited to short CF-

SWSST columns of smaller section slenderness. 
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4. The local buckling patterns observed during the experimental testing of CF-SWSST short and 

long columns could not be replicated by the FEM. This could possibly have been due to the 

non-consideration of the residual stress state of the SWSSTs and warrants further investigation.   

5. Existing FEM approaches for CFSTs provide predictions of lesser conservativeness for CF-

SWSST columns compared to their mild-steel counterparts, indicating the need to consider 

separate material model formulations when SSSWTs are used for CFSTs. 

6. Despite the non-conservativeness in relation to capacity, the experimentally obtained bending 

stiffness and strain variations were qualitatively well approximated by the material models that 

were used for the FEM. 

7. The FEM results of CF-SWSST columns were ascertained to be insensitive to the explicit 

consideration of the spiral weld seam.  

8. No commonly used CFST design standard provided capacity predictions which consistently 

agreed with those predicted by the FEM, for the range of column and section slenderness values, 

and load eccentricities that were considered.   

9. Future work should verify that the foregoing conclusions are valid even with the explicit 

consideration of residual stress distributions which exist in SWSSTs. For this purpose, accurate 

measurements of such distributions should first be ascertained enabling their inclusion in FE 

models of CF-SWSSTs.  
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Table 1: Details of test specimens used to validate FEM approaches previously reported for CF-SWSSTs and CFSSTs of other tube types (SCC ≡ Self-

compacting concrete, HSC ≡ High-strength concrete, FRC ≡ Fibre reinforced concrete, RAC ≡ Recycled aggregate concrete) 

Ref D (mm) t (mm) D/t 
fcm 

(MPa) 
f0.2% 

(MPa) 
L (Le)/D e/D 

End 
conditions 

Concrete 
type 

Max 
circumferential 

element size 

Software 
used 

Pexp/PFEM 
avg. 

[20] 103.1-254 1.7-2.1 61-121 50 211.5 3, 10 0 Fixed SCC 
D/12.5 (short), D20 

(long) 
ABAQUS 1.03 

[23] 103-252 1.9 54-133 50 288 3, 10 0 Fixed SCC D/10 ABAQUS 1.01 
[25] 141.3 3.4 41.6 43.6 320 2.12 0 Fixed Normal D/24 ABAQUS 0.97 

[40] 72.8, 89.3 2.8-3.1 
25.6, 
28.6 

49.9, 
63.6 

258, 321 ~ 3 0 Fixed Normal D/15 ABAQUS 0.996 

[39] 
50.8-
114.3 

1.2, 
1.6, 
2.6 

20, 32, 
54 

20 - 78 266 - 412 ~ 3 0 Fixed 
Normal, 

HSC 
D/10.2 ABAQUS 0.999 

[28] 50.8 
1.2, 
1.6 

31.8, 
42.3 

20, 30 291, 298 ~ 3 0 Fixed Normal ~ D/9.5 ABAQUS 1.03 

[26] 100 2 50 
31.6, 
33.6 

324 3 - 12 (Le/D) 0 Pinned 
Normal, 

FRC 
~ D/10.2 ABAQUS 0.99 

[42] 120 1.77 67.8 44 - 51 286.7 3 0 Fixed 
Normal, 

RAC 
Not reported ABAQUS ~ 1.1 

[27] 
101, 

113.6 
1.48, 
2.8 

40.6, 
68.3 

36.3, 
75.4 

289, 321 
4.3 – 25.9 

(Le/D) 
0 Pinned 

Normal, 
HSC 

D/12 ABAQUS 1.14 

[43] 300, 325 
7.7 – 
11.9 

25.1 – 
41.4 

32 - 43 242 - 544 3 0 
Pinned - 

Fixed 
Normal D/15 ABAQUS 0.96 

[29] 168 2.86 58.74 
37.8 – 
41.7 

339.6 3 0 
Pinned - 

Fixed 
Normal, 

RAC 
Not reported ABAQUS 0.984 
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Table 2: Material models, stress-strain definitions and element types used in previous FEM studies of CF-SWSSTs and CFSSTs of other tube types 

Specimen 
type 

Ref 
Concrete 

constitutive 
model 

Uniaxial 
behaviour of 
concrete in 

compression 

Uniaxial behaviour 
of concrete in 

tension 
Steel constitutive model 

Uniaxial behaviour 
of stainless-steel in 

tension and 
compression 

Steel element type 
Concrete element 

type 

CF- 
SWSST 

[20] CDP 
Model of Tao 

et al. [37] 
Not stated 

Von-Mises plasticity with 
isotropic hardening 

As per the model of 
[22] 

Solid hexahedral with incompatible modes 
C3D8I 

CF-
SWMST 

[23] CDP 
As defined by 
Han et al. [34] 

As per Hillerborg et 
al. [35] fracture 

model 

Von-Mises plasticity with 
isotropic hardening 

Two stage model 
with linear strain 

hardening 

Solid hexahedral with incompatible modes 
C3D8I 

CFSSTs 
of other 

tube types 

[25] CDP 
Confined 

curve as per 
Hu et al. [44] 

Not stated 
Von-Mises plasticity with 

isotropic hardening 
As per the model of 

[22] 

Shell (quad with 
reduced integration 

S4R) 

Solid (hexahedral with 
full integration C3D8) 

[40] CDP 
Model of Tao 

et al. [37] 

As per Hillerborg et 
al. [35] fracture 

model 

Von-Mises plasticity with 
isotropic hardening 

Measured stress-
strain curve 

Shell (quad with 
reduced integration 

S4R) 

Solid (hexahedral with 
reduced integration 

C3D8R) 

[39] CDP As per Ding et al. [45] 
Von-Mises plasticity with 

isotropic hardening 
As per model of 
Rasmussen [33] 

Solid (hexahedral with reduced integration 
C3D8R) 

[28] 
Drucker-

Prager yield 
criterion 

Confined 
curve as per 
Liang and 
Fragomeni 

[46] 

N/A 
Von-Mises plasticity with 

isotropic hardening 
As per model of 
Rasmussen [33] 

Shell (triangular with 
full integration S3) 

Solid  (tetrahedral with 
full integration C3D4) 

[26] CDP 

Confined 
curve as per 

[44] with 
modifications 

Linear softening 
stress-strain curve 

post-cracking 

Von-Mises plasticity with 
isotropic hardening 

Measured stress-
strain curve 

Shell (quad with 
reduced integration 

S4R) 

Solid (hexahedral with 
reduced integration 

C3D8R) 

[42] CDP 

As defined by 
Han et al. [34] 

modified as 
per [47] 

Not stated Not stated 
Model defined in 
Eurocode 3 [48] 

Not stated 

[27] Not stated 
As defined by 
Han et al. [34] 

Not stated Not stated 
As per model of 
Rasmussen [33] 

Shell (quad with 
reduced integration 

S4R) 

Solid (hexahedral with 
reduced integration 

C3D8R) 

[43] CDP 
As defined by 
Han et al. [34] 

As per stress-strain 
curve defined in GB 

50010-2010 [49] 

Von-Mises plasticity with 
isotropic hardening 

As per model of 
Rasmussen [33] 

Solid (hexahedral with reduced integration 
C3D8R) 

[29] CDP 
As defined by 
Han et al. [34] 

Not stated Not stated 
As per model of 
Rasmussen [33] 

Shell (quad with 
reduced integration 

S4R) 

Solid (hexahedral 
with reduced 

integration C3D8R) 
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Table 3: CDP model parameter values considered in previous FEM investigations of CFSSTs of different tube types 

Ref 
Dilation 

angle 
(degress) 

Kc fb0/fc0 
Friction coefficient for tangential 

contact interaction 

[20] 40 As per [37] As per [38] 0.6 
[23] 40 As per [37] As per [38] 0.25 
[25] 15 0.8 1.16 0.25 
[40] As per [37] As per [37] As per [37] 0.25 
[39] 40 0.67 1.225 0.5 
[26] 20 Not stated Not stated 0.25 
[43] As per [37] As per [37] As per [37] 0.25 
[29] Not stated Not stated Not stated 0.25 

 

 

 

 

 

 

 

 

 

 

 

 

 

296



27 
 

 
 

 

Table 4: Details of modelled CF-SWSST specimens 

Label D (mm) t (mm) D/t L (mm) Le (mm) e/D fcm 
(MPa) 

fy 
(MPa) 

Weld pitch 
(mm) 

Weld width 
(mm) 

Pexp 
(kN) 

PFEM 
(kN) 

Pexp / PFEM 

SD1E0 102.8 1.65 62.3 306 614 0 28.6 262.5 246 6.36 382 398 0.96 
SD1E0 2mm ecc 102.8 1.65 62.3 306 614 0.02 28.6 262.5 246 6.36 382 363 1.05 
SD1E1 102.69 1.64 62.6 306 614 0.15 28.9 262.5 246 6.65 283 264 1.07 
SD1E2 102.96 1.64 62.8 306 614 0.40 28.9 262.5 248 6.34 168 157 1.07 
SD2E0 153.51 2.00 76.8 456 764 0 30.3 262.5 387 6.62 739 845 0.87 
SD2E0 2mm ecc 153.51 2.00 76.8 456 764 0.01 30.3 262.5 387 6.62 739 791 0.93 
SD2E1 153.52 1.93 79.5 456 764 0.15 30.4 262.5 389 6.63 537 555 0.97 
SD2E2 153.58 2.09 73.5 456 764 0.40 30.4 262.5 386 6.70 320 331 0.97 
SD3E0 203.34 2.03 100.2 609 917 0 31.2 262.5 519 7.43 1210 1359 0.89 
SD3E0 2mm ecc 203.34 2.03 100.2 609 917 0.01 31.2 262.5 519 7.43 1210 1312 0.92 
SD3E1 203.14 2.00 101.6 609 917 0.15 31.2 262.5 517 7.79 868 900 0.96 
SD3E2 203.17 1.99 102.1 609 917 0.40 31.2 262.5 516 7.46 476 494 0.96 
SD4E0 229.31 2.01 114.1 762 1070 0 32.9 262.5 480 7.00 1551 1763 0.88 
SD4E0 2mm ecc 229.31 2.01 114.1 762 1070 0.01 32.9 262.5 480 7.00 1551 1694 0.92 
SD4E1 229.55 2.07 110.9 762 1070 0.15 29.7 262.5 479 7.37 1010 1083 0.93 
SD4E2 229.67 2.04 112.6 762 1070 0.40 29.7 262.5 479 7.08 570 644 0.89 
SLD1E0 103.21 1.57 65.7 918 1226 0 21.5 262.5 244.3 6.42 236 349 0.68 
SLD1E0 2mm ecc 103.21 1.57 65.7 918 1226 0.02 21.5 262.5 244.3 6.42 236 271 0.87 
SLD1E1 102.77 1.66 61.9 918 1226 0.15 31.6 262.5 249 6.74 255 228 1.12 
SLD1E2 102.68 1.57 65.4 918 1226 0.40 21.9 262.5 245.7 6.44 110 112 0.98 
SLD2E0 153.54 2.03 75.6 1368 1676 0 23.1 262.5 389 6.69 568 736 0.77 
SLD2E0 2mm ecc 153.54 2.03 75.6 1368 1676 0.01 23.1 262.5 389 6.69 568 617 0.92 
SLD2E1 153.54 2.09 73.5 1368 1676 0.15 23.2 262.5 389 6.92 385 420 0.92 
SLD2E2 153.67 2.05 75.0 1368 1676 0.40 23.1 262.5 387.3 6.9 238 249 0.96 
SLD3E0 203.04 2.05 99.0 1827 2135 0 24.4 262.5 517 7.44 919 1188 0.77 
SLD3E0 2mm ecc 203.04 2.05 99.0 1827 2135 0.01 24.4 262.5 517 7.44 919 1032 0.89 
SLD3E1 203.22 1.99 102.1 1827 2135 0.15 24.4 262.5 512 6.59 637 694 0.92 
SLD3E2 203.26 2.06 98.7 1827 2135 0.40 24.4 262.5 514.7 7.32 366 392 0.93 
SLD4E0 230.01 1.98 116.2 2286 2594 0 24.4 262.5 483.8 7.19 1150 1451 0.79 
SLD4E0 2mm ecc 230.01 1.98 116.2 2286 2594 0.01 24.4 262.5 483.8 7.19 1150 1249 0.92 
SLD4E1 229.44 2.02 113.6 2286 2594 0.15 24.3 262.5 481.3 6.71 596 792 0.75 
SLD4E2 229.8 1.98 116.1 2286 2594 0.40 24.4 262.5 481.3 7.32 386 448 0.86 

