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ABSTRACT 8 

The Continuous Strength Method (CSM) is a deformation based design approach that provides 9 

accurate cross-section resistance predictions by making rational allowance for the interaction 10 

between cross-section elements, the partial spread of plasticity and the beneficial effects of 11 

strain hardening. The CSM can be used in conjunction with advanced analysis for the design 12 

of members and frames, but, for hand calculations, member-level stability checks are currently 13 

limited to stainless steel hollow section columns failing by flexural buckling. Extension to the 14 

design of stainless steel members subjected to combined compression and bending moment is 15 

presented in this paper. The analysis is based on numerical results and existing experimental 16 

data collected from the literature on stainless steel hollow section members, including members 17 

with stocky and slender cross-sections. Comparisons demonstrate that the adoption of the CSM 18 

design equations in conjunction with both current and revised interaction factors considerably 19 

improves the accuracy of beam-column capacity predictions for members with stocky cross-20 

sections. The analysis on beam-columns with slender sections shows that similar resistance 21 

predictions are obtained using Eurocode 3 and the CSM. The reliability of the proposed 22 

approach is demonstrated through statistical analyses performed in accordance with EN 1990. 23 
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HIGHLIGHTS 27 

• Extension of the CSM to the stability design of stainless steel beam-columns is presented. 28 

• Accuracy of the CSM for beam-columns is assessed against experimental and FE data. 29 

• The CSM is more accurate than current provisions for members with stocky cross-sections. 30 

• The CSM is consistent with current provisions for members with slender cross-sections. 31 

• The reliability of the proposed design approach is demonstrated by statistical analyses. 32 

1. INTRODUCTION 33 

Corrosion resistance, high ductility and sound mechanical properties are key features that make 34 

stainless steels well suited to use in sustainable infrastructure [1-3]. With the high initial cost 35 

of the material relative to the more conventionally used carbon steels, appropriate design 36 

expressions accounting for the nonlinear stress-strain response and the considerable strain 37 

hardening shown by the different stainless steel alloys is important for efficient, economic and 38 

sustainable design. During the last decade, the Continuous Strength Method (CSM) has been 39 

developed as an alternative approach to the traditional provisions given in the European 40 

standards EN 1993-1-4 [4] and EN 1993-1-1 [5], which are based on an elastic-perfectly plastic 41 

stress-strain model. The CSM is not based on the classical discrete cross-section classification 42 

concept; instead it is underpinned by a base curve that defines the maximum strain εcsm that a 43 

cross-section can achieve prior to failure, evaluated in terms of its relative local slenderness, 44 

and incorporates material nonlinearity and strain hardening into the design equations. Hence, 45 

the CSM has been shown to predict the resistance of metallic cross-sections such as stainless 46 

steel [6,7], carbon steel [8,9] and aluminium [10] profiles more accurately than current design 47 

provisions.  48 

The CSM has already been included in the latest edition of the European Design Manual for 49 

Stainless Steel Structures [11] and the AISC Design Guide 27 [12], and is due to be 50 



3 

incorporated into the upcoming versions of prEN 1993-1-4 [13], ASCE 8 [14] and AISC 370 51 

[15]. However, until recently, the CSM only provided analytical design expressions for the 52 

calculation of cross-sectional resistances under compression, bending and combined loading 53 

conditions; the calculation of member buckling resistances was not covered, other than by 54 

second order inelastic analysis [16-18]. Arrayago et al. [19] developed a consistent new CSM 55 

approach for the design of stainless steel members under compression, which allows for the 56 

influence of material nonlinearity and strain hardening. However, the approach has yet to be 57 

applied to members subjected to combined loading. 58 

For stainless steel cross-sections subjected to combined compression plus bending, it has 59 

been shown that the adoption of the EN 1993-1-1 [5] interaction curves, but anchored to the 60 

