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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

A new generation of concrete-filled steel tubular (CFST) columns with steel tubes manufactured from QN1803 high-

strength stainless steel (HSSS) was developed, which has the potential to be used extensively in demanding marine 

environments, and such newly developed material QN1803 offers notable advantages over traditional stainless steel 

including lower material cost and higher yield strength. However, no work or design rules were available for such concrete -

filled QN1803 stainless steel stub columns. This study reports the results of a comprehensive numerical analysis aimed at 

developing new calculation formulas for concrete-filled QN1803 stainless steel square stub columns under axial 

compression. A nonlinear finite element (FE) model was established and validated against the existing experimental data 

reported by many researchers. An extensive parametric analysis comprising 460 FE models was undertaken using the 

validated FE models to investigate the axial loading response of CFST stub columns with QN1803 stainless steel tubes. The 

variables examined in the parametric analysis include the different stainless steel, wall thicknesses of the steel tube and 

concrete strengths. The results suggested that the ultimate bearing strength of CFST QN1803 stub columns increased by 

25.3%, compared to corresponding S30408 members. The study further utilized the parametric analysis results to assess the 

accuracy of existing design criteria, including the Eurocode (EN 1994–1-1) (2004), American Specification (ANSI/AISC) 

(2022), and Australian/New Zealand standard (AS/NZS) (2017). The comparison results indicated that the existing design 

criteria tended to underestimate the ultimate strength of CFST stub columns with QN1803 tubes relative to the numerical 

results. Finally, new calculation formulas were proposed by modifying the current design standards, offering accurate and 

reliable predictions for these new CFST columns. 
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1.  Introduction 

 

The concrete-filled steel tubular (CFST) columns are extensively applied 

in demanding marine environments, including the monopile foundations of 

offshore wind turbines and submerged floating tunnels [1]. In environments 

marked by high salinity and humidity, these structures are particularly 

susceptible to corrosive conditions [2-4]. Therefore, enhancing the corrosion 

resistance of the exterior steel tubes is essential for ensuring the structural 

integrity and safety [5-8]. To address this, recent innovative progress in the field 

of composite structures is to replace carbon steel with stainless steel (SS) as the 

external column tubes [9,10]. Compared to carbon steel, stainless steel offers 

additional benefits such as aesthetics, sustainability, recyclability, and ease of 

maintenance [11-13]. However, their high cost and low strength have limited 

their applications. Recently, the introduction of a new generation of high-

strength stainless steel (HSSS), designated as QN1803, has expanded their 

application in the steel tubes of concrete-filled steel tubular (CFST) columns. 

This new material offers improved corrosion resistance in comparison with 

S30408 while reducing cost and providing significantly higher yield strength 

[14-19]. Despite these advantages, no design criteria are currently available for 

such CFST members with QN1803 HSSS tubes under axial loads. 

Many researchers [20-22] have conducted in-depth discussions and 

extensive studies on the performance and design of CFST members with carbon 

steel tubes. Examples of such research include Uy et al. [23,24], Han et al. [25-

27], Tao et al. [28], Bradford et al. [29] and Teng et al. [30]. They found that 

CFST members offer higher bearing capacity, improved ductility, enhanced 

long-term serviceability performance and greater energy absorption in 

comparison with traditional reinforced concrete and steel columns.  

In terms of concrete-filled steel stainless steel tubular (CFSST) structures, 
many studies have been reported in the literature [31-36]. In 2004, 

Roufegarinejad et al. [37] first introduced the concept of CFST members 

incorporating the SS tubes. In an early investigation, Young and Ellobody [38] 

conducted a comprehensive series of experiments to examine how variables 

such as tube shape, wall thickness of tube, and strength of concrete affect the 

axial loading response of CFSST columns. Their research led to the formulation 

of revised design recommendations. Lam and Gardner [39] conducted a 

comprehensive investigation into the axial loading response of CFSST stub 

columns with circular and square cross-sections under axial loads. Their 

findings revealed that existing design specifications for carbon steel tend to be 

highly conservative. He et al. [40] performed comprehensive experimental and 

FE analyses on CFSST columns constructed with EN 1.4420 SS tubes, 

thoroughly investigating their axial loading response. Building on these findings, 

they updated the current design standards and introduced new design criteria. 

Tao et al. [41] introduced a simplified model that employs numerical methods 

to determine the ultimate strength of short square CFSST stub columns. In a 

recent investigation, Azad et al. [42-44] carried out experiments to study the 

impact of compression, bending, and combined loading on the structural 

performance of CFSST members. It was found that the existing codes cannot 

provide precise predictions for such CFSST columns. However, all the 

aforementioned research only focused on CFST members with steel tubes 

manufactured from traditional SS.  

In parallel with these developments, recent advancements in stainless steel–

concrete composite structures have introduced novel fabrication and material 

integration strategies. For stainless steel components, additive manufacturing 

(AM, also referred to as 3D printing) has emerged as a promising technique, 

offering improved dimensional control, material efficiency, and the ability to 

fabricate complex geometries without welding [45-47]. In terms of hybrid 

structural systems, recent research has explored several advanced forms beyond 

conventional CFSST columns, such as hollow double-skin stainless steel 

composite sections and stiffened stainless steel tubular members [33]. Among 

them, concrete-filled double-skin steel tubular (CFDST) sections, consisting of 

an inner and outer steel tube with infilled concrete, have received growing 

attention. CFDST columns with stainless steel outer tubes offer notable 

advantages over their CFSST counterparts, including enhanced strength-to-

weight ratios and corrosion resistance, as well as a reduction in concrete core 

volume that facilitates more efficient use of materials [48]. 