297



28 
 

 
 

Table 5: Details of hollow SWSST columns investigated through FEM (imp ≡ imperfection) 

Label D (mm) t (mm) D/t L (mm) 
Le 
(mm) 

Weld 
pitch 
(mm) 

Weld 
width 
(mm) 

Outside 
bead 
avg. 
(mm) 

Inside 
bead 
avg. 
(mm) 

Pexp 
(kN) 

Pexp/ PFEM 
zero 
imp 
C3D8R 

zero 
imp 
C3D8I 

0.0015D 
imp 
C3D8I 

0.003D 
imp 
C3D8I 

HSD1E0 102.92 1.51 68.0 306 614 245.0 6.49 

0.86 0.88 

149.7 1.23 1.06 1.12 1.19 
HSD2E0 153.37 1.87 81.9 456 764 385.0 6.81 249.7 1.15 0.95 1.03 1.09 
HSD3E0 202.08 1.86 108.9 609 917 515.0 7.62 339.0 1.27 1.03 1.04 1.05 
HSD4E0 229.18 1.92 119.7 762 1070 480.0 7.42 355.6 1.17 0.94 0.97 1.02 
Average         1.21 1.00 1.04 1.09 
HSLD1E0 103.08 1.53 67.5 918 1226 245.0 6.37 130.5 1.05 0.92 0.92 0.91 
HSLD2E0 153.49 1.89 81.3 1368 1676 386.7 6.80 217.4 0.99 0.83 0.83 0.83 
HSLD3E0 203.73 2.03 100.3 1827 2135 516.0 7.68 314.4 1.05 0.85 0.86 0.87 
HSLD4E0 229.93 1.99 115.5 2286 2594 480.0 7.12 343.0 1.06 0.86 0.98 1.11 
Average         1.04 0.86 0.90 0.93 
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Table 6: Comparison of capacities predicted through FEM with those calculated as per standardised 
guidelines for CF-SWSST short columns  

Specimen PFEM / Pstandards 

AS 2327 EC4 AISC 360 AIJ CAN/CSA S16-
01 

GB-50936 

SD1E0 1.04 1.05 1.18 1.14 1.01 1.01 
SD2E0 1.01 1.01 1.14 1.12 1.01 1.02 
SD3E0 0.97 0.97 1.10 1.09 1.00 1.02 
SD4E0 0.99 0.99 1.13 1.11 1.03 1.07 
Average 1.00 1.00 1.14 1.11 1.01 1.03 
SD1E0 2mm ecc 0.95 0.96 1.07 1.04 0.92 0.92 
SD2E0 2mm ecc 0.94 0.94 1.07 1.05 0.94 0.95 
SD3E0 2mm ecc 0.93 0.93 1.06 1.05 0.97 0.99 
SD4E0 2mm ecc 0.95 0.95 1.08 1.07 0.99 1.03 
Average 0.94 0.95 1.07 1.05 0.96 0.97 
SD1E1 1.05 1.07 1.06 0.98 1.01 1.05 
SD2E1 1.02 1.05 1.23 0.99 0.98 1.06 
SD3E1 1.01 1.03 1.20 0.99 0.99 1.07 
SD4E1 1.01 1.03 1.21 0.99 1.01 1.08 
Average 1.02 1.05 1.18 0.99 1.00 1.07 
SD1E2 1.10 1.11 1.04 0.96 1.16 1.00 
SD2E2 1.10 1.12 1.16 0.97 1.26 0.98 
SD3E2 1.09 1.11 1.23 0.99 1.45 0.94 
SD4E2 1.20 1.22 1.39 1.07 1.63 1.04 
Average 1.12 1.14 1.21 1.00 1.38 0.99 

 

Table 7: Comparison of capacities predicted through FEM with those calculated as per standardised 
guidelines for CF-SWSST long columns  

Specimen PFEM / Pstandards 

AS 2327 EC4 AIS 360 AIJ CAN/CSA S16-
01 

GB-50936 

SLD1E0 1.24 1.26 1.32 1.35 1.20 1.17 
SLD2E0 1.18 1.19 1.26 1.27 1.15 1.15 
SLD3E0 1.14 1.15 1.23 1.24 1.14 1.20 
SLD4E0 1.15 1.16 1.26 1.26 1.17 1.26 
Average 1.18 1.19 1.27 1.28 1.17 1.20 
SLD1E0 2mm ecc 0.97 0.98 1.02 1.05 0.93 0.91 
SLD2E0 2mm ecc 0.99 1.00 1.05 1.06 0.97 0.97 
SLD3E0 2mm ecc 0.99 1.00 1.07 1.08 0.99 1.04 
SLD4E0 2mm ecc 0.99 1.00 1.09 1.09 1.01 1.09 
Average 0.98 0.99 1.06 1.07 0.97 1.00 
SLD1E1 1.01 1.06 0.98 0.80 0.91 1.00 
SLD2E1 1.00 1.07 1.17 0.83 0.93 1.01 
SLD3E1 1.06 1.12 1.22 0.88 0.94 1.11 
SLD4E1 1.02 1.06 1.17 0.82 0.88 1.06 
Average 1.02 1.08 1.13 0.83 0.91 1.05 
SLD1E2 1.04 1.03 1.07 0.79 0.89 0.95 
SLD2E2 1.07 0.98 1.10 0.83 0.98 0.97 
SLD3E2 1.10 1.02 1.10 0.86 1.13 0.98 
SLD4E2 1.11 0.99 1.14 0.84 1.17 0.97 
Average 1.08 1.00 1.10 0.83 1.04 0.97 
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Table 8: Sensitivity of obtained FEM capacities to a range of modelling aspects (% variations from 
respective default run capacity shown) 

Parameter / Option SD1E0 
2mm ecc 

SD1E2 SD4E0 
2mm ecc 

SD4E2 

μ = 0.1 -0.30% -0.26% -0.14% -0.06% 
μ = 0.6 0.30% 0.34% 0.16% 0.09% 
ψ = 250 -2.20% -1.40% -1.03% -1.47% 
ψ = 350 2.98% 1.56% 1.23% 1.76% 

C3D8I elements 0.08% 0.06% -0.30% 0.73% 
Core outside surface as 

master surface 
-0.01% 0.03% 0.00% 0.76% 

Finite sliding option in 
contact interaction definition 

-0.07% 0.00% -0.01% 0.77% 

Element size = D/10 -0.28% -0.68% -0.50% -0.29% 
Element size = D/20 0.62% 0.60% 0.21% 0.66% 

Viscosity parameter = 0.001 11.07% 4.81% 17.78% same as 
default 

Plain-tube runs 0.23% -0.1% -0.03% 0.05% 
Zero-bead runs 0.18% -0.06% 0.45% 0.92% 
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Figure 1: Schematic of spiral weld seam geometry considered for the FEM 

    

Figure 2: (left to right) Typical meshes considered for SSSWT, concrete core and weld seam 

301



32 
 

 
 

 

Figure 3: First buckling modes of modelled hollow SSSWT columns 
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Figure 4: Comparison of experimental and predicted P - δv plots for hollow SSSWT columns  
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Figure 5: Failure modes predicted by the FEM and those obtained experimentally for hollow SSSWTs 
(for each specimen, left to right: failure modes corresponding to experimental, C3D8R with no 
imperfections, C3D8I with no imperfections, C3D8I with 0.0015D imperfection amplitude, and 

CD38I with 0.003D imperfection amplitude) 
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Figure 6: Predicted and experimentally obtained P – δv plots for a) SD1E0-2, b) SD2E0-2, c) SD3E0-

2 and d) SD4E0-2 (Note: no experimental measurements of δv were reported for SD2E2 [12]) 
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Figure 7: Predicted and experimentally obtained P – δv plots for a) SLD1E0-2, b) SLD2E0-2, c) 

SLD3E0-2 and d) SLD4E0-2 
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Figure 8: Variation of Pexp/PFEM with section slenderness for the modelled CF-SWSST a) short and b) 
long columns 
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Figure 9: Mid-height axial stresses at peak loads of CF-SWSST short column concrete cores 

(respective fcm contours shown dashed) 
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Figure 10: Mid-height axial stresses at peak loads of CF-SWSST long column concrete cores 

(respective fcm contours shown dashed) 
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Figure 11: Comparison between experimental deformed states with those predicted by the FEM 
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Figure 12: a), c) P – εlong and b), d) P – εtrans  plots for SD1E0-2 and SD2E0-2 

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - SD(1,2)E0 2mm ecc) 
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Figure 13: a), c) P – εlong and b), d) P – εtrans  plots for SD3E0-2 and SD4E0-2 

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - SD(3,4)E0 2mm ecc) 
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Figure 14: a), c) P – εlong and b), d) P – εtrans  plots for SLD1E0-2 and SLD2E0-2 

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - SLD(1,2)E0 2mm ecc) 

313



44 
 

 
 

 

Figure 15: a), c) P – εlong and b), d) P – εtrans  plots for SLD3E0-2 and SLD4E0-2 

(EXP ≡ Experimental, ‘--’ - FEM predictions, ‘-.’ - SLD(3,4)E0 2mm ecc) 
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Figure 16: Predicted and experimentally obtained P – δh plots for a) SD1E0-2, b) SD2E0-2, c) 

SD3E0-2 and d) SD4E0-2 
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Figure 17: Predicted and experimentally obtained P – δh plots for a) SLD1E0-2, b) SLD2E0-2, c) 

SLD3E0-2 and d) SLD4E0-2 
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Figure 18: Comparison of deformation states predicted by ‘plain-tube’ FEM runs with those of the 

default CF-SWSST FEM runs 
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Abstract 

This study investigated the capability of widely-used finite element modelling (FEM) methods, to 

predict the flexural capacity behaviour of concrete-filled spiral-welded mild-steel and stainless-steel 

tubes (CF-SWMSTs and CF-SWSSTs). For this purpose, twelve CF-SWMST and CF-SWSST flexural 

tests each were modelled using the ABAQUS software. The main parameters that had been varied in 

the respective tests were the outside diameter to thickness (D/t) ratio and infill concrete strength. The 

nominal D/t of the modelled specimens were in the range 51 - 114.5, while the infill concretes were of 

nominal grades 20 and 50 MPa.  The moment capacities predicted by the FEM were observed to be, on 

average, conservative for the modelled CF-SWMSTs. The predicted flexural capacities were more 

closely in agreement with the corresponding experimental capacities for the CF-SWSSTs. The 

respective average actual to predicted moment capacity ratios were 1.07 and 1.00, respectively.  The 

experimental and predicted deformation modes were also in qualitative agreement, with local buckling 

also being predicted by the FE models. Though the experimentally obtained local buckling patterns 

were not exactly replicated, there was, nonetheless, good qualitative agreement. This study provided 

evidence of the capacity of commonly used FEM approaches, relating to CFSTs, to act as a predictive 

tool for CF-SWMSTs and CF-SWSSTs in flexure. Given the distinct difference in capacity prediction 

conservativeness, the study also indicated that separate material model formulations may be warranted 

for CF-SWSSTs compared to CF-SWMSTs. The predicted results were also found to be negligibly 

sensitive to explicitly modelling the spiral weld seam geometry, even though it was the default case 

adopted for the FEM in this study.   