CSM, in place of the traditional Eurocode, cross-section capacity end-points, provides 61 

improved resistance predictions [20,21]. Regarding the resistance checks for stainless steel 62 

members under combined axial compression and bending moment, use of the CSM bending 63 

moment resistance as the bending end-point in the design interaction equations for beam-64 

columns with stocky cross-sections has been proposed [22], but no modification was proposed 65 

to the flexural buckling resistance (i.e. the compression end-point). This paper presents a design 66 

approach for stainless steel beam-columns with hollow sections in which currently available 67 

interaction expressions are used in conjunction with CSM resistances for both end-points. 68 

Other research accounting for strain hardening effects in stainless steel beam-columns, but 69 

based on the Direct Strength Method, can also be found [23]. 70 

2. DESIGN OF STAINLESS STEEL MEMBERS 71 

2.1. DESIGN OF STAINLESS STEEL BEAMS ACCORDING TO EN 1993-1-4 72 

Design provisions to determine the capacity of stainless steel beams in the EN 1993-1-4 [4,13] 73 

framework are based on the cross-section classification concept. The bending moment 74 

resistance Mc,Rd of stainless steel cross-sections is calculated using Eq. 1, where MRk is the 75 
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characteristic bending moment resistance and γM0 is the partial factor for cross-section 76 

resistance. The definition of MRk depends on the class of the cross-section, being MRk = Wplfy 77 

for Class 1 or 2 cross-sections, MRk = Welfy for Class 3 cross-sections and MRk = Wefffy for 78 

Class 4 cross-sections, where fy is the 0.2% proof stress, Wpl is the plastic modulus, Wel is the 79 

elastic modulus and Weff is the effective modulus. 80 

Mc,Rd =
MRk

γM0
 Eq. 1 

 81 

2.2. DESIGN OF STAINLESS STEEL COLUMNS ACCORDING TO EN 1993-1-4 82 

The traditional design provisions for stainless steel columns given in the current version of 83 

EN 1993-1-4 [4] are based on the Ayrton-Perry buckling formulation utilised in EN 1993-1-1 84 

[5] for carbon steel members, where the column strength is determined by reducing the cross-85 

section squash load as per Eq. 2, where A is the cross-section area (or effective area for Class 86 

4 sections), χ is the reduction factor that accounts for flexural buckling effects calculated as 87 

function of the member slenderness λ̅ = √Nc,Rk Ncr⁄  (in which Nc,Rk is the characteristic cross-88 

section squash load and Ncr is the elastic flexural buckling load of the column) and γM1 is the 89 

partial factor for member instability. 90 

Nb,Rd = χAfy γM1⁄  Eq. 2 

The reliability of the flexural buckling curves specified in EN 1993-1-4 [4] was recently 91 

analysed in [24] and it was concluded that, in some cases, the required partial safety factors 92 

exceeded the currently recommended value of 1.10. Thus, lower buckling curves were 93 

proposed for stainless steel Square and Rectangular Hollow Section (SHS and RHS) columns 94 

with an imperfection factor αEN = 0.49 and limiting slenderness values of λ̅0 = 0.3 for the 95 

austenitic and duplex alloys, and λ̅0 = 0.2 for the ferritic alloys. These revised curves have 96 

already been adopted in the Design Manual for Stainless Steel Structures [11] and will be 97 

included in the next version of prEN 1993-1-4 [13]. 98 
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2.3. THE CONTINUOUS STRENGTH METHOD FOR THE DESIGN OF STAINLESS 99 

STEEL BEAMS 100 

The Continuous Strength Method design equations for predicting the bending moment 101 

resistance of stainless steel beams allow for element interaction, the partial spread of plasticity 102 

and strain hardening effects; for beams with slender cross-sections the bending capacity is 103 

determined directly without requiring the calculation of effective section properties. The CSM 104 

bending capacity of stainless steel beams with SHS and RHS sections Mc,csm,Rd is calculated 105 

from Eq. 3 and Eq. 4 for stocky and slender cross-sections, respectively, where E is the Young’s 106 

modulus, Esh is the strain hardening slope corresponding to the bi-linear CSM material model 107 