While these studies have expanded the structural typologies of stainless 

steel–concrete composites, research concerning the application of newly 

developed high-strength QN1803 stainless steels in such systems remains 

limited. Recent studies [49,50] have shown that QN1803 high-strength stainless 

steel exhibits notable differences in material properties, including yield strength, 

strain hardening behavior, and ductility, compared to conventional structural 

steels. These differences may significantly influence the axial behavior of 

composite columns when QN1803 is used as the outer tube material. As a result, 

existing design provisions developed for mild steel composite members may not 

be directly applicable, and the accuracy of prevailing design codes [51-53] 

requires re-evaluation for such innovative CFSST systems. 
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This investigation presents a comprehensive numerical analysis aimed at 

developing new calculation formulas for concrete-filled QN1803 HSSS square 

stub columns under axial loads. This study seeks to build upon and extend the 

findings of previous research [54] by incorporating the QN1803 HSSS tubes 

into CFST members using numerical methods. The proposed FE modelling 

method was calibrated using existing test data of traditional CFSST columns. 

To further explore and provide design guidance for CFST stub columns under 

axial compression, incorporating QN1803 HSSS tubes, an extensive parametric 

analysis was therefore performed using the calibrated FE modelling method. 

The impacts of the wall thickness of the steel tubes and the infilled concrete 

strength on the axial loading response of such CFST members were evaluated. 

The parametric analysis results were compared against strength predictions 

provided by prevailing building standards, including the EN 1994-1-1 [51], 

AS/NZS 5100 [52] and ANSI/AISC 360-22 [53]. Finally, new calculation 

equations were subsequently recommended through modifying the existing 

design provisions based on the modelling results, which can provide accurate 

and reliable predictions for such new CFST members. 

 

2. Summary of experimental study [44,49] 

 

2.1. Stub column tests 

 

A total of 21 test data were collected and summarized in this section for 

validating the models. Among them, nine CFSST square stub columns were 

tested by Dai et al. [54] previously, and the remaining 12 test data were reported 

by He et al. [40], Young and Ellobody [38], Lam and Gardner [39]. Dai et al. 

[54] performed experiments on short columns utilizing a hydraulic axial testing 

machine. They precisely measured axial displacements with the aid of two 

LVDT devices, as depicted in Fig. 1. The columns were placed under a loading 

condition where they were supported at the top with a pinned connection and 

fixed support at the bottom. It is noteworthy that the sample tubes were 

constructed by welding four SS plates, either austenitic or duplex, into a box-

shaped section. Regarding the loading method, Young and Ellobody [38], He et 

al. [40], and Dai et al. [54] used displacement-controlled loading, while Lam 

and Gardner [39] employed load-controlled loading at 3kN/min. For a more 

comprehensive overview of the short column tests, refer to the study [54]. 

 

  
(a) Photo of experimental configuration (b) Schematic view 

Fig. 1 Stub column tests reported by Dai et al. [54] 

 

2.2. Tensile coupon tests 

 

A total of six tensile coupons were examined by Chen et al. [49] in a 

previous investigation, and the mechanical properties of QN1803 HSSS was 

obtained. The tensile test data, summarized in Table 1, are available for 

conducting parameter analysis. 

 

Table 1  

Material properties [44] 

  

 

 

(a) Setup of tensile cotest      (b) Stress-strain curves of QN1803 

Fig. 2 Tensile coupon tests reported by Chen et al. [49] 

                                         

A tensile test was performed using a 300 kilonewton machine, adhering to 

the ISO 6892-1 [55] standard. The experimental setup is presented in Fig. 2(a). 

Test specimens, extracted from the original, untested material, were aligned 

with the rolling direction of the material. For each thickness, three uniformly 

sized coupons were prepared. The stress-strain behavior of QN1803 is depicted 

in Fig. 2(b), demonstrating that its yield strength exceeds 400 MPa, confirming 

its classification as HSSS. The study revealed that the yield strength of QN1803 

surpasses 400 MPa, marking a significant increase in comparison with S30408. 

A composition investigation revealed that QN1803 HSSS had a nickel content 

ranging from 1.5% to 2.2%, while the regularly used S30408 and S22053 have 

nickel contents of 8% to 11% and 4.5% to 6.5%, respectively. The above 

comparisons highlight that QN1803 differ significantly from S30408 in both 

chemical composition and material properties. The work of Chen et al. [49] 

illustrates comprehensive details of the experimental plan. 

 

3.  Establishment and verification of numerical models 

 

3.1. General 

 

To replicate the axial loading response of CFST members, a nonlinear finite 

element model was constructed using the ABAQUS software [56], a widely 

used finite element analysis software. The experimental data reported by many 

researchers and additional studies [38-40,54] were used for validation. 

Comprehensive details on the model’s development and validation will be 

presented next. 

 

3.2. Modelling of material properties 

 

The stress-strain (𝜎−𝜀) behavior of SS is characterized in the numerical 

models using a two-stage Ramberg-Osgood equation, as expressed in Eq. (1). 

Previous research [42-44] has demonstrated the efficacy of this formulation in 

accurately representing the nonlinear response of SS in concrete-filled steel tube 
columns. 

 

𝜀 = {

𝜎

𝐸
+ 0.002(

𝜎

𝜎0.2
)𝑛                                      𝜎 ≤ 𝜎0.2

0.002 +
𝜎0.2

𝐸
+

𝜎−𝜎0.2

𝐸0.2
+ 𝜀𝑢(

𝜎−𝜎0.2

𝜎𝑢−𝜎0.2
)𝑚    𝜎 > 𝜎0.2

             (1) 

 

where εu is the strain corresponding to the ultimate stress σu, n and m are the 

material constants in the Ramberg–Osgood equation, representing the strain-

hardening characteristics of the material. 