Keywords: Spiral welded tubes, SWT, mild-steel, stainless-steel, flexure, FEM, finite-element 
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1 Introduction 

Although typically utilised as structural columns, concrete-filled steel tubes (CFSTs) can also be used 

as purely flexural structural elements. One such instance was reported by Nakamura et al. [1], where 

CFSTs were used for the main bridge girders of a railway bridge in Japan. The cost effectiveness of 

such CFST flexural structural elements can be improved by fabricating the steel tubes by spiral welding, 

compared to traditional longitudinal welding. Spiral welded tubes (SWTs) are fabricated by helically 

bending a continuous length of steel plate and welding the corresponding abutting edges. The cost 

benefits of SWTs over longitudinally welded tubes (LWTs) have been widely reported [2-4]. For CFSTs 

which need to be in durability critical environments, stainless-steel tubes become an economically 

viable option. Stainless-steel SWTs are also readily available within the industry for use in such 

concrete-filled stainless-steel tubes (CFSSTs).  

The authors have previously experimentally investigated the ultimate limit state (ULS) flexural capacity 

behaviour of concrete-filled spiral-welded mild-steel and stainless-steel tubes (CF-SWMSTs and CF-

SWSSTs) [5, 6].  For these investigations, six outside diameter to wall thickness ratios (D/t) in the range 

51 – 114.5 were considered, while for the infill concrete, nominally grade 20 and 50 MPa concretes 

were used. The investigations indicated that the ULS deformation state of CFSTs in flexure was 

independent of the tube fabrication type for both mild-steel and stainless-steel CFSTs. It was also found 

that, on average, most standardised guidelines provide conservative estimates of the ULS flexural 

capacity for both CF-SWMSTs and CF-SWSSTs. The conservativeness of the predicted flexural 

capacities was found to be similar to that of comparable CFSTs of other tube types.  

However, the foregoing conclusions were based on a limited number of tests (i.e.12 tests each for CF-

SWMSTs and CF-SWSSTs). To be confident about the general validity of the afore-mentioned 

findings, further tests of specimens with different diameters, wall thicknesses, and steel and concrete 

strengths are required. However, experimental testing is inherently limited in its possible scope due to 

budgetary and equipment constraints. Finite element modelling (FEM) has typically been used to 

overcome this obstacle [7]. FEM typically utilises a limited experimental database to verify and validate 
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the modelling approach. Parametric studies of structural behaviour are thereafter carried out using the 

verified FEM methodology. FEM is more resource intensive than other numerical methods such as fibre 

element models. However, FEM carries the key advantage of being able to explicitly account for the 

interaction between the steel tube and concrete core of CFSTs. This in contrast to the need for equivalent 

material models in fibre element methods.  

Only one study was found in the literature which investigated the behaviour of concrete-filled SWTs in 

flexure [8]. To validate the FEM approach they followed, Moon et al. [8] modelled five concrete-filled 

carbon-steel SWTs tested in flexure by Thody [9]. Details of these test specimens are given in Table 1, 

while the concrete and steel material constitutive models and other modelling parameters that were used 

for the FEM are noted in Tables 2 and 3.  

Moon et al. [8] did not explicitly consider the spiral weld seam geometry in the FEM they carried out. 

They modelled the SWTs as plain tubes employing a regular rectangular cylindrical mesh. Surface 

imperfections and residual stresses were also not explicitly considered in the modelling reported by 

Moon et al. [8]. This is in-spite of the fact that the existence of high levels of fabrication induced residual 

stresses [10-13] as well as unique surface imperfections [14] have been reported for SWTs. In [8], the 

interaction between the inside surface of the SWT and the outside surface of the concrete core was 

modelled using ‘GAP’ elements available in ABAQUS [15], which was used for the FEM. For the steel-

concrete interaction, Moon et al. [8] reported that a friction coefficient of 0.47 gave the best agreement 

between the experimental and predicted behaviour. Good agreement was observed in relation to the 

capacity, moment-drift envelopes as well as local buckling patterns.  

It should be noted that the tests of [9] were all reverse-cyclic flexural tests which adopted the ATC-24 

seismic loading protocol [16]. No previous FEM investigations relating to the flexural behaviour of CF-

SWMSTs or CF-SWSSTs, under static monotonic loading, were found in the literature. The work 

described in this paper aimed to address this research gap. 

Unlike for their concrete-filled counterparts, FEM has previously been reported for hollow SWTs under 

static monotonic flexural loading. Vasilikis et al. [17] modelled flexural tests which had been carried 
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out on hollow carbon steel SWTs and reported actual to predicted moment capacity ratios (Mexp/MFEM) 

in the range 0.91 - 1.03. In their modelling, Vasilikis et al. [17] also included residual stresses. The 

residual stresses were approximated by simulating the cold bending component of the SWT fabrication 

process through FEM, although the stresses resulting from the subsequent welding were not considered. 

They showed that the flexural capacity was not significantly affected by the inclusion of residual 

stresses in the analysis. However, the welding step of the fabrication process can be expected to 

significantly affect the final residual stress distribution. For this reason, it appears that the conclusion 

of Vasilikis et al. [17], in relation to the effect of residual stresses on the flexural capacity, is incomplete. 

The spiral weld seam of the SWTs was not explicitly modelled in [17] as well. Nonetheless, surface 

imperfections were modelled through the first buckling mode (under pure bending) with an amplitude 

of 0.002 - 0.015t, based on measured meridian profiles. Zimmerman et al. [18] also carried out FEM of 

flexural tests of hollow carbon-steel SWTs and reported an average actual to predicted capacity ratio of 

0.983. Unlike for carbon-steel SWTs, no previous investigation was found in the literature which 

investigated the flexural capacity behaviour of hollow stainless-steel SWTs through FEM.  

In contrast to concrete-filled SWTs, several researchers have previously investigated the behaviour of 

CFSTs of other non-SWT tube types, under static monotonic flexure, through FEM. These 

investigations are listed in Table 1 along with details of the flexural test specimens which were used to 

verify the respective FEM approaches. The corresponding material models and salient parameter values 

considered in the various investigations are given in Tables 2 and 3. The reported FEM investigations 

were limited to mild- and carbon-steel CFSTs in flexure. No publication was found in the literature 

which studied, through FEM, the flexural behaviour of CFSSTs of non-SWT tube types. It should be 

noted that, in general, the finite element (FE) modelling approaches reported for CFSTs in flexure were 

largely consistent with those reported for CFSTs under axial loading. FEM of CFST columns, under 

concentric and eccentric axial loading, has been previously discussed in detail by the authors [19].  

In relation to CFSTs in flexure, two main constitutive model types have been adopted for the core 

concrete namely, those considering associated flow (Linear Drucker-Prager yield criterion) and those 

considering non-associated flow (Concrete Damaged Plasticity (CDP) model in ABAQUS [15] and the 
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Menetrey-Williams model [20] in ATENA [21]). Both these constitutive approaches require the 

definition of uni-axial stress-strain behaviour in compression and in tension. In relation to the stress-

strain behaviour in uniaxial compression, ‘confined’ or ‘unconfined’ definitions have been used in the 

various FEM studies that have been reported. In the ‘confined’ approach, the strength enhancement due 

to core confinement is explicitly accounted for in the stress-strain definition. On the contrary, in the 

‘unconfined’ approach only the enhancement of ductility is included in the stress-strain definition, with 

the strength enhancement purely resulting from the steel-concrete interaction and as per the constitutive 

model. For the behaviour of concrete in uniaxial tension, the use of either the fracture energy approach 

as per [22] or explicitly specified post-cracking stress-strain softening behaviour has typically been 

reported. For all the reported FEM studies, Von Mises plasticity with isotropic hardening and associated 

flow was considered for the material behaviour of the steel tube.  

The interaction between the concrete and the steel tube was typically modelled either using interface 

elements or through a contact definition. For both cases, a pressure overclosure relationship was 

considered for contact in the normal direction, while a friction-based contact was considered in the 

tangential direction. Nonetheless, the friction coefficient values that were used in the different reported 

studies were not consistent. Imperfections were explicitly defined for the FEM only in one previously 

reported study [23]. In that case, the imperfection was defined using the first flexural buckling shape of 

the hollow steel tube of the CFST scaled by an amplitude equal to 0.001 times the tube length.  

Even though several previous FEM studies modelled CFSTs for which LWTs had been used, the weld 

seam was not explicitly modelled in any of those investigations. The steel tube of the CFST was 

generally modelled as a plain tube. Consequently, in most cases, only one quarter of the CFST in 

bending was modelled, utilising the inherent symmetry [24-28]. For the modelling, solid elements were 

typically used for the concrete core while shell or solid elements were considered for the steel tube. 

The shear behaviour of CFSTs has also been investigated through FEM [27, 29].  In these cases, the 

FEM considered flexural tests which had been conducted on test specimens with greatly reduced shear 

span to outside diameter ratios, compared to bending tests. The FE modelling approaches used in those 

325



6 
 

 
 

cases were similar to those used to model specimens tested primarily under flexure. Details of such 

investigations have also been included in Table 1 for reference and completeness.  

For previously reported FEM studies of CFSTs in flexure, good agreement was reported between the 

predicted behaviour and the corresponding experimental observations. For most previous 

investigations, the actual to predicted moment capacity ratios (Mexp/MFEM) were, on average, close to 

1.0. It should be noted that in different FEM studies, different definitions were adopted for the bending 

moment capacity. For example, Lu et al. [7] and Hou et al. [30] considered the moment at a maximum 

longitudinal tensile strain of 0.01 as the moment capacity. Others considered either the maximum 

moment achieved during the test [26], the moment corresponding to the plateau observed in the 

moment-deformation plots, or the moment at a defined mid-span deflection magnitude as the moment 

capacity [31]. This inconsistency relating to the moment capacity definition is a result of the 

monotonically increasing moment-deformation behaviour observed for CFSTs tested in flexure. Such 

monotonically increasing behaviour was also replicated by the respective FE models. In addition to the 

moment capacity, good agreement was also reported between the experimental and predicted moment-

deformation behaviours as well as the deformation modes. For example, Elchalakani et al. [26] reported 

that the local buckling ripples observed experimentally were also replicated in the FEM, while Lu et al. 

[7] found that the  experimentally obtained cracking behaviour in the concrete core was also well 

predicted by the FEM.  

It should be noted that, for some model parameters, such as the dilation angle of the CDP model and 

the friction coefficient for tangential contact, the adopted values were determined based on a ‘best-fit’ 

basis in comparison with the respective experimental results. In some cases, material model parameters 

were calculated on a ‘best-fit’ basis for each individual test specimen. This was the case in [25], where 

specific model parameters of the ‘confined’ concrete uniaxial compressive stress strain curve were 

determined in this manner. Empirical expressions were then proposed for the respective model 

parameters, based on the calibrated best-fit values. Interestingly, even for comparable CFST flexural 

tests, there is inconsistency in the adopted parameter values between different FEM investigations. For 
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widespread use and applicability of FEM as a predictive tool for CFSTs in flexure, a more consistent 

approach to its use is preferable.      

Given this background, the work described in this paper aimed to ascertain the capability of existing 

FEM approaches to predict the experimentally obtained behaviour of CF-SWMSTs and CF-SWSSTs 

in flexure. It should be noted that obtaining ‘best-fit’ model parameters was not the objective of the 

modelling that was done. Rather, the modelling utilised previously reported, widely used, FEM 

approaches. Hence, the FEM described in this paper provides a benchmark for existing FEM approaches 

in relation to CF-SWMSTs and CF-SWSSTs in flexure. The sensitivity of the obtained results to 

pertinent parameter values was also investigated as part of the modelling that was done. This study is 

also the first reported instance where the static monotonic flexural behaviour of CFSSTs, of any tube 

type, was investigated through FEM.  

2 Finite Element Modelling 

To realise the afore-said aims, finite element (FE) modelling was carried out of 12 CF-SWMSTs and 

12 CF-SWSSTs previously tested in flexure by the authors [5, 6]. The FE modelling approach was 

consistent with that previously followed by the authors for CF-SWMST and CF-SWSST columns [19, 

32], and is discussed in the following subsections. The FEM software ABAQUS was utilised for the 

modelling. The FEM utilised material models and modelling approaches which have been widely 

reported in the literature.   