[6,7], εcsm is the maximum strain that the cross-section can endure prior to failure, determined 108 

from the CSM base curve [6,7], and εy is the yield strain, εy = fy E⁄ . 109 

For εcsm εy⁄ ≥ 1 

Mc,csm,Rd =
Wplfy

γM0
[1 +

Esh

E

Wel

Wpl
(

εcsm

εy
− 1) − (1 −

Wel

Wpl
) (

εcsm

εy
)

−2

] 

 

Eq. 3 

For εcsm εy⁄ < 1 

Mc,csm,Rd =
εcsm

εy

Welfy

γM0
 

Eq. 4 

 110 

There has been substantial work on members subjected to pure bending over the last few years, 111 

in which the CSM design provisions shown in Eq. 3 and Eq. 4 have been found to provide 112 

excellent resistance predictions for stainless steel beams [6,7,25-30]. Studies on RHS beams 113 

with stocky cross-sections [6,7,25-29] showed that, on average, the predicted-to-experimental 114 

(or numerical) moment ratios increase from 0.74, when the EN 1993-1-4 [4] design equations 115 

are used, to 0.88 when the CSM equation (Eq. 3) is adopted [31]. Likewise, and according to 116 

the results reported in [30,31], average ratios of bending moment resistance predictions to 117 

corresponding test or FE values for stainless steel beams with slender cross-sections are 118 
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improved from 0.76 to 0.82 when Eq. 4 is adopted instead of the effective width expressions 119 

specified in EN 1993-1-4 [4]. 120 

2.4. THE CONTINUOUS STRENGTH METHOD FOR THE DESIGN OF STAINLESS STEEL 121 

COLUMNS 122 

A new CSM design approach for determining the flexural buckling resistance of stainless steel 123 

hollow section columns has been recently developed [19]. This method is based on the 124 

traditional Ayrton-Perry formulation but features enhanced CSM cross-section resistances and 125 

a generalized imperfection parameter that is a function of cross-section slenderness. From the 126 

basic CSM compression and bending moment resistances, Nc,csm,Rk and Mc,csm,Rk, calculated 127 

according to the expressions presented in [6,7,11], the flexural buckling resistance of stainless 128 

steel members Nb,csm,Rd can be calculated using Eq. 5 and following a procedure similar to 129 

that prescribed in EN 1993-1-4 [4] and the Design Manual [11] by reducing the basic CSM 130 

cross-section capacity in compression Nc,csm,Rk with the CSM flexural buckling reduction 131 

factor χcsm, which can be calculated from Eq. 6 and Eq. 7 and from the CSM member 132 

slenderness λ̅csm given by Eq. 8.  133 

Nb,csm,Rd =
χcsmNc,csm,Rk

γM1
 Eq. 5 

χcsm =
1

ϕcsm + √ϕcsm
2 − λ̅csm

2
 Eq. 6 

ϕcsm = 0.5[1 + αcsm(λ̅csm − λ̅0) + λ̅csm
2 ] Eq. 7 

λ̅csm = √Nc,csm,Rk Ncr⁄  Eq. 8 

 134 

The equivalent CSM imperfection factor αcsm in Eq. 7 compensates for the detrimental effect 135 

of plasticity on member stability, which is not directly captured in the first yield Ayrton-Perry 136 

approach, and is given in Eq. 9. In this equation, σc,csm is the CSM cross-section compression 137 
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failure stress, Mel is the elastic bending moment capacity of the cross-section and Npl is the 138 

plastic axial resistance. 139 

αcsm = αEN

e0,csm

e0,el,EN
√

fy

σc,csm

Nc,csm,RkMel

Mc,csm,RkNpl
 Eq. 9 

 140 

The αcsm factor is a function of the cross-section slenderness λ̅p through the ratio of member 141 

bow imperfection amplitudes e0,csm e0,el,EN⁄  for the CSM and the classical formulation [4,11], 142 

as per Eq. 10, adopting the C5 and C6 parameters defined in Eq. 11 and Eq. 12, respectively, 143 