The engineering stress (σ)-strain (ε) data were transformed into true stress 

(σtrue)-strain (εtrue) curves using Eqs. (2) and (3). This method addresses the 

nonlinear responses and geometric transformations of materials under 

deformation, thereby enhancing the precision of the numerical models utilized 

in this study. 

 

𝜎true = 𝜎(1 + 𝜀)  (2) 

 
𝜀true = 𝑙𝑛( 1 + 𝜀) − 𝜎true/𝐸                   (3) 

 

The performance of concrete is simulated adopting the concrete damage 

plasticity model in ABAQUS [56]. This model involves defining multiple 

parameters, including the dilation angle, flow potential eccentricity, uniaxial-

to-biaxial compressive strength ratio, tensile-to-compressive meridian stress 

deviator ratio, and the viscosity parameter. Based on guidelines provided in the 

literature [54], these values are specified as 30°, 0.1, 1.16, 0.667, and 0, 

respectively. The elastic modulus of the concrete (Ec) is calculated using Eq. (4) 

[54], and the Poisson's ratio is consistently assigned a value of 0.2. 

 

𝐸𝑐 = 4700√𝑓𝑐
′
             (4) 

Coupon ID 

Thick-

ness 

tw/mm 

Young's modulus 

E/GPa 

0.2% proof 

stress 

σ0.2/MPa 

Ultimate 

stress 

σu/MPa 

304D-T4-1 3.70 196.0 481.1  767.0  

304D-T4-2 3.67 198.5 480.4  777.4  

304D-T4-3 3.70 195.8 470.6  776.6  

304D-T12-

1 
11.75 198.0 411.0  736.1  

304D-T12-

2 
11.79 199.5 418.8  734.5  

304D-T12-

3 
11.73 199.8 429.1  739.7  
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where fc
′ is the cylinder compressive strength. 

For CFSST members under compression, the confinement effect of the SS 

tubes induces triaxial stress states in the concrete core, resulting in mechanical 

behavior comparable to that of carbon steel CFST members under equivalent 

loading conditions. The finite element analysis employed the concrete 

confinement model developed by Tao et al. [41], assuming linear tensile 

behavior in concrete up to its tensile strength, approximated as 0.1 fc
′. Beyond 

this threshold, the nonlinear tensile stress-strain relationship is characterized by 

the fracture energy (GF), calculated using Eq. (5). 

 

𝐺𝐹 = (0.0469𝑑𝑚𝑎𝑥
2 − 0.5𝑑𝑚𝑎𝑥+26) (

𝑓𝑐
′ 

10
)
0.7

                          (5) 

 

3.3. Finite element type and meshing 

 

In modeling the external steel tube and concrete core, the eight-node solid 

element (C3D8R) from the ABAQUS element library was utilized [57-60]. This 

element is well-suited for simulating the behavior of both materials due to its 

capability to accurately capture the interaction between them, as illustrated in 

Fig. 3. To ensure a balance between computational accuracy and efficiency, an 

investigation of mesh sensitivity was conducted. Three mesh densities were ex-

amined, corresponding to global seed sizes of 1/10, 1/15, and 1/20 of the section 

width. The results showed that the mesh with a seed size of 1/10 of the section 

width slightly overestimated the ultimate axial strength (by approximately 3%), 

whereas the results obtained with 1/15 and 1/20 of the section width were nearly 

identical. Therefore, a global seed size of 1/15 of the section width was adopted 

for all subsequent finite element models. 

 

3.4. Modelling of boundary and loading conditions 

 

The interaction and boundary conditions between the tube and the core con-

crete were modeled using face-to-face contact. To account for potential separa-

tion after initial engagement, a hard contact approach was adopted for the nor-

mal direction. In the tangential direction, a penalty friction model was imple-

mented to simulate sliding behavior at the steel-concrete interface. A small slid-

ing formulation was adopted, considering the limited slippage observed under 

axial compression. The friction coefficient was set to 0.25, consistent with val-

ues recommended in previous studies [54]. The robustness of this assumption 

was confirmed by additional simulations with higher friction coefficients (0.4 

and 0.6), which showed negligible influence on the axial load–displacement re-

sponse. As depicted in Fig. 4, two reference points, RP1 and RP2, were created 

and linked to the nodes located at each end of the cross-section. For RP1, bound-

ary conditions were set to restrict movement in all directions. Conversely, RP2 

was permitted to move freely along the z-direction but was restricted in all other 

directions. 

 

  

Fig. 3 Mesh configuration of FE models Fig. 4 Boundary conditions 

 

3.5. Initial geometric shapes and residual stress  

 

Initial geometric imperfections and residual stresses can significantly affect 

the local buckling behavior and ultimate strength of hollow steel sections. 

However, for concrete-filled steel tubular (CFST) stub columns, the presence of 

concrete core effectively restrains local out-of-plane deformations and reduces 

the influence of these initial imperfections. Tao et al. [41] demonstrated that this 

confinement not only suppresses local buckling but also plays a role analogous 

to that of initial geometric imperfections, thereby diminishing their influence on 

compressive behavior. This mitigation mechanism has also been validated in 

concrete-filled stainless steel tubular columns. Specifically, Han et al. [33] 

concluded that for short CFSST members, the effects of initial geometric 

imperfections and residual stresses are significantly reduced due to the 

stabilizing effect of the concrete infill. 

Based on these findings, and considering that the QN1803 stainless steel 

tubes used in this study were filled with concrete and tested as stub columns, 

the exclusion of initial geometric imperfections and residual stresses in the finite 

element modeling is deemed reasonable. 