2.1 Geometry 

Geometrical details of the CF-SWMST and CF-SWSST test specimens that were modelled are given in 

Table 4. In Table 4, and in subsequent sections of this paper each modelled specimen is referred to by 

a label of the form ‘(M,S)N1DN2N3’, where ‘M’, ‘S’ and ‘D’ refer to mild-steel, stainless-steel and 

outside diameter, respectively. N1 denotes the nominal concrete grade of the tube infill, being 1 and 2 

for 20 and 50 MPa concrete, respectively. An N1 value equal to 0 refers to hollow SWTs. Three different 

outside diameters were considered in the tests that were modelled namely, 152 mm, 203 mm and 229 

mm, which are represented by N2 equal to 2, 3 and 4, respectively. In the labels, N3 denotes the nominal 
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wall thickness of the SWT used for the respective specimen (2 mm or 3 mm). The spiral weld tube 

geometry, shown schematically in Figure 1, was explicitly included in the modelled specimen geometry. 

For the CF-SWMSTs and CF-SWSSTs that were modelled, estimates of the respective average outer 

and inner weld bead thicknesses were used for the modelling. The average weld bead thicknesses, noted 

in Table 4, were estimated based on measurements taken of the respective mild- and stainless-steel 

SWTs, which are detailed in [5, 6].  

For the modelling, the tube geometry was initially created within the ABAQUS software. The created 

tube geometry was then used to generate the corresponding concrete core geometry, employing a 

Boolean ‘cut’ operation. A solid cylindrical tube, of diameter equal to the average of the outer and inner 

diameters of the respective SWT, was ‘cut’ using the defined SWT geometry. This resulted in a concrete 

core which included a groove which exactly matched the inner weld bead of the SWT.      

2.2 Element type and meshing 

For both the SWT and the concrete-core, eight-noded hexahedral solid elements with reduced 

integration and hourglass control (type ‘C3D8R’) were used for the FEM. Previous investigations have 

noted that the predicted behaviour for CFSTs in flexure is not particularly sensitive to the adopted mesh 

element size [25, 31]. Despite this, a maximum element size equal to D/15, consistent with that 

previously adopted by the authors [19, 32], was used for the work of this paper. Element sizes similar 

to or even finer than D/15 have also previously been used to model CFSTs in flexure, as can be seen 

from Table 1. The respective meshes of the modelled specimens were auto-generated by the software, 

which resulted in a ‘single-helix’ type mesh for the SWT as well as the outer surface of the concrete 

core. These meshes were effectively defined by lines running parallel to the weld seam and those 

perpendicular to the longitudinal tube axis, resulting in its ‘single-helix’ nature.   

2.3 Material modelling 

The concrete damaged plasticity (CDP) model, available within ABAQUS, was used to model the 

inelastic behaviour of the concrete core. To define the uni-axial behaviour of concrete in compression, 

the formulation proposed by Han et al. [33], was adopted. This formulation was previously used by Lu 

et al. [7] as well. In its formulation, the model of Han et al. [33] does not explicitly account for the 
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strength enhancement due to core confinement. However, it considers the increased ductility of CFST 

concrete cores compared to their unconfined counterparts. The uni-axial tensile behaviour of concrete 

was specified through defining a bi-linear stress-strain curve. Accordingly, the stress-strain behaviour 

in tension was linear until the tensile strength of concrete. Thereafter, the tensile stress reduced linearly 

to zero at a strain equal to ten times the cracking strain. For the analysis, the guidelines of [34] were 

used to calculate the tensile strength and initial modulus of each respective concrete core. The foregoing 

compressive and tensile stress-strain definitions were evaluated using the respective test day concrete 

cylinder compressive strengths (fcm), which are given in Table 4. For the CDP model, a dilation angle 

equal to 300 was adopted, while the definitions proposed by Tao et al. [35] were used to calculate the 

respective Kc and fb0/fc0 values. In the CDP model, Kc and fb0/fc0 are the ratios of second stress invariant 

on the tensile meridian to that on the compressive meridian, and initial equibiaxial compressive yield 

stress to initial uniaxial compressive yield stress, respectively. For the flow potential eccentricity of the 

CDP model, the default recommended value was used (i.e. 0.1). For the modelled CF-SWMSTs and 

CF-SWSSTs, a non-zero viscosity parameter, equal to 0.001, was adopted for the CDP model. Even 

though the recommended default value in ABAQUS for the viscosity parameter is 0.0, the use of 0.0 

resulted in premature termination of the FEM runs due to apparent numerical instabilities. It has been 

previously reported that the use of a viscosity parameter equal to 0.001 results in significantly improved 

convergence with minimal loss of accuracy [36].  

Consistent with previously reported investigations of CFSTs in flexure, Von-Mises plasticity with 

associated flow and isotropic hardening was adopted for the mild-steel and stainless-steel material 

behaviour. The uni-axial stress-strain curve formulations used for the mild-steel and stainless-steel 

SWTs are shown in Figure 2. A multi-linear stress-strain curve was considered for the mild-steel which 

was consistent with that previously used by the authors [19], as well as by Moon et al. [8]. For mild-

steel, the strain at the start of the work hardening region (0.01) and the strain-hardening modulus were 

based on the behaviour obtained experimentally through tensile coupon tests. For the stainless-steel 

SWTs, the stress-strain formulation proposed by Quach et al. [37] and Abdella et al. [38] was used to 

model the uni-axial behaviour. The stress-strain curves shown for stainless-steel in Figure 2 were based 
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on the experimentally obtained average material strength and stiffness parameters, as reported in [5, 6]. 

For mild-steel, the average initial modulus was 200 GPa. The average initial moduli and Ramberg-

Osgood [39] non-linearity coefficients for stainless-steel SWTs of nominal wall thickness 2 mm and 3 

mm were 187 and 197 GPa, and 7.50 and 8,44, respectively.  

2.4 Steel-concrete interaction 

The contact interaction option in ABAQUS was used to define the interaction between the inside surface 

of the SWT and the outside surface of the concrete core. The steel tube inside surface was defined as 

the master surface while the core outside surface was assigned as the slave. In the literature, where the 

contact definition of ABAQUS has been used for CFSTs, there is some inconsistency as to the 

assignment of master and slave surfaces. For this reason, the sensitivity of the behaviour predicted by 

the FEM, to the reversal of the master-slave definition, was also evaluated. This is discussed further in 

Section 4. A ‘small sliding’ formulation was adopted for the contact definition. As seen from Table 3, 

both ‘small sliding’ as well as ‘finite sliding’ formulations have been used in previously reported FEM 

studies. The sensitivity of the FEM results to this modelling assumption was also evaluated and is 

reported in Section 4. In the contact definition, a ‘hard’ contact definition was adopted in the normal 

direction, which results in a pressure-overclosure behaviour in the normal direction. In the tangential 

direction, a friction-based contact was defined along with a friction coefficient equal to 0.25. A friction 

coefficient of 0.25 was also used for the FEM carried out by Hu et al. [25] and Lu et al. [7]. Even though 

a default value of 0.25 was considered for the friction coefficient, for the FEM runs of specimens 

M2D23 and M2D33 a friction coefficient equal to 0.6 had to be used. This is because the respective 

FEM runs using the default value terminated prematurely, due to numerical instabilities.  

2.5 Boundary conditions and loading 

As reported in [5, 6], a simply supported four-point bending test setup was utilised for the flexural tests 

that were carried out. The respective simply supported span lengths (L) and shear spans (a) of the 

respective tests are given in Table 4. The typical experimental test setup used for the flexural tests that 

were modelled is shown by way of example in Figure 3a. In the experimental tests, 50 mm thick steel 

collars were utilised at the loading and support points. These steel collars were also explicitly modelled 
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in the FEM that was carried out. The typical FE model setup that was considered for the work of this 

paper is shown in Figure 3b. Only one half of the respective collars were considered for the FEM. This 

was deemed acceptable since, the upper and lower halves of the collars at the support and loading points, 

respectively, were only nominally bolted to the other halves (purely for the purpose of stability alone). 

The geometries of the collars were generated using Boolean cut operations, to result in contact surfaces 

which exactly matched the respective areas of the SWT outer surface. ‘Tie’ constraints were defined 

between the respective collar contact surface and the outer surface of the SWT. For the FEM that was 

carried out, the loading and support collars, which were fabricated from mild-steel, were assumed to 

undergo purely elastic deformations. Accordingly, the collars were specified only elastic material 

properties namely, an elastic modulus equal to 200 GPa and a Poisson’s ratio of 0.3.  

Boundary restraints were specified for the centrelines of the bottom surfaces of the respective support 

collars. One end was restrained against translation in all three degrees of freedom as well as rotation 

about the vertical and longitudinal axes. The other end was restrained in a similar manner, except that 

it was free to translate in the longitudinal direction. At both ends, rotation about the transverse axis was 

not restrained. This mirrored the support conditions that were used for the corresponding experimental 

tests. For the FEM runs, equal loads were applied to the top surfaces of the of the loading clamps in a 

monotonically increasing manner. The loading for each surface was specified through a reference point, 

as shown in Figure 3b, which was located at a nominal vertical offset (10 mm) to the centroid of the 

respective surface. Displacement control loading was applied during the respective experimental tests. 

However, since monotonically increasing load-deformation behaviour was obtained for all the flexural 

tests, the load-control loading adopted for the FEM was deemed acceptable.  

The orientation of each modelled specimen was the same as that of the corresponding experimental test, 

reported in [5, 6]. Except for specimens S1D33 and S2D33, the spiral weld seam was located at the 

maximum tensile fibre at mid-span. For S1D33 and S2D33, the weld seam was positioned at the 

maximum compressive fibre at mid-span. For all specimens, multiple revolutions of the spiral weld 

seam were located within the constant moment region of the test setup.  
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The ‘Static-General’ analysis step was used for the FEM. Geometrical non-linearity was also considered 

for the analyses. For each FEM run, the analysis was continued at least until the maximum longitudinal 

tensile strain exceeded 0.01. In fact, except for the FEM runs of M2D43, S(1,2)D33, S(1,2)D4(2,3), the 

analysis was continued for mid-span vertical displacements greater than the maximum displacements 

the corresponding test specimens were subjected to. Due to time constraints, the runs of the seven 

specimens referred to above were terminated at lesser deformations. For each FEM run, the vertical 

displacement at the mid-span tensile extreme, and longitudinal and circumferential strains at the mid-

span tensile and compressive extremes, were output from the analysis.    

2.6 Consideration of imperfections  

To ascertain the need to include initial imperfections of the SWTs in the analysis, FEM was carried out 

of flexural tests the authors had conducted on hollow mild-steel and stainless-steel SWTs. These 

flexural tests have previously been reported by the authors in [5, 6]. The twelve tested hollow SWTs 

had the same nominal geometry as the corresponding CF-SWMSTs and CF-SWSSTs. Geometrical 

details of the tested hollow mild- and stainless-steel SWTs are given in Table 5. The setup utilised for 

the flexural testing of the hollow SWTs was the same as that used for the concrete-filled specimens. 

The FEM modelling approach, as described in Sections 2.1 - 2.5 (but sans the concrete core), was also 

followed to model the flexural tests of the hollow SWTs.  

To evaluate the effect of element type on the predicted behaviour, two types of elements were 

considered for the FEM. In addition to C3D8R elements, eight-noded hexahedral elements with 

incompatible modes (C3D8I) were also used. For each tested hollow SWT, three FE models were 

analysed. These were: 

 Using C3D8R elements with no consideration of initial imperfections (‘zero imp C3D8R’) 

 Using C3D8I elements with no consideration of initial imperfections (‘zero imp C3D8I’) 

 Using C3D8I elements with initial imperfections defined (‘0.003D imp C3D8I’) 

The initial imperfection profiles for the respective mild- and stainless-steel SWTs were approximated 

using the buckling modes shown in Figure 4. These buckling modes were obtained through eigenvalue 
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analyses by subjecting the respective hollow SWTs to a state of pure bending, by applying equal and 

opposite bending moments to the tube ends in the respective FE models. For the eigenvalue analysis, 

the steel collars were not included. An amplitude of 0.003D was used together with the respective 

buckling mode shapes to define the initial imperfection profile. It should be noted that the buckling 

modes shown in Figure 4, are not necessarily the respective first buckling modes. The choice of 

buckling mode to model the initial imperfection profile was made based on the mode which gave clear 

perturbations (‘ripples’) in the constant moment region as per the respective test setup.  