for stainless steel SHS and RHS members. 144 

e0,csm

e0,el,EN
= {

C5 − C6λ̅p for λ̅p ≤ 0.68

1 for λ̅p > 0.68
 Eq. 10 

C5 = 1 + 0.68C6 Eq. 11 

C6 = 1.2(fu fy⁄ ) Eq. 12 

 145 

The approach is based on the revised flexural buckling curves described in the previous section, 146 

and thus the values reported in Section 2.2 for λ̅0 and αEN are adopted in Eq. 7 and Eq. 9, 147 

respectively. The method was shown to provide consistently more accurate column buckling 148 

resistance predictions than the current EN 1993-1-4 design rules for all stainless steel families 149 

due to consideration given to the interaction between cross-section elements and the allowance 150 

made for the partial spread of plasticity and strain hardening [19]. In particular, column resistance 151 

predictions in terms of predicted-to-experimental (or numerical) load ratios were found to 152 

improve from 0.91 to 0.97 when the CSM design approach for flexural buckling developed in 153 

[19] was adopted over the current EN 1993-1-4 design rules for RHS stainless steel columns 154 

with stocky cross-sections, while consistent ratios of 0.84 were obtained for columns with slender 155 

cross-sections for the two approaches. 156 
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2.5. DESIGN OF STAINLESS STEEL MEMBERS SUBJECTED TO COMBINATIONS OF 157 

AXIAL LOAD AND BENDING MOMENT 158 

Resistance checks for members under combined axial compression and bending moment, 159 

without lateral-torsional buckling, are carried out through interaction equations, such as that 160 

given in Eq. 13. In this equation, NEd and MEd are the design values of the compression force 161 

and bending moment, Nb,Rd is the design flexural buckling resistance, Mc,Rd is the design 162 

bending moment capacity of the cross-section and k is an interaction factor. The accuracy of 163 

the interaction equation depends on the values adopted for the flexural buckling and bending 164 

moment resistances, which define the end-points of the interaction curve, and on the interaction 165 

factor k. 166 

NEd

Nb,Rd
+ k

MEd

Mc,Rd
≤ 1.0 Eq. 13 

 167 

The interaction equation for laterally restrained members under compression and minor axis 168 

bending moment according to EN 1993-1-4 [4] is given by Eq. 14, with the interaction factor 169 

kz given in Eq. 15. The term (Nb,Rd)min in Eq. 14 and Eq. 15 refers to the lowest buckling 170 

resistance value for the different buckling modes (flexural buckling about the major axis, 171 

flexural buckling about the minor axis, torsional buckling and torsional-flexural buckling) and 172 

eNz is the shift in neutral axis when the cross-section is subjected to uniform compression, 173 

which is zero in the case of SHS and RHS. In addition, βW,z is a parameter accounting for the 174 

cross-section class in bending (βW,z = 1.0 for Class 1 or 2 cross-sections, βW,z = Wel,z Wpl,z⁄  175 

for Class 3 cross-sections and βW,z = Weff,z Wpl,z⁄  for Class 4 cross-sections) and Wpl,z, Wel,z 176 

and Weff,z are the minor axis plastic, elastic and effective moduli of the cross-section, 177 

respectively. In Eq. 15, λ̅z is the column slenderness for minor z-z axis flexural buckling. 178 

NEd

(Nb,Rd)min
+ kz (

M𝑧,Ed + NEdeNz

βW,zWpl,zfy γM1⁄
) ≤ 1.0 Eq. 14 
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kz = 1 + 2(λ̅z − 0.5)
NEd

(Nb,Rd)min
but 1.2 ≤ k𝑧 ≤ 1.2 + 2

NEd

(Nb,Rd)min
 Eq. 15 

 179 

The interaction factor currently specified in EN 1993-1-4 [4] (Eq. 15) was found to be 180 

inaccurate in recent studies [22] and a new expression for the interaction factor kz was 181 

proposed, based on the revised buckling curves given in [24] and the CSM bending moment 182 

resistance as end-points. This revised interaction factor is given in Eq. 16, with the Di 183 

coefficients summarized in Table 1 for different families of stainless steel SHS and RHS beam-184 

columns. 185 

kz = 1 + D1(λ̅z − D2)
NEd

Nb,Rd,z
≤ 1 + D1(D3 − D2)