Table 2  

Summarized test data of CFST stub columns from literature 

Source Specimen ID Tube material B × t (mm) 
L 

(mm) 
fy (MPa) 

fc
′ 

(MPa) 
Nu,test (kN) 

Dai et al. [54] 

A-t8C50 

304 

296×7.8 840 293 38.1 6290 

A-t10C50 300×9.9 840 287 38.1 7113 

A-t12C50 304×11.9 842 301 38.1 7924 

A-t8C70 296×7.8 840 293 56.6 6743 

A-t10C70 300×9.9 840 287 56.6 7947 

A-t12C70 304×11.9 840 301 56.6 8575 

A-t8C80 296×7.8 841 293 64.9 7436 

A-t10C80 300×9.9 839 287 64.9 8430 

A-t12C80 304×11.9 840 301 64.9 9257 

Young and Ellobody [38] 

SHS1C40 

EN 1.4462 

150×5.8 450 497 46.6 2768.1 

SHS1C60 150×5.8 450 497 61.9 2972.0 

SHS1C80 150×5.8 450 497 83.5 3019.9 

Lam and Gardner [39] 

SHS100×100×2-C30 

Not provided 

100×2.2 300 385 30 534 

SHS100×100×2-C60 100×2.0 300 385 53 687 

SHS100×100×2-C100 100×2.2 300 385 74 836 

He et al. [40] 

SHS100×100×3-C40 

High-chromium grade EN 1.4420  

99×3.0 299 365 49.1 830 

SHS100×100×3-C60 100×3.0 299 365 68.1 1004 

SHS100×100×3-C80 100×3.0 299 365 86.4 1162 

SHS120×120×5-C40 120×5.0 358 317 49.1 1373 

SHS120×120×5-C60 120×5.0 359 317 68.1 1566 

SHS120×120×5-C80 120×5.0 357 317 86.4 1840 
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3.6 Validation of numerical models 

 

Table 2 presents a comparison of 21 laboratory test findings for CFSST 

members, as reported by Dai et al. [54], He et al. [40], Young and Ellobody [38], 

and Lam and Gardner [39]. Table 3 compares the ultimate strength estimated 

by numerical analysis (Nu,FE) with laboratory testing (Nu,test) [38-40,54], reveal-

ing an average Nu,test/Nu,FE ratio of 0.95 with a coefficient of variation (COV) of 

0.034 . Fig. 5 plots the relationship between load and axial displacement, as 

obtained from both laboratory testing [38-40,54] and numerical analysis. The 

analysis reveals that all curves exhibit strong agreement regarding ultimate 

strength. Nonetheless, some finite element curves display slightly greater initial 

stiffness in comparison with the experimental curves. This discrepancy is likely 

attributable to localized slipping between the loading support and the sample 

during testing. Fig. 6 presents the deformed configurations captured during ex-

perimental testing and finite element (FE) modeling for specimen A-t10C80. 

The experimental observations identified local buckling failure predominantly 

in the midsection of the steel tube, a phenomenon closely mirrored by the nu-

merical simulation outcomes. 

Consequently, the FE models are capable of estimating the axial loading 

response of CFSST members for both their ultimate strength and failure char-

acteristics, which is supported by the negligible average difference [61-63]. 
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Fig. 5 Typical comparisons of test and FE load-axial displacement curves 

 

 
 

(a) Test (b) FEA 

Fig. 6 Comparisons of test and FE failure modes for specimen A-t10C80 [54] 

 

4.  Parametric analysis for CFST columns with QN1803 tube 

 

4.1. General 

 

Following comprehensive validation of the FE model, an extensive para-

metric study comprising 460 models was conducted to assess the axial loading 

response of CFST stub column constructed with QN1803. The crucial variables 

examined in this investigation included the different stainless steel, wall thick-

nesses of the tube and concrete strengths. Table 4 details the critical parameters 

employed in the parametric research. 

To assess how different types of stainless steel affect the load-bearing ca-

pacity of CFSST stub columns, both QN1803 and S30408 were considered as 

steel tubes. Noting that the mechanical properties for QN1803 and S30408 are 

derived from tensile tests performed by Chen et al. [49], with further details 

provided in Section 2.2. The steel tubes were designed to have a width (B) of 

200 mm and a length (L) of 600 mm to ensure the local buckling behaviour of 

composite stub columns. This slenderness ratio has been widely adopted in pre-

vious CFST and CFSST studies for investigating confined local failure mecha-

nisms [38-41]. Also, five different grades of concrete were examined in the par-

ametric research, and the cylinder compressive strengths (fc
′) were 23.7 MPa, 

31.6 MPa, 39.5 MPa, 47.4 MPa, and 55.3 MPa. The constitutive laws for these 

concrete grades are established using the concrete damage plasticity model, as 

outlined in Section 3.2. The thickness (t) varies between 1 mm and 10 mm. The 

selected values of section width (B) and wall thickness (t) were designed to 

cover a broad range of width-to-thickness ratios, thereby encompassing com-

pact, noncompact, and slender section profiles according to the classification of 

squarer hollow sections (SHS) in ANSI/AISC 360-22 [53]. The subsequent 

chapters will provide an in-depth analysis of how variations in SS types, wall 

thickness, and concrete strength influence the overall strength of CFSST mem-

bers. 

 

4.2. Impact of different stainless steel 

 

Fig. 7(a) demonstrates the impact of different stainless steels on the axial 

behavior of CFSST stub columns. The comparison findings suggested that the 

CFST stub columns with QN1803 HSSS tube exhibit higher strength by 25.3% 

in comparison with S30408 columns. Additionally, Fig. 7(b) illustrates the load-

displacement curves normalized for comparison, in which the normalized load 

value (Nnor) has been adopted in the form of N/(σ0.2As + Ac fc
′) and the normalized 

displacement value (Δnor) have been taken as Δ/H. The findings reveal that both 

specimens can exceed a normalized load of 1.0, achieving a similar peak load 

of approximately 1.07. However, after reaching peak load, the specimen fabri-

cated with QN1803 HSSS exhibits greater post-peak strength compared to 

S30408 columns. 