The moment – vertical displacement (M – δm) variations at mid-span and failure modes predicted by 

the respective FEM runs are compared to the corresponding experimental observations in Figures 5 to 

8. The respective actual to predicted moment capacity ratios are listed in Table 5. The moments were 

calculated based on the applied loading and respective shear span values. The moment capacities (Mexp, 

MFEM) were taken to be the maximum moments of the respective M – δm plots.  

The FEM runs using C3D8I elements generally predicted a failure mode consisting of inward-outward 

local buckling, while the runs using C3D8R elements predicted failure modes with primarily outward 

buckles. The ‘wrinkly’ nature of the local buckling increased when initial imperfections were 

considered for the FEM runs that used C3D8I elements. Except for specimen M0D32, the runs using 

C3D8I elements resulted in failure modes which were in closest agreement to the experimentally 

obtained failures. For M0D32, an outward local buckling mode near the loading collars, similar to that 

predicted by the FE model which used C3D8R elements, was observed experimentally.  

It should be noted that for several specimens, the experimentally observed local buckling failures 

occurred near the spiral weld seam. This was the case for specimens, M0D22, S0D22, S0D23 and 

S0D42. However, none of the respective FEM runs replicated this observed behaviour.  

From the M – δm plots, it was clear that the predictions of the runs using C3D8I elements were in better 

qualitative agreement with the corresponding experimentally obtained behaviour. On average, the 

moment capacities predicted by the FEM runs which used C3D8I elements and did not consider any 

initial imperfections gave the best agreement with the corresponding experimentally obtained 
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capacities. This can be seen in Table 5, where the actual to predicted moment capacity ratio, on average, 

is closest to 1.0 for those FEM runs.  

Based on the foregoing, it was determined that for the modelled CF-SWMSTs and CF-SWSSTs, the 

inclusion of initial imperfections was not warranted. While the element type C3D8I was clearly 

identified as being more suitable for modelling hollow SWTs, for the FEM of the concrete-filled SWTs, 

C3D8R elements were used. When used to model concrete-filled SWTs, C3D8I elements resulted in 

numerical instabilities and significantly larger output file sizes. Comparatively, the use of C3D8R 

elements resulted in better convergence and more efficient use of computational resources. In addition, 

with regard to CF-SWMST and CF-SWSST columns, the authors have previously shown that the use 

of C3D8R elements, compared to using C3D8I elements, results in negligible difference of the predicted 

behaviour. For these reasons, the use of C3D8R elements, as mentioned in Section 2.2, was deemed 

acceptable. 

3 Results and discussion 

3.1 Moment -  deformation behaviour 

The variations of mid-span bending moment with mid-span vertical displacement (M – δm), predicted 

for the modelled CF-SWMSTs and CF-SWSSTs, are compared to the corresponding experimentally 

obtained variations in Figures 9 and 10. In Figures 9 and 10, the respective mid-span vertical 

displacements have been converted into effective curvatures (κ), as per Equation (1). Equation (1) 

assumes that the vertical displacement profile can be approximated using a half-sine wave. This 

assumption is consistent with the experimentally obtained behaviour, as reported previously by the 

authors in [5, 6]  The mid-span bending moment was calculated as per equation (2). In Equation (2), 

‘P’ refers to the load applied to the reference point attached to the respective loading collar in the FEM, 

as described in Section 2.5.   

κ=
π

L

2
δm            (1) 

M = P a            (2) 
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From the M – δm plots, good agreement was observed between the experimental and predicted initial 

bending stiffness values. This was the case for the modelled CF-SWMSTs as well as CF-SWSSTs. 

For the modelled CF-SWMSTs and CF-SWSSTs, it was seen that at larger deformations (larger 

equivalent curvatures) the predicted variations diverge significantly from those obtained 

experimentally. The FEM predicted a greater level of strength gain (increase in moment capacity) with 

deformation than observed in the corresponding experiments. This indicated that the material models 

adopted for the FEM may have overestimated the increase in moment capacity at large deformation 

levels. In relation to the afore-described comparison, for a particular specimen geometry, similar 

behaviour was observed irrespective of the infill concrete strength. The magnitude of overstrength 

predicted by the FEM at larger deformations was notable for all the modelled specimens, except for 

those with the two smallest nominal section slenderness values. Nonetheless, the divergence from the 

experimentally obtained variations was most significant for the modelled specimens with the two largest 

nominal D/t values (i.e. 101.5 and 114.5).  

On the other hand, for the modelled CF-SWMSTs, the onset of non-linearity of the M – κ plots was 

best predicted for the specimens with two largest section slenderness values as well. For the other CF-

SWMSTs, the FEM predicted loss of linearity at much lower moment levels than observed in the 

corresponding experimental variations. The onset and progression of non-linearity was observed to be 

better predicted for CF-SWSSTs compared to the corresponding mild-steel counterparts. This was the 

case even for CF-SWSST specimens of smaller section slenderness, contrary to what was observed for 

CF-SWMSTs.  

3.2 Predicted deformation modes 

The predicted deformations for four representative CF-SWMSTs and CF-SWSSTs each are shown in 

Figures 11 and 12. The mid-span vertical displacement of each of the deformed states shown in Figures 

11 and 12 correspond to the respective maximum mid-span displacement the corresponding 

experimental specimen was subjected to. The deformation modes predicted by the FEM were similar, 

irrespective of the infill concrete strength, tube material type, or section slenderness. A flexurally 

deformed shape was predicted along with local buckling in the maximum compressive region. While 
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the predicted local buckling pattern was not the same for the different specimens that were modelled, it 

was observed that local buckles formed near the loading collars for every specimen. In general, a greater 

number of local buckles were observed to form, in the constant moment region, for CF-SWMSTs 

compared to the corresponding CF-SWSSTs.  

The predicted local buckling patterns are compared to those that were observed experimentally in 

Figures 13 and 14. In Figures 13 and 14 (as well as in Figures 11 and 12) the contours shown correspond 

to longitudinal strain. The locations with a high concentration of contours correspond to local buckles 

that had initiated and developed prior to the respective deformation levels shown in the figures. While 

the experimentally obtained buckling patterns were not replicated exactly, there was good qualitative 

agreement between the actual and predicted local buckling patterns.  

As can be seen from Figures 13 and 14, even for the specimens for which local buckling was not 

observed experimentally, the FEM predicted the initiation of local buckles (e.g. M2D23). This indicated 

that if the respective specimens had been subjected to greater deformations during the experiments, 

local buckling would have been visually observable for those specimens as well. Consistent with the 

experimentally observed behaviour, it was also observed that the initiation and development of local 

buckling did not appear to inhibit the monotonically increasing nature of the predicted moment 

deformation behaviour.  

As expected, the predicted local buckling pattern was less apparent for the specimens for which the 

FEM runs were not continued until deformation levels the corresponding experimental specimens were 

subjected to. Nonetheless, even for those specimens, indications of the initiation of local buckling can 

be seen in Figures 13 and 14 (i.e. for specimens M2D43, S(1,2)D33, S(1,2)D4(2,3)).  

3.3 Moment  - strain variation 

The predicted variations of mid-span bending moment, with longitudinal (εlong) and circumferential 

(εtrans) strains at the tensile and compressive extremes at mid-span, are compared to the corresponding 

experimental measurements in Figures 15 to 18. In Figures 15 to 18, ‘TL/TC’ and ‘BL/BC’ refer to the 

strain gauges that were installed in the respective experiments, as reported in [5, 6]. Strain gauges 
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TL/TC and BL/BC measured the longitudinal and circumferential strains at the compressive extreme 

and tensile extreme, respectively. For some specimens in Figures 15 to 18, strain data was not recorded 

during the respective experiments due to equipment malfunctions. These are details in [5, 6].  

Except for specimens S1D33 and S2D33, the spiral weld seam at mid-span was located at the extreme 

tensile fibre. As a result, the maximum tensile εlong in the respective FEM runs occurred at a slight 

longitudinal offset to the mid-span section. Therefore, the predicted strains corresponding to BL/BC 

were taken at this offset location. This was consistent with the procedure followed during the respective 

experiments, as the strain gauges BL/BC were also affixed to the outer surface of the SWT with a small 

longitudinal offset, due to the presence of the weld seam. For specimens S1D33 and S2D33, a similar 

procedure was adopted for the strains at the extreme compressive fibre.     

There was good agreement between the experimental and predicted initial gradients of the M – ε 

variations. In relation to the overestimation of moment increase at larger deformations and loss of non-

linearity, M – ε variations also displayed the characteristics discussed in Section 3.1. Where a local 

buckle initiated and developed at the mid-span section, increased variations of compressive longitudinal 

strain were noted in the respective M – ε plots (e.g. – M1D23). In general, the predicted strain variations 

were observed to qualitatively capture the experimentally observed behaviour.  It should be noted that 

the strains at which significant divergence of the predicted and experimental variations were observed 

were much greater than 0.01. It has previously been reported that strains greater than 0.01 are typically 

not of general structural interest [40].  

3.4 Comparison of experimental and predicted moment capacities   

The predicted longitudinal tensile strains at the mid-span tensile extreme were also used to obtain 

estimates of the moment capacities corresponding to the respective FEM runs (M0.01_FEM). For 

consistency of comparison, the moment corresponding to a maximum longitudinal strain of 0.01 was 

adopted as the definition of moment capacity in this study. The respective M0.01_FEM values are listed in 

Table 4 along with the corresponding experimentally obtained values (M0.01_exp), which were reported 

in [5, 6]. The variations of the actual to predicted moment capacity ratios (M0.01_exp/ M0.01_FEM) with 

section slenderness (D/t) are shown in Figure 19.  
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On average, for both CF-SWMSTs and CF-SWSSTs, the moment capacities predicted by the FEM were 

conservative or in close agreement with the experimentally obtained values. For the modelled CF-

SWMSTs and CF-SWSSTs, the average actual to predicted moment capacity ratio was 1.07 and 1.00, 

respectively. The corresponding M0.01_exp/ M0.01_FEM ranges were 0.98 – 1.19 and 0.92 – 1.11, 

respectively. The predicted capacities were generally conservative for the modelled CF-SWMSTs, with 

the conservativeness notably decreasing in relation to CF-SWSSTs. The actual to predicted capacity 

ratio appeared to be independent of the infill concrete strength.  

A decreasing trend was observed for the M0.01_exp/ M0.01_FEM ratio with increasing D/t for both CF-

SWMSTs and CF-SWSSTs. This suggested that the adopted material models may only be 

representative for CF-SWMST and CF-SWSST specimens for a limited section slenderness range. For 

the modelled CF-SWSSTs, the actual to predicted moment capacity ratio was less 1.00 for seven out of 

the eight specimens which had nominal D/t values greater than 76. For the corresponding CF-SWMSTs, 

the ratios were much closer to or greater than 1.0. These observations further suggested that the ranges 

of applicability of the material models used for the FEM may be different for CF-SWSSTs compared 

to CF-SWSSTs. This indicated that separate material model formulations may be warranted for the 

FEM of CF-SWSSTs in flexure. 

3.5 Comparison of FEM predictions with codified predictions 

The moment capacities predicted by the FEM runs were also compared to those calculated as per 

several, commonly used, international design standards relating to carbon-steel CFSTs. These were 

namely AS 2327 [41], Eurocode 4 [42], AISC-360 [43], AIJ-2001 [44], CAN/CSA S16-01 [45] and 

GB-50936 [46]. The corresponding FEM and codified capacities are compared in Table 6, which lists 

the corresponding FEM to codified capacity ratios (M0.01_FEM/Mstandard). The codified capacities and the 

calculation methodology are described in detail in [5, 6].  It was observed that the capacities predicted 

by the FEM were generally notably greater than those calculated as per the codified guidelines. This 

was the case for all the standardised guidelines that were considered except for GB-50936. While on 

average, the FEM predictions were less than those of GB-50936, the ratios corresponding to the 

individual specimens were not so consistently. The comparison between the FEM predictions and the 
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codified capacities was similar irrespective of the material type of the SWT. In general, the ratios listed 

in Table 6 showed that closer agreement with the actual moment capacity can be obtained through FEM 

compared to the different standardised methods.  