 

4.3. Impact of tube thicknesses  

 

Fig. 8 displays the N-Δ and Nnor-Δnor curves for typical short steel-concrete 

composite column with QN1803 HSSS tubes, where all columns have a con-

sistent steel tube width of 200 mm and a concrete compressive strength of 47.4 

MPa. The SS tubes come in various thicknesses, including 1 mm, 3 mm, 6 mm, 

8 mm, and 10 mm. As observed from Fig. 8(a), the ultimate bearing strength of 

these columns significantly improves as the thickness of the steel tubes in-

creases. The enhancement in load-bearing capacity primarily results from the 

increased thickness of the tubes, which enlarges the cross-sectional 
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Fig. 7 Impact of stainless steel type on square CFSST stub columns 
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Fig. 8 Impact of outer tube thicknesses on square CFSST stub columns 
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Fig. 9 Impact of concrete strength on square CFSST stub columns 

 

area and consequently provides more substantial confinement for the internal 

concrete fill. The increase in the sectional area of the tube results in a rise in the 

confinement factor, ξ, defined as Asσ0.2/Acfck. A larger cross-sectional area As 

corresponds to a higher ξ value, thus strengthening the confinement imposed on 

the concrete. Noting that fck represents the characteristic strength of concrete, 

defined as 0.67fcu in accordance with EN 1992-1-1 [64]. 

 

4.4 Impact of concrete strengths 

 

Fig. 9 illustrates the impact of the axial loading response of the infilled con-

crete (fc′) on the load-bearing capacity of short steel-concrete composite col-

umns constructed with QN1803 HSSS tubes. The analysis also compares the N-

Δ and Nnor-Δnor curves. The specimens comprised steel tubes with a 200 mm 

diameter and 5 mm wall thickness, with concrete strengths varying from 23.7 

MPa to 55.3 MPa. As seen in Fig. 9(a), the ultimate bearing capacity of these 

CFST stub columns increases significantly as the concrete strength rises. How-

ever, maintaining a constant thickness for the SS tube while enhancing the con-

crete strength reduces the level of confinement provided to the concrete core. 

This reduction in confinement effectiveness lowers the confinement factor ξ and, 

consequently, decreases the normalized load capacity at higher strain levels, as 

illustrated in Fig. 9(b). 

 

5.  Evaluation of current design rules 

 

5.1. General 

 

As previously noted, there are currently no design codes specifically ad-

dressing steel-concrete composite columns with QN1803 tubes subjected to ax-

ial loads. The existing design criteria, including Eurocode EN 1994–1-1 [51], 

Australian Standard AS/NZS 5100 [52] and American Specification 

ANSI/AISC 360-22 [53], were summarised and evaluated in this section, alt-

hough they were recommended for conventional CFST members.  

Table 5 summarizes the slenderness limits and material strength parameters 

as specified by current design codes [46-48]. Despite the slenderness limits of 

studied CFSST stub columns generally exceeding the limits, the objective of 

this investigation is to evaluate the potential for extending the applicability of 

these design criteria [51-53]. 

 

5.2. Evaluation of design criteria outlined in EN 1994-1-1 [51] 

 

Eurocode EN 1994-1-1 [51] specifies a slenderness limit of 𝐵/𝑡 ≤ 52√
235

𝜎0.2
 

for the steel tube of CFST members. Exceeding this limit necessitates the con-

sideration of local buckling, which can be addressed using either the Effective 

Thickness Method (ETM) [65] or the Continuous Strength Method (CSM) [66]. 
Table 5 presents the adjusted local slenderness limits for the CFST cross-sec-

tion 𝐵/𝑡 ≤ 52√
235

𝜎0.2

𝐸

210000
 , which considered the distinct material properties of 

QN1803 and S30408 in comparison with carbon steel.  

The axial capacity (NEC4) of CFST square columns can be determined using 

Eq. (6). For those specimens that exceed the recommended slenderness limit, 

Eqs. (7) and (8) from EN 1993-1-4 [65] were employed to calculate the reduc-

tion factor (ρEC). This approach allows for the estimation of the ultimate bearing 

strength of CFST members featuring slender SS tubes. 

 

𝑁EC4 = 𝜌EC𝐴𝑠𝜎0.2 + 𝐴𝑐𝑓𝑐
′
            (6)                                  

 

𝜌EC =
0.772

𝜆̄𝑝
−

0.079

𝜆̄𝑝
2     but ≤ 1.0                                (7) 

 

𝜆̄𝑝 =
𝑏̄

𝑡
 

28.4𝜀EC√𝑘
             (8) 

 

Where 𝑏 is the flat element width for webs and flanges of SHS, which can 

be taken as B - 3t, k is the buckling factor, which was taken as 4. 

Fig. 10 contrasts the axial strength obtained from the finite element findings 

(Nu,FE) with the predicted strength from EN 1994-1-1 [64]. The ratio Nu,FE/NEC4 

is plotted against the modified slenderness ratio of the steel tube (B/t)/εEC4, 

where εEC4 is defined as √
235

𝜎0.2

𝐸

210000
. The mean values and COV of Nu,FE/NEC4 

for CFST stub columns with QN1803 steel tubes are 1.20 and 0.106, respec-
tively, as presented in Table 6. Both Table 6 and Fig. 10 illustrate that the EN 

1994-1-1 [51] design criteria for CFST members yield conservative predictions 

when applied to stubs incorporating QN1803 or S30408 steel tubes. 

 

5.3. Evaluation of design criteria outlined in AS/NZS 5100 [52] 

 

AS/NZS 5100 [52] utilizes a method for estimating the ultimate bearing 

strength of CFST members that closely resembles the approach outlined in EN 
1994-1-1 [51]. The only difference is the calculation method for estimating the 

specified slenderness limit. The slenderness limit for the steel tube of CFST 

members was calculated by 𝑏/𝑡 ≤ 45√
250

𝜎0.2

𝐸

200000
, which also considers the dif-

ference in material properties of QN1803 and S30408.  

The ultimate bearing strength of CFST stub column with SHS under axial 

loads (NAS) is calculated by Eq. (9). Similarly, for those specimens that exceed 

the recommended slenderness limit, the reduction coefficient (ρAS) was deter-

mined using the following Eqs. (10)-(11). 

 

𝑁AS = 𝜌AS𝐴𝑠𝜎0.2 + 𝐴𝑐𝑓𝑐
′
            (9) 

 

𝜌AS =
1−

0.22

𝜆AS

𝜆AS
    but ≤ 1.0                                        (10)  

 

                                          

𝜆AS =
1.052𝑏

𝑡
 

√𝑘
√
𝐹𝑛

𝐸
                                               (11) 
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Fig. 10 Evaluation of ultimate strengths obtained from parametric research with re-

sistance predictions by EN 1994–1-1 [51] 
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Fig. 11 Evaluation of ultimate strengths obtained from parametric research with re-

sistance predictions by AS/NZS 5100 [52] 
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Table 3 

Evaluation of the ultimate load from laboratory tests and FE studies 

Source Specimen ID Nu,test (kN) Nu,FE (kN) Nu,test /Nu,FE 

Dai et al. [54] 

A-t8C50 6290 6084 1.03 

A-t10C50 7113 6888 1.03 

A-t12C50 7924 8016 0.99 

A-t8C70 6743 7215 0.93 

A-t10C70 7947 8320 0.96 

A-t12C70 8575 8939 0.96 

A-t8C80 7436 7774 0.96 

A-t10C80 8430 8971 0.94 

A-t12C80 9257 10000 0.93 

Young and Ellobody [38] 

SHS1C40 2768.1 2842 0.97 

SHS1C60 2972.0 3112 0.96 

SHS1C80 3019.9 3226 0.94 

Lam and Gardner [39] 

SHS100×100×2-C30 534 572 0.93 

SHS100×100×2-C60 687 752 0.91 

SHS100×100×2-C100 836 920 0.91 

He et al. [40] 

SHS100×100×3-C40 830 886 0.94 

SHS100×100×3-C60 1004 1066 0.94 

SHS100×100×3-C80 1162 1244 0.93 

SHS120×120×5-C40 1373 1454 0.94 

SHS120×120×5-C60 1566 1681 0.93 

SHS120×120×5-C80 1840 1910 0.96 

Mean    0.95 

COV    0.034 

 

Table 4  

Summary of key parameters adopted in the parametric research 

Stainless steel type 
D 

(mm) 

L 

(mm) 

t 

(mm) 

fc
′ 

(MPa) 

QN1803, S30408 200 600 
t = 1 mm to 10 mm,  

step 0.2 mm 

23.7, 31.6, 39.5, 47.4, 

55.3 

 

Table 5  

Scope of application based on cross-sectional dimensions and material strength in current design standards 

Design codes 

Maximum cross-sectional slenderness 

fy (MPa) fc
′ (MPa) 

Original limit Normalized slenderness limit 

EN 1994-1-1 [51] 
𝐵

𝑡
≤ 52√

235

𝑓𝑦
  

𝐵

𝑡
≤ 52√

235

𝜎0.2

𝐸

210000
 235–460 20–50 

AS/NZS 5100 [52] 
𝑏

𝑡
≤ 45√

250

𝑓𝑦
 

𝑏

𝑡
≤ 45√

250

𝜎0.2

𝐸

200000
 230–400 25–65 

ANSI/AISC 360-22 [53] 𝑏/𝑡 ≤ 5√
𝐸

𝑓𝑦
 

𝑏

𝑡
≤ 5√

𝐸

𝜎0.2
 ≤525 21–70 

 

Table 6  

Comparisons of ultimate loads obtained from parametric research with predictions from current codes  

No. of data: 460 

EN 

1994-1-1 [51] 

AS/NZS 

5100 [52] 

ANSI/AISC 

360-22 [53] 

Nu,FE/NEC4 Nu,FE/NAS Nu,FE/NAISC 

QN1803 
Mean 1.20 1.18 1.26 

COV 0.106 0.085 0.184 

S30408 
Mean 1.14 1.13 1.23 

COV 0.072 0.056 0.138 
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Table 7 

Comparisons of ultimate loads obtained from parametric research with predictions from current codes (with k =10.46) 

No. of data: 460 

EN 

1994-1-1 [51] 

AS/NZS 

5100 [52] 

Proposed modification 

based on EN 

1994-1-1 [51] 

Proposed modification 

based on AS/NZS 

5100 [52] 

 

Nu,FE/NEC4
^ Nu,FE/NAS

^ Nu,FE/NEC4
* Nu,FE/NAS

*  

QN1803 
Mean 1.12 1.11 1.01 1.01  

COV 0.065 0.053 0.064 0.058  

S30408 
Mean 1.09 1.08 1.01 1.00  

COV 0.042 0.036 0.050 0.044  

 

Fig. 11 a comparative analysis between the ultimate load (Nu,FE) obtained 

from the parametric research and the ultimate load (NAS) calculated by AS/NZS 

5100 [52]. The ratio Nu,FE/NAS is plotted against the modified local slenderness 

ratio (b/t)/εAS. The mean values and COV of Nu,FE/NAS for CFST stub columns 

with QN1803 steel tubes are 1.18 and 0.085, respectively, as presented in Table 

6. This indicates that the design criteria, as specified in AS/NZS 5100 [52] tend 

to underestimate the axial capacity of CFST members with QN1803 HSSS tubes. 