4 Sensitivity study     

The sensitivity of the results predicted by the FEM, to several modelling assumptions and material 

model parameters, was also evaluated as part of this study. The respective modelling assumptions and 

model parameters that were considered for the sensitivity study are listed below. The default 

options/values used for the FEM are noted together with the alternates considered to assess the 

sensitivity. 

1. Dilation angle considered for the CDP model (200
,
 250 and 350 considered, 300 default,) 

2. Friction coefficient for tangential contact (0.1 and 0.6 considered, 0.25 default) 

3. Element type (C3D8I considered, C3D8R default) 

4. Sliding type in ABAQUS contact definition 

5. Definition of master-slave surface pair for ABAQUS contact definition (outside surface of 

concrete core defined as master, in default runs inside surface of SWT was specified as the 

master surface) 

6.  Alternative definition of uni-axial behaviour of concrete in tension (global fracture energy 

approach as per [22] considered, defined using stress-strain data for default runs) 

7. Mesh element size (D/6 and D/10 considered, D/15 default) 

8. Viscosity parameter (0 and 0.0005 considered, 0.001 default) 

9. Outer and inner weld bead thickness (zero thickness considered, default as per Table 4) 

The sensitivity was quantified by evaluating the percentage variation in the estimated moment capacity 

(M0.01_FEM), compared to the default capacity, corresponding to each of the afore-listed considerations 

in turn. To evaluate the sensitivity, only one assumption/parameter was modified at a time. The 

sensitivity was assessed using the FE model of specimen M1D23. It should be noted that for the FEM 

runs relating to considerations (3), (5) and (9) listed above, a friction coefficient of 0.6 was utilised for 
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the analysis. This was because the respective runs with the default friction coefficient value terminated 

prematurely due to numerical instabilities.  

A separate sensitivity evaluation was not considered for the modelled CF-SWSSTs. This was deemed 

acceptable since the authors have previously found that, in relation to CF-SWSST and CF-SWMST 

columns, the respective sensitivities of the FEM predictions are largely equivalent. The percentage 

variations of the moment capacity, corresponding to each sensitivity consideration listed above, are 

given in Table 7. As can be seen from Table 7, there was negligible difference in the predicted capacities 

between the default FEM run and that using a friction coefficient of 0.6. Hence, using a friction 

coefficient of 0.6, when numerical instabilities were encountered with the default value of 0.25, was 

deemed acceptable for the purposes of the sensitivity study. 

It was observed that except for the consideration of a non-zero viscosity parameter, the moment capacity 

predicted by the FEM was negligibly sensitive to the modelling considerations that were investigated.  

A predicted capacity difference of less than 5% was observed between the FEM runs which considered 

viscosity parameters equal to 0.001 (default) and 0.0005. The analysis terminated prematurely when 

values of 0 and 0.0001 were considered. It should be noted that the respective analyses ended 

prematurely, even when a friction coefficient value of 0.6 was trialled. Thus, it was clear that specifying 

a non-zero viscosity parameter was required for convergence. Given this context as well as due to the 

small difference in predicted capacities corresponding to viscosity parameters 0.001 and 0.0005, the 

value used as default for the FEM was deemed acceptable. 

Based on the observed capacity variation corresponding to consideration (9) listed above, the FEM 

predictions appear to be negligibly sensitive to the explicit consideration of the spiral weld seam cross 

section (i.e. the consideration of non-zero outer and inner bead thicknesses).  

5 Limitations of study 

As stated in Section 1, the existence of high levels of residual stresses of complex distribution has been 

widely reported for carbon-steel SWTs. Although not explicitly previously reported. it can be rationally 

expected that the same would apply to stainless-steel SWTs as well. Such residual stresses can 
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potentially affect the ULS structural behaviour of concrete-filled SWTs. However, residual stresses 

were not explicitly considered in the FEM that was carried out. Including residual stresses in FE models 

of SWTs is impaired by the fact that, unlike for their longitudinally welded counterparts, no models 

have been proposed for the residual stress distribution of SWTs. In addition, comprehensive and 

complete measurements of residual stresses in SWTs have also not been reported. The non-inclusion of 

residual stresses is, thus, a clear limitation of the FEM work described in this paper. Despite this 

limitation, it should be noted that satisfactory predictions of the moment capacity behaviour were 

obtained for the modelled CF-SWMSTs and CF-SWSSTs. Nonetheless, ascertaining the effect of 

residual stresses on the behaviour predicted by the FEM warrants the focus of future studies in this area.     

6 Conclusions 

Based on the results obtained from the finite element modelling, the following conclusions can be 

arrived upon. 

1. Widely used FEM approaches appear to provide moment capacity predictions which are either 

conservative, or in close agreement with the corresponding experimental values, for CF-

SWMSTs and CF-SWSSTs, respectively. 

2. The deformation modes predicted by such FE modelling, for CF-SWMSTs and CF-SWSSTs, 

were also observed to be in close qualitative agreement with the corresponding experimental 

behaviour. 

3. This study provided evidence of the capability of commonly used FEM methods to act as a 

predictive tool for the flexural capacity behaviour of CF-SWMSTs and CF-SWSSTs. 

4. Moment capacities predicted for the CF-SWSSTs were distinctly less conservative compared 

to those of comparable CF-SWMSTs. Hence, it appears that separate material models are 

warranted for the FEM of CF-SWSSTs, distinct from those of CF-SWMSTs. 

5. The conservativeness of the predicted moment capacity decreased with section slenderness. 

This suggests that material model formulations can be further improved to better capture the 

flexural behaviour of CF-SWMST and CF-SWSST specimens of higher section slenderness. 
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6. In general, FEM provided less conservative moment capacity predictions compared to several 

commonly used codified methods. Hence, FEM could potentially be used to derive revised 

guidelines to provide moment capacities more closely aligned with the actual behaviour. 

7. The moment capacities predicted by the FEM were found to be negligible sensitive to the 

explicit modelling of the spiral weld seam geometry, though the non-consideration of residual 

stresses in the modelling may have contributed to this insensitivity. Future studies should 

ascertain the effects of explicitly considering residual stresses on the FEM predictions.    
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Table 1: Pertinent details of test specimens used to verify previously reported FEM approaches for CFSTs in flexure (SCC ≡ Self compacting concrete) 

Reference D (mm) t (mm) D/t fcm (MPa) fy (MPa) L/D Concrete 
type 

Tube type Circumferential 
element size 

Mexp/MFEM 
average 

Software 
used 

Hu et al. 
[25] 

280 4 70 24.2 285 12.64 Normal Not stated D/2.54 1.00 ABAQUS 

Lu et al. [7] 
– tests of 
[47-49] 

140, 180 3 46.7, 60 42.1, 51.4 235 5 - 12 SCC LWT 

D/8.91 

1.13 

ABAQUS 
33.7 - 110.9 1.0 - 3.4 13 - 110 23.4 365 - 460 12.6 - 41.6 Normal LWT ~1.17 

152 1.7 89.4 73 262 7.2 
High 

strength 
concrete 

LWT ~1.28 

Moon et al. 
[8] – tests 

of [9] 
508 6.4 79.4 84 - 94 521 10.8 

High 
strength 
concrete 

SWT D/6.37 0.94 ABAQUS 

Deng et al. 
[24] – tests 
of [49-51]   

219 3.7 59.2 46.4 340 13.5 - 14.2 
Normal 

Seamless 
D/5.09 

0.941 
ANSYS 

[52] 
140, 180 3 46.7, 60 42.1, 51.4 235 5 - 12 LWT 1.01 
406, 456 6.4 63.4, 71.3 40 – 56 350 9.4, 8.3 LWT 0.927 

Elchalakani 
et al. [26] 

33.7 - 110.9 1 - 3.35 13 - 110 23.4 365 - 460 12.6 - 41.6 Normal LWT D/15.3 ~1 ABAQUS 

Hou et al. 
[30] 

160 3.83 41.8 49 408.8 6.6 SCC LWT D/12.7 ~1 ABAQUS 

Serras et al. 
[53] using 

tests of [49] 
and [54] 

140, 180 3 46.7, 60 42.1, 51.4 235 6, 5 SCC 

LWT D/11.45 
Not 

reported 
ATENA 

[21] 150 6 25 42.4 788 7.3 Normal 

Abed et al. 
[55] 

114 8.5 13.5 39.4 245 8.8 Normal Seamless D/8.91 
Not 

reported 
ABAQUS 

Lehman et 
al. [27] 

508 6.35 80 41.5 - 65.2 342 - 392 1.5 - 3 Normal LWT D/20.4 1.06 ABAQUS 

Liu et al. 
[23] 

194 10 19.4 Grade 40 245 14.5 Normal Not stated D/9.7 Not stated ABAQUS 

Al Zand et 
al. [28] 

165 2.7 61.1 29.7 346 11.2 Normal LWT D/10.2 Not stated ABAQUS 
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Table 2: Material models used for previously reported FEM studies of CFSTs in flexure 

Reference 
Concrete constitutive 

model 

Concrete uni-axial 
compressive 
behaviour 

Concrete uni-axial 
tensile behaviour 

Steel 
constitutive 

model 

Steel uni-axial 
behaviour in tension 

and compression 

Steel element 
type 

Concrete 
element type 

Hu et al. 
[25] 

Linear Drucker – Prager 
yield criterion  

Confined concrete 
stress strain curve 

as per [56] 
Not stated 

Von Mises 
plasticity 

with 
associated 
flow and 
isotropic 
hardening 

 

Elastic-perfectly plastic Solid (C3D20R) 

Lu et al. [7] CDP 
As per Han et al. 

[33] 
As per [22] using 
equation of [57] 

Five stage model 
defined in [58] 

Shell (S4R) Solid (C3D8R) 

Moon et al. 
[8] 

CDP 
Unconfined stress 
strain curve as per 

[56]  

Linear post-
cracking stress 

strain curve  

Tri-linear stress strain 
curve based on 
measured data 

Shell (S4R) Solid (C3D8R) 

Deng et al. 
[24] 

Drucker-Prager 
constitutive model 

Not stated N/A Elastic-perfectly plastic Solid Solid  

Elchalakani 
et al. [26] 

CDP 
Confined concrete 
stress strain curve 

as per [59] and [60] 
Not stated 

Ramberg-Osgood model 
[39] 

Solid (C3D8R) Solid (C3D8R) 

Hou et al. 
[30] 

CDP As per  [33] Not stated Measured data used Solid (C3D8R) Solid (C3D8R) 

Serras et al. 
[53] 

Model of Menetrey and Willam [20] 
Two stage model with 

linear hardening 
Shell Solid 

Abed et al. 
[55] 

CDP 
Confined concrete 
stress strain curve 

as per [61] 
Not stated Measured data used Solid (C3D8R) Solid (C3D8R) 

Lehman et 
al. [27] 

CDP 
As per Moon et al. 