 

5.4. Evaluation of design criteria outlined in ANSI/AISC 360-22 [53] 

 

This study employs the design approach outlined in ANSI/AISC 360-22 

[53] to assess the load-bearing capacity (NAISC) of CFST short columns utilizing 

QN1803 and S30408 SS tubes. The ANSI/AISC 360-22 [53] design guidelines 

suggest categorizing concrete-filled short columns with carbon steel tubes into 

three classifications according to the b/t ratio of the steel tubes. 

According to ANSI/AISC 360-22 [53], the cross-sectional strength (NAISC) 

of the CFST specimens is calculated by Eq. (12). When a compact steel tube is 

used ((i.e. b/t falls below the limiting width-to-thickness ratio (λp), the tube can 

achieve its yield-bearing capacity (Asfy), with the concrete reaching a compres-

sive strength of 0.85fc′. For non-compact steel tubes (i.e., b/t exceeds λp but does 

not exceed λr), the steel tube can still reach its yield-bearing capacity (Asfy), but 

the confinement induced on the concrete fill is diminished. In this scenario, the 

design utilized a compressive strength range for the confined concrete between 

0.7fc′ and 0.85fc′. For slender steel tubes, where the b/t exceeds the critical value 

(λr) but remains below the maximum allowable ratio (λper), the steel tubes do not 

achieve their yield strength (Asfy). This results in diminished confinement for 

the concrete infill. Consequently, the design adopts a confined concrete com-

pressive strength of 0.7fc′. 

 

𝑁AISC   =

{
 

 
𝐴𝑠𝑓𝑦 + 0.85𝐴𝑐𝑓𝑐

′
                   𝜆 ≤ 𝜆𝑝          

𝑃𝑝 −
𝑃𝑝−𝑃𝑦

(𝜆𝑟−𝜆𝑝)
2 (𝜆 − 𝜆𝑝)

2
       𝜆𝑝 < 𝜆 ≤ 𝜆𝑟   

𝐴𝑠𝑓cr + 0.7𝐴𝑐𝑓𝑐
′
                   𝜆𝑟 < 𝜆 ≤ 𝜆per

                (12) 

 

In Eq. (12), the values of Pp and Py are calculated using Eqs. (13) and (14) 

respectively. The critical buckling stress of the outer tube, denoted as fcr, is de-

rived using Eq. (15). 

 

𝑃𝑝 = 𝐴𝑠𝜎0.2 + 0.85𝐴𝑐𝑓𝑐
′
                                       (13) 

 

𝑃𝑦 = 𝐴𝑠𝜎0.2 + 0.7𝐴𝑐𝑓𝑐
′
                                        (14) 

 

𝑓cr =
9𝐸𝑠

𝜆2
                                                    (15) 

 

Fig. 12 compares the ultimate load (Nu,FE) obtained through the parametric 

analysis with the corresponding NAISC values predicted using ANSI/AISC 

360-22 [53]. The ratio Nu,FE/NAISC is plotted against the b/t of the steel tube. The 

mean values and coefficient of variation (COV) of Nu,FE/NAISC for the investi-

gated specimens with QN1803 steel tubes are 1.26 and 0.184, respectively, as 

presented in Table 6. The comparison findings indicate that ANSI/AISC 360-

22 [53] tends to underpredict the ultimate bearing strength of CFST members. 

The primary cause of this conservatism is the underestimation of the SS tube's 

strain-hardening effect. A similarly conservative trend is observed for stub col-

umns with local slenderness exceeding λr, indicating that the slenderness limits 

set by ANSI/AISC 360-22 [53] may be overly restrictive, which should be eval-

uated carefully. 

 

6.  Proposed new calculation formulas 

6.1. General 

 

New calculation formulas were recommended by modifying the EN 1994-

1-1 [51] and AS/NZS 5100 [52] in this section, and a correction factor η on the 

basis of k=10.67 was introduced, which considered the restraint effect of steel 

tubes on concrete and the strain hardening of SS. The formulas for the correction 

factor η were developed through regression analysis, utilizing data from 460 

parametric studies. It should be noted that the buckling coefficient k given in 

EN 1994-1-1 [51] and AS/NZS 5100 [52] should be adjusted from 4 to 10.67 

when determining the effective area of the steel tube. This adjustment is sup-

ported by a theoretical study by Bradford et al. [67], which indicated that k 

should be 10.67, approximately 2.67 times greater than the unfilled case, using 

the Rayleigh-Ritz method. This approach has also been adopted in previous 

studies on CFSST columns, such as Dai et al. [68,69], where k=10.67 was ap-

plied for calculating the local stability of stainless steel tubes. As presented in 

Figs. 13 and 14, the strength predictions (k = 10.67) calculated by EN 1994-1-1 

[51] and AS/NZS 5100 [52] are compared with the parametric research findings. 

It could be found that the average ratios of Nu,FE/NEC4 and Nu,FE/NAS are 1.12 and 

1.11, respectively, indicating that the revised calculation formulas could provide 

more precise estimates for determining the ultimate bearing strength of CFSST 

members, when k is assumed to be 10.67. 