[8] 
Multi-linear post-

cracking curve  
Tri-linear model Shell (S4R) Solid (C3D8R) 

Liu et al. 
[23] 

CDP 
Confined concrete 
stress strain curve 

as per [61] 

Linear post-
cracking stress-

strain curve 

Bi-linear model with 
linear strain hardening 

Solid (C3D8R) Solid (C3D8R) 

Al Zand et 
al. [28] 

CDP 

Confined concrete 
curve formulation 
as per [62] with 

confining stress as 
per [63] 

Post cracking 
softening curve as 
per [64] and [65] 

Bi-linear model Solid (C3D8R) Solid (C3D8R) 

 

344



25 
 

 
 

Table 3: Dilation angles, friction coefficients, and imperfection modelling of previously reported FEM studies of CFSTs in flexure 

Reference Dilation angle (of CDP 
model) 

Friction 
coefficient 

Sliding type for contact definition  Imperfection modelling 

Hu et al. [25] Not stated 0.25 Small sliding Not stated 
Lu et al. [7] Not stated 0.25 Small sliding Not stated 
Moon et al. [8] 200 0.47 N/A, GAP elements used for 

contact 
Not stated 

Deng et al. [24] N/A N/A N/A, Full bond assumed Not stated 
Elchalakani et al. [26] 150, 350 Not stated Finite sliding Not stated 
Hou et al. [30] Not stated 0.60 Not stated Not considered 
Serras et al. [53] N/A 0.47 N/A – interface elements used Not stated 
Abed et al. [55] 360 0.30 Finite sliding Not stated 
Lehman et al. [27] 200 0.37 Not stated Not stated 
Liu et al. [23] Not stated 0.60 Finite sliding Modelled using first buckling mode 

with amplitude equal to 0.001L 
Al Zand et al. [28] Not stated 0.75 Not stated Not stated 
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Table 4: Details of modelled CF-SWMSTs and CF-SWSSTs 

Label D 
(mm) 

t 
(mm) 

D/t L 
(mm) 

a 
(mm) 

fcm 
(MPa) 

fy or 
f0.2% 

(MPa) 

Weld 
pitch 
(mm) 

Weld 
width 
(mm) 

Outer 
weld  

bead avg. 
(mm) 

Inner  
weld bead 
avg. (mm) 

M0.01_exp  
(kNm) 

M0.01_FEM 
(kNm) 

M0.01_exp / 
M0.01_FEM 

 

M1D22 152.86 1.94 79.0 1930 524 18.2 234.9 220.3 8.0 

1.50 
 

0.47 
 

18.7 15.7 1.19 
M2D22 152.78 1.92 79.8 1930 528 53.7 234.9 220.6 7.8 19.9 18.2 1.09 
M1D23 153.39 2.85 53.8 1930 580 18.3 251.7 386.8 8.7 24.4 21.0 1.16 
M2D23 153.47 3.01 51.0 1930 579 53.4 251.7 386.2 7.6 27.2 24.6 1.11 
M1D32 202.69 1.87 108.6 2573 774.5 23.3 234.9 515.4 8.2 27.8 28.3 0.98 
M2D32 202.32 1.85 109.2 2573 774.5 57.2 234.9 515.6 7.6 31.2 31.5 0.99 
M1D33 202.60 2.86 70.8 2573 774.5 23.9 251.7 517.4 8.7 42.6 40.2 1.06 
M2D33 202.71 2.85 71.2 2573 774.5 56.8 251.7 517.4 9.2 48.1 44.7 1.08 
M1D42 229.63 1.95 118.1 3155 1065.5 24.5 234.9 481.8 7.7 36.5 36.8 0.99 
M2D42 229.99 1.93 119.1 3155 1065.5 57.8 234.9 483.8 8.2 43.8 42.9 1.02 
M1D43 229.25 2.90 79.1 3155 1065.5 24.7 251.7 483.3 9.6 56 52.0 1.08 
M2D43 229.85 2.88 79.9 3155 1065.5 57.9 251.7 483.3 9.2 64.7 58.7 1.10 

Avg.              1.07 
S1D22 153.54 2.07 74.0 1930 580 18.4 262.5 386.60 6.25 

1.54 0.55 

17.0 18.1 0.94 
S2D22 153.01 2.04 74.9 1930 579 53.4 282.8 383.80 6.50 20.0 20.5 0.97 
S1D23 153.53 3.03 50.8 1930 580 18.1 262.5 386.40 6.94 26.8 25.2 1.06 
S2D23 153.39 3.01 50.9 1930 579 53.3 282.8 386.20 7.55 28.4 27.7 1.02 
S1D32 203.21 2.05 99.0 2573 774.5 24.1 262.5 515.20 7.79 32.9 33.6 0.98 
S2D32 202.98 2.03 99.9 2573 774.5 57.3 282.8 513.60 7.33 37.5 38.3 0.98 
S1D33 203.04 3.04 66.7 2573 774.5 24.0 262.5 338.63 7.78 51.0 48.1 1.06 
S2D33 203.11 3.01 67.5 2573 774.5 57.4 282.8 341.00 7.62 58.9 52.9 1.11 
S1D42 229.68 2.09 110.2 3155 1065.5 24.5 262.5 480.58 7.95 42.1 45.9 0.92 
S2D42 229.81 2.05 112.3 3155 1065.5 57.7 282.8 481.83 7.60 48.3 51.7 0.94 
S1D43 229.33 3.10 74.1 3155 1065.5 24.6 262.5 480.00 7.34 62.3 63.7 0.98 
S2D43 229.59 3.07 74.9 3155 1065.5 57.8 282.8 482.67 8.47 71.4 70.3 1.02 
Avg.              1.00 
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Table 5: Details of modelled hollow mild- and stainless-steel SWTs 

Label 
D 

(mm) 
t (mm) D/t a (mm) 

L 
(mm) 

Weld 
pitch 
(mm) 

Weld 
width 
(mm) 

Outside 
bead 
avg. 

(mm) 

Inside 
bead 
avg. 

(mm) 

Mexp 
(kNm) 

Mexp/ MFEM 
zero 
imp 

C3D8R 

zero 
imp 

C3D8I 

0.003D 
imp 

C3D8I 
M0D22 152.82 1.93 79.4 550 1980 220.5 7.9 

1.50 
 

0.47 
 

11.8 1.33 1.19 1.28 
M0D23 153.43 2.93 52.4 550 1980 386.5 8.1 18.9 1.26 1.17 1.17 
M0D32 202.51 1.86 108.9 774.5 2573 515.5 7.9 17.3 1.13 1.06 1.20 
M0D33 202.65 2.85 71.0 774.5 2573 517.4 8.9 30.9 1.22 1.11 1.17 
M0D42 229.81 1.94 118.6 1097.5 3155 482.8 7.9 21.6 1.05 0.98 1.12 
M0D43 229.55 2.89 79.5 1097.5 3155 483.3 9.4 38.1 1.16 1.05 1.14 
Average           1.19 1.09 1.18 
S0D22 153.81 2.03 75.77 578 1930 385.80 6.82 

1.54 0.55 

13.1 1.24 1.04 1.17 
S0D23 153.58 3.02 50.85 582 1930 387.80 8.13 22.1 1.18 1.04 1.11 
S0D32 203.10 2.04 99.56 774.5 2573 514.40 7.56 20.7 1.10 0.94 1.11 
S0D33 203.08 3.03 67.02 946.5 2573 339.81 7.70 39.1 1.24 1.03 1.03 
S0D42 229.74 2.07 110.99 1097.5 3155 481.21 7.77 27.0 1.14 0.94 1.17 
S0D43 229.61 3.04 75.53 1097.5 3155 481.75 8.77 43.5 1.09 0.92 1.07 

Average           1.17 0.99 1.11 
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Table 6: Comparison of capacities predicted by the FEM and those predicted by codes of practice 

Label M0.01_FEM (kNm) 
M0.01_FEM/Mstandard 

AS 2327 EC4 AISC-360 AIJ CAN/CSA S16-01 GB50936 
M1D22 15.7 1.38 1.38 1.25 1.18 1.22 1.16 
M2D22 18.2 1.49 1.49 1.35 1.27 1.32 0.66 
M1D23 21.0 1.23 1.23 1.11 1.05 1.08 1.24 
M2D23 24.6 1.26 1.26 1.14 1.08 1.10 0.78 
M1D32 28.3 1.40 1.40 1.29 1.19 1.23 0.88 
M2D32 31.5 1.46 1.46 1.34 1.25 1.30 0.48 
M1D33 40.2 1.27 1.27 1.15 1.08 1.12 1.03 
M2D33 44.7 1.32 1.32 1.19 1.13 1.16 0.62 
M1D42 36.8 1.33 1.33 1.24 1.14 1.19 0.78 
M2D42 42.9 1.47 1.47 1.35 1.25 1.30 0.45 
M1D43 52.0 1.25 1.25 1.13 1.07 1.11 0.95 
M2D43 58.7 1.31 1.31 1.20 1.12 1.16 0.56 

Avg.  1.35 1.35 1.23 1.15 1.19 0.80 
S1D22 18.1 1.34 1.34 1.21 1.15 1.18 1.20 
S2D22 20.5 1.34 1.34 1.20 1.14 1.18 0.70 
S1D23 25.2 1.36 1.36 1.22 1.15 1.19 1.40 
S2D23 27.7 1.27 1.27 1.15 1.09 1.11 0.84 
S1D32 33.6 1.36 1.36 1.22 1.16 1.20 0.95 
S2D32 38.3 1.37 1.37 1.24 1.18 1.22 0.55 
S1D33 48.1 1.38 1.38 1.24 1.18 1.22 1.17 
S2D33 52.9 1.33 1.33 1.20 1.14 1.17 0.70 
S1D42 45.9 1.42 1.42 1.27 1.21 1.25 0.92 
S2D42 51.7 1.41 1.41 1.27 1.21 1.25 0.51 
S1D43 63.7 1.39 1.39 1.26 1.19 1.23 1.11 
S2D43 70.3 1.34 1.34 1.21 1.15 1.18 0.65 
Avg.  1.36 1.36 1.23 1.16 1.20 0.89 
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Table 7: Sensitivity of predicted moment capacity of specimen M1D23 to modelling assumptions and model parameters (┼ ≡ friction coefficient of 0.6 used) 

Sensitivity run M0.01_FEM (kNm) % variation w.r.t. default run 
Default M1D23 run 21.04  
Friction coefficient = 0.1 20.58 -2.2% 
Friction coefficient = 0.6 21.05 0.1% 
Dilation angle = 200 21.07 0.2% 
Dilation angle = 250 20.86 -0.8% 
Dilation angle = 350 21.98 -0.2% 
Finite sliding for contact definition 20.93 -0.5% 
Fracture energy definition for 
concrete in tension 

21.16 0.6% 

Maximum element size = D/10 21.54 2.4% 
Maximum element size = D/6 21.04 0.0% 
Viscosity parameter = 0 Terminated prematurely - 
Viscosity parameter = 0.0005 20.06 -4.6% 
Element type = C3D8I┼ 20.85 -0.9% 
Outside surface of concrete core 
defined as master surface┼ 

20.76 -1.3% 

Zero outer and inner beads┼ 21.33 1.4% 
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Figure 1: Schematic of spiral weld seam cross-section used for the FEM 

 

Figure 2: Mild-steel (MS) and stainless-steel (SS) stress-strain curves used for the FEM  a) complete 

curves and b) for strains less than 0.015
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Figure 3a) Typical test setup used for the experimental flexural tests that were modelled (setup used for S1D42 shown) 

 

 

 

Figure 3b) Typical loading and support setup considered for the FEM (model geometry of specimen S1D42 shown) 

 

Supporting 
collar 

Centreline of surface restrained, except for 
rotation about transverse axis and 

longitudinal translation 

 Loading assigned 
to reference points 

Supporting 
collar 

Loading 
collar 

Loading 
collar 

Centreline of surface restrained except for 
rotation about transverse axis 
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a) 

 

b) 

Figure 4: Buckling modes used to approximate initial imperfection profiles for hollow a) mild-steel SWTs and b) stainless-steel SWTs
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Figure 5: Comparison of experimental and predicted failure modes of hollow mild-steel SWTs 
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Figure 6: Comparison of experimental and predicted failure modes of hollow stainless-steel SWTs 
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Figure 7: Experimental and predicted M – δm plots for hollow mild-steel SWTs a) M0D22, b) M0D23, 

c) M0D32, d) M0D33, e) M0D42 and f) M0D43 
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Figure 8: Experimental and predicted M – δm plots for hollow stainless-steel SWTs a) S0D22, b) 

S0D23, c) S0D32, d) S0D33, e) S0D42 and f) S0D43 

356



37 
 

 
 

 

Figure 9: Experimental and predicted  M – κ plots for CF-SWMSTs a) M(1,2)D23, b) M(1,2)D33, c) 

M(1,2)D22, d) M(1,2)D43, e) M(1,2)D32 and f) M(1,2)D42 
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Figure 10: Experimental and predicted  M – κ plots for CF-SWSSTs a) S(1,2)D23, b) S(1,2)D33, c) 

S(1,2)D22, d) S(1,2)D43, e) S(1,2)D32 and f) S(1,2)D42 
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Figure 11: Deformed states predicted by the FEM for representative CF-SWMSTs 
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Figure 12: Deformed states predicted by the FEM for representative CF-SWSSTs 
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a) 

 

b) 

Figure 13: Comparison of a) experimental and b) predicted local buckling patterns for CF-SWMSTs 
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a) (taken from [6]) 

 

b) 

Figure 14: Comparison of a) experimental and b) predicted local buckling patterns for CF-SWSSTs 
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Figure 15: a), c), e) M – εlong and  b), d), f) M – εtrans plots for M(1,2)D23, M(1,2)D33 and M(1,2)D22 
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Figure 16: a), c), e) M – εlong and  b), d), f) M – εtrans plots for M(1,2)D43, M(1,2)D32 and M(1,2)D42  
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Figure 17: a), c), e) M – εlong and  b), d), f) M – εtrans plots for S(1,2)D23, S(1,2)D33 and S(1,2)D22 
(εlong ≡ εl) 
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Figure 18: a), c), e) M – εlong and  b), d), f) M – εtrans plots for S(1,2)D43, S(1,2)D32 and S(1,2)D42 
(εlong ≡ εl)  
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Figure 19: Variation of M0.01_exp/ M0.01_FEM with D/t for a) CF-SWMSTs and b) CF-SWSSTs  
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Chapter 13 – Concluding remarks 

The preceding chapters have presented and discussed a comprehensive experimental programme and 

numerical analyses which investigated the behaviour of CF-SWMST and CF-SWSST structural 

elements, under eccentric axial loading and in flexure. 