The proposed correction factor η adopts a bilinear form, expressed as η = a 

+ b ρ ξo, where ρ  is the reduction factor accounting for local buckling and ξo is 

the confinement effect. For stainless steel tubes, the presence of strain harden-

ing allows the steel to maintain significant post-yield strength, which may result 

in an actual contribution exceeding ρ As fy, as assumed in conventional design 

formulations. This extended resistance not only increases the steel tube’s direct 

axial contribution but also enhances its ability to provide continuous lateral con-

finement to the concrete core. Therefore, the constant term a reflects the ampli-

fied confinement effect attributed to the sustained strength of stainless steel be-

yond yielding, while the term b ρ ξo captures the additional axial resistance aris-

ing from strain hardening and its interaction with local buckling. This formula-

tion provides a physically informed enhancement to existing design provisions, 

particularly for CFST members incorporating high-strength stainless steel tubes. 
The detailed expressions and validation of η-based design formulas for both EN 

1994-1-1 [51] and AS/NZS 5100 [52] are presented in the following sections. 
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Fig. 13 Evaluation of ultimate strengths obtained from parametric research with re-

sistance predictions by EN 1994–1-1 [51] (with k = 10.67) 
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Fig. 14 Evaluation of ultimate strengths obtained from parametric research with re-

sistance predictions by AS/NZS 5100 [52] (with k = 10.67) 
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6.2. New calculation formulas based on modified EN 1994–1-1 [51] 

 

In this investigation, new calculation formulas were recommended using 

the correction factor ηEC on the basis of modified EN 1994- [51]. The ultimate 

bearing strength of CFST square stub columns under axial loads (NEC4
*) could 

be estimated by Eq. (16), and the correction factor (ηEC) could be calculated by 

Eqs. (17)-(18).  

Table. 7 presents a comparison between the axial strength acquired from 

the parametric research and the strength predicted by modified EN 1994-1-1[51]. 

The mean ratios of the Nu,FE to the predicted design strengths (NEC
*) are 1.01 for 

both QN1803 and S30408. The associated coefficients of variation (COVs) are 

0.064 for QN1803 and 0.050 for S30408. Fig.15 demonstrates that the newly 

recommended calculation formulas in this work offer more precise predictions 

for estimating the axial load-bearing capability of new CFSST members. 
 

𝑁EC4
∗ = 𝜂EC𝐴𝑐𝑓𝑐

′
                                             (16) 

 

𝜂EC = {
1.12 + 1.11𝜌EC𝜉𝑜    for QN1803 CFST stub columns

1.04 + 1.14𝜌EC𝜉𝑜    for S30408 CFST stub columns
           (17) 

 

𝜉𝑜 =
𝐴𝑠𝜎0.2

𝐴𝑐𝑓𝑐
′                    (18) 
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Fig. 15 Back calculated ηEC based on the ultimate load derived from parametric re-

search varying with the ρECξo and proposed algebraic characterizations 
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Fig. 16 Back calculated ηAC based on the ultimate load derived from parametric re-

search varying with the ρACξo and proposed algebraic characterizations 

 

6.3. New calculation formulas based on modified AS/NZS 5100 [52] 

 

New calculation formulas were also recommended by modifying AS/NZS 

5100 [52] in this investigation. Table 7 compares the axial strength from the 

parametric research (Nu,FE) with the strength predicted by the modified AS/NZS 

5100 (NAS
*), as indicated in Eqs. (19) and (20). The modified equations reveal 

average Nu,FE/NAS
* ratios of 1.01 and 1.00 for QN1803 and S30408, with asso-

ciated coefficients of variation of 0.058 and 0.044. This demonstrates that the 

new calculation formulas recommended in this investigation could significantly 

enhance the precision of predictions for assessing the load-bearing capacity of 

CFSST members, as indicated in Fig. 16. 

 

𝑁AS
∗ = 𝜂AS𝐴𝑐𝑓𝑐

′
                        (19) 

                                                                    

𝜂AS = {
1.07 + 1.12𝜌AS𝜉𝑜    for QN1803 CFST stub columns

1.02 + 1.15𝜌AS𝜉𝑜    for S30408 CFST stub columns
          (20) 

 

7.  Conclusions 

 

This study presents a thorough numerical analysis aimed at establishing 

new calculation formulas for CFST QN1803 SS square stub columns under 

axial loading. The key findings of this research are summarized as follows: 

(1) A nonlinear finite element model was developed and validated against 

experimental data from various researchers. The validation process confirmed 

good consistency between the FE predictions and the experimental findings. 

(2) Following the validation, an extensive parametric study involving 460 

FE models was performed to analyze the axial loading response of CFST stub 

columns with QN1803 SS tubes. Key parameters investigated included 

variations in SS grades, steel tube wall thicknesses, and concrete strengths. The 

findings indicated that the ultimate bearing strength of CFST QN1803 stub 

columns increased by an average of 25.3% in comparison with S30408 

members. Increasing the thickness of the steel tubes enhanced the ultimate 

bearing strength due to the larger cross-sectional area, which intensified the 

confinement on the internal concrete infill. Additionally, increasing the concrete 

strength boosted the ultimate bearing strength, although this reduced the 

confinement effect, leading to a drop in normalized load at higher strain levels. 

(3) The ultimate bearing strength derived from the parametric research was 

compared to the design strength predicted by EN 1994–1-1 [51], AS/NZS 5100 

[52] and ANSI/AISC 360-22 [53]. The comparison findings indicated that the 

existing design criteria tended to underestimate the ultimate strength of CFST 

stub columns with QN1803 tubes relative to the numerical results.  

(4) This study recommends new calculation formulas for the compressive 

resistance by modifying the design equations in EN 1994-1-1 [51] and AS/NZS 

5100 [53], and new parameters (ηEC and ηAS) were introduced in the new 

calculation methods for considering the strain hardening effects of steel tubes 

and the confinement effects of the SS tube on the infilled concrete. New 

calculation formulas recommended in this investigation demonstrated accurate 

and reliable predictions for the ultimate bearing strength of these new CFST 

members. The proposed axial strength formulations for CFSST stub columns 

also provide a theoretical basis for extending the design methodology to slender 

members or to CFST columns under combined loading conditions such as axial–

bending or axial–torsional actions. 
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