As stated in Section 1.2, the completed work focused on addressing three key research objectives. This 

chapter closes the thesis by summarising the key conclusions that were arrived upon in relation to these 

objectives. For details, reference should be made to the concluding sections of Chapters 2 to 12.  

13.1 Ultimate limit state deformation modes 

For CF-SWMST and CF-SWSST short and long columns, the experimentally obtained failure modes 

were equivalent to those previously reported for comparable CFST columns of other non-SWT tube 

types. The same was observed for the CF-SWMSTs and CF-SWSSTs tested in flexure. The agreement 

was both in relation to the globally deformed shape as well as local buckling of the SWT. In addition, 

there was no apparent difference in failure mode between comparable CF-SWMSTs and CF-SWSSTs 

under axial or flexural loading. This was consistent with that previously observed for non-SWT CFSTs 

as well. Furthermore, it was verified that the spiral weld seam of a SWT is neither a preferential location 

for failure nor results in premature failure when SWTs are used for CFST structural elements. 

• Therefore, it was concluded that for CFSTs under eccentric axial loading and purely flexural 

loading, the ULS deformation behaviour is similar irrespective of the tube fabrication type or 

whether the tube was fabricated from mild- or stainless-steel.  

13.2 Applicability of existing codes of practice 

As detailed in the preceding chapters, the work of this thesis evaluated the applicability of several 

international design standards to CF-SWMST and CF-SWSST structural elements, under axial and 

purely flexural loading. The standards that were considered were AS 2327 [1], Eurocode 4 [2], AISC-

360 [3], AIJ-2001 [4], CAN/CSA S16-01 [5] and GB-50936 [6]. 
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For the tested CF-SWMST and CF-SWSST columns under eccentric axial loading, several existing 

codes of practice namely, AS 2327, Eurocode 4 and AISC-360 gave actual to predicted axial capacity 

ratios which were, on average, either conservative or very close to unity. The other three codes of 

practice that were considered showed inconsistent trends in relation to the conservativeness of the actual 

to predicted capacity ratio.  

For the CF-SWMST and CF-SWSST specimens tested in flexure, the guidelines of AS 2327, Eurocode 

4 and AISC-360 gave actual to predicted capacity ratios which were, on average, significantly 

conservative. In addition, AIJ-2001 and CAN/CSA S16-01 also predicted flexural capacities which 

were considerably conservative. In fact, for the elements tested in flexure, the respective ratios of all 

the specimens were greater than 1.0, for the five standards referred to above. However, the capacities 

predicted by GB-50936 were inconsistent in terms of their conservativeness. 

Based on the foregoing, together with the conclusions of Section 13.1; 

• It was established that the guidelines contained in AS 2327, Eurocode 4, and AISC-360 were 

applicable, on average, to CF-SWMSTs and CF-SWSSTs under eccentric axial loading and under 

pure bending. It should be noted that this conclusion is applicable for specimens in the section 

slenderness range considered in this thesis and for load eccentricities greater than or equal to 0.15D. 

In addition, for CF-SWMSTs under eccentric axial loading, it was found that the scatter of the actual to 

predicted capacity ratio was similar to that previously reported for CFSTs of other tube types. On the 

contrary, the scatters of actual to predicted capacity ratio obtained for eccentrically loaded CF-SWSST 

short and long columns were different to that of CFSSTs of other tube types. Nonetheless, it should be 

noted that this was determined based on a very limited number of previously reported CFSST column 

tests under eccentric axial loading. On the other hand, for the CF-SWMSTs and CF-SWSSTs tested in 

flexure, the scatters of actual to predicted capacity ratio were comparable to those of CFSTs and 

CFSSTs of other tube types, respectively. Hence,    

• For eccentrically loaded mild-steel CFST columns with eccentricities greater than 0.15D, and for 

CFSTs and CFSSTs in flexure, SWTs can be used as direct replacements of other tube types. 
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• For the use of SS-SWTs as direct replacements of other stainless-steel tube types, verification is 

needed of whether the target reliability levels are achieved, in relation to eccentrically loaded CF-

SWSST columns.  

For the guidelines which gave satisfactory capacity predictions for flexural and eccentric axial loading, 

the actual to predicted capacity ratios obtained for concentrically loaded CF-SWMST and CF-SWSST 

specimens were, on average, notably less-conservative. In fact, in relation to AS 2327 and Eurocode 4, 

the ratios were considerably non-conservative, on average. For the tested CF-SWMST columns, the 

non-conservativeness was observed mainly for specimens of higher section slenderness. On the other 

hand, for the tested concentrically loaded CF-SWSSTs, the capacities predicted by AS 2327 and 

Eurocode 4 were non-conservative irrespective of section slenderness.  Nonetheless, the guidelines of 

AIJ-2001 and AISC-360 gave capacity predictions which were in close agreement with the 

corresponding experimental capacities for the tested CF-SWMST and CF-SWSST columns under 

concentric axial loading. Thus, it was concluded that; 

• Slenderness limits effective for CF-SWMST columns under concentric axial loading appear to vary 

from those specified in the various codes of practice. 

• For concentrically loaded CF-SWMST and CF-SWSST columns, the guidelines of AIJ-2001 and 

AISC-360 can be used to provide satisfactory estimates of the load capacity. 

• In relation to concentrically loaded CF-SWMST and CF-SWSST columns,  several existing 

guidelines require re-calibration. 

In addition to the foregoing, based on the relative conservativeness of capacity predictions of 

corresponding CF-SWMST and CF-SWSST  specimen pairs, the following conclusions were arrived 

upon, though limited to the section slenderness and material strength ranges investigated in this thesis. 

• For short columns under concentric and eccentric axial loading, and for specimens under pure 

bending, existing codes of practice appear to be equally applicable to comparable CF-SWMSTs 

and CF-SWSSTs. 

• In relation to concentrically and eccentrically loaded long columns, existing guidelines warrant 

recalibration to be equivalently applicable to CF-SWSSTs as for comparable CF-SWMSTs.   
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13.3 Applicability of finite element modelling methods 

As part of the work described in this thesis, commonly used finite element modelling approaches were 

used to model the tested CF-SWMSTs and CF-SWSSTs, to evaluate their predictive capability.    

It was observed that for the modelled column specimens, the experimentally observed local buckling 

was not replicated by the FEM. However, there was good agreement between the predicted and 

experimentally observed globally deformed states at the ULS. On the other hand, for CF-SWMSTs and 

CF-SWSSTs in flexure, local buckling was predicted by the respective finite element models, with good 

qualitative agreement observed between the predicted and experimentally observed local buckling 

patterns.  

For the eccentrically loaded CF-SWMST specimens, on average, the FEM predictions were 

conservative compared to the experimentally observed values. The conservativeness decreased with 

section slenderness suggesting that the modelling methods used were only applicable for a limited 

slenderness range. Non-conservative capacities were predicted by the FEM for the eccentrically loaded 

CF-SWSST columns that were modelled, though the actual to predicted capacity ratios were close to 

1.0. This indicated that the use of separate material model formulations is warranted for CF-SWSSTs 

distinct from those used for CF-SWMSTs. 

For CF-SWMSTs and CF-SWSSTs tested in flexure, the FEM provided capacity predictions which 

were, on average, conservative or in close agreement with the experimentally obtained values, 

respectively. The FEM predictions were closer to the experimental capacities compared to those 

predicted by the codes of practice discussed in Section 13.2.  

Based on the above it was concluded that: 

• For the range of load eccentricities and section slenderness values that were investigated, existing 

FEM approaches can be used as a conservative predictive tool for eccentrically loaded CF-SWMST 

columns, and CF-SWMSTs and CF-SWSSTs in flexure.  
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• Separate material model formulations are warranted for eccentrically loaded CF-SWSST columns 

distinct from those used for CF-SWMSTs, since the latter provides non conservative capacity 

predictions, on average, for CF-SWSSTs. 

• FEM modelling methods can be used to obtain better predictions of the actual behaviour in relation 

to CF-SWMSTs and CF-SWSSTs in flexure, compared to existing codified methods.    

In relation to concentrically loaded CF-SWMST and CF-SWSST columns, it was observed that the 

FEM predictions were, on average, considerably non-conservative. Hence, the respective modelling 

formulations appear to require re-consideration in relation to purely axially loaded concrete-filled 

SWTs. 

From the FEM that was done, it was also concluded that explicit consideration of the spiral weld seam 

geometry has negligible effect on the predicted load-deformation behaviours and capacities. 

13.4  Limitations and future work 

The following limitations and suggestions for future work were identified based on the work carried 

out for this thesis. 

While experimental testing inherently accounts for the effects of residual stresses and imperfections, it 

is important to accurately establish the actual distributions of residual stresses and imperfections which 

exist in SWTs. If such distributions are determined, their effect on the structural behaviour of concrete-

filled SWTs could be investigated through numerical modelling methods. In turn, the question of how 

actual residual stresses and imperfections affect the ULS capacity behaviour predicted through FEM 

can be definitively answered. It is also possible that if residual stresses are accurately considered, 

explicit modelling of the spiral weld seam geometry may have a non-negligible effect on the FEM 

predictions. Thus, the comprehensive and accurate measurement of residual stress and imperfection 

profiles of SWTs warrant the focus of future work in this area. 

The SWT specimens utilised for the experimental programme described in this thesis contained single-

sided welds, which had been welded from the tube outsides. It is likely that the residual stress and 

imperfection profiles resulting from double-sided welding will differ from those corresponding to 
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single-sided welding. Therefore, the validity of the conclusions of this thesis for SWTs with double-

sided welds needs to be established through future works. This could either be through experimental 

testing or through numerical modelling methods, though for the latter residual stress and imperfection 

profiles would need to be established first for such double-sided SWTs. Nonetheless, numerical 

modelling may be the preferred option for such future investigations, given that double-sided SWTs are 

usually of much larger diameters, which may result in typically available testing equipment being of 

inadequate capacity.  

For CF-SWMST and CF-SWSST column and flexural specimens, reliability indices corresponding to 

the different codes of practice should also be established, to evaluate whether the required target 

reliability is achieved. Further experimental testing and/or calibrated and verified numerical modelling 

would need to be carried out for this purpose. 

Only a very limited number of CFSST columns, of non-SWT tube types, have previously been tested 

under eccentric axial loading. Therefore, to definitively ascertain any effects of tube fabrication type on 

the capacity of eccentrically loaded CFSST columns, experimental testing should be carried out of 

equivalent CFSSTs where only the tube fabrication type is varied.  
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