NEd

Nb,Rd,z
 Eq. 16 

 186 

In the upcoming prEN 1993-1-4 [13] standard, these new values for the Di coefficients will be 187 

used in conjunction with the general beam-column interaction equations provided in the 188 

upcoming version of EN 1993-1-1, prEN 1993-1-1 [32], as recommended in [22,33]; this 189 

brings greater consistency between carbon steel and stainless steel design. These interaction 190 

equations are given by Eq. 17 and Eq. 18. 191 

NEd

χy
NRk

γM1
⁄

+ kyy

My,Ed + ΔMy,Ed

χLT
My,Rk

γM1
⁄

+ kyz

Mz,Ed + ΔMz,Ed

Mz,Rk
γM1

⁄
≤ 1.0 Eq. 17 

NEd

χz
NRk

γM1
⁄

+ kzy

My,Ed + ΔMy,Ed

χLT
My,Rk

γM1
⁄

+ kzz

Mz,Ed + ΔMz,Ed

Mz,Rk
γM1

⁄
≤ 1.0 Eq. 18 

 192 

In these equations, NEd is the design value of the compression force and My,Ed and Mz,Ed are 193 

the design values of the maximum bending moments about the y-y and z-z axes along the 194 

member, NRk, My,Rk and Mz,Rk are the characteristic values of the cross-sectional resistance to 195 

compressive axial force and bending moments about the y-y and z-z axes, respectively, and 196 

γM1 is the partial factor for the resistance of stainless steel members to instability assessed by 197 

member checks, taken as γM1 = 1.10. ΔMy,Ed and ΔMz,Ed are the moments due to the shift of 198 
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the centroidal axes for Class 4 sections (which are zero for SHS and RHS), χy and χz are the 199 

major and minor axis flexural buckling reduction factors, respectively, and χLT is the buckling 200 

reduction factor for lateral torsional buckling. The interaction factors kyy, kyz, kzy and kzz 201 

employed in Eq. 17 and Eq. 18 should be calculated using the expressions given in Table 2 and 202 

Table 3 for SHS/RHS with instability governed by buckling about the y-y and z-z axis [13,33]. 203 

Cmy and Cmz are the equivalent uniform moment factors, while ny and nz are calculated using 204 

Eq. 19 and Eq. 20. Note that the kyy and kzz factors reported in Table 2 and Table 3 are the 205 

same as those obtained by substituting the Di coefficients from Table 1 into Eq. 16. 206 

ny =
NEd

χy
NRk

γM1
⁄

 Eq. 19 

nz =
NEd

χz
NRk

γM1
⁄

 Eq. 20 

 207 

The beam-columns analysed in the present paper are subjected to bending about the minor axis 208 

only (i.e. My,Ed = 0) and failure is therefore governed by bending and buckling about the z-z 209 

axis. In this case, the general interaction equations given in Eq. 17 and Eq. 18 can be simplified 210 

to Eq. 21, with the interaction factor kzz given in Eq. 22 and Table 1, which is equivalent to 211 

that shown in Eq. 16. 212 

NEd

χz
NRk

γM1
⁄

+ kzz

Mz,Ed + ΔMz,Ed

Mz,Rk
γM1

⁄
≤ 1.0 Eq. 21 

For λ̅z < D3                              kzz = Cmz[1 + D1(λ̅z − D2)nz] 

For λ̅z ≥ D3                              kzz = Cmz[1 + D1(D3 − D2)nz] 

Eq. 22a 

Eq. 22b 

 213 

In this paper, adoption of the CSM flexural buckling and bending moment resistances as the 214 

basis (i.e. the end-points) for the design of stainless steel beam-columns is assessed. The 215 

analysis is based on experimental results collected from the literature and finite element 216 

simulations developed in the current study, both of which are described in Section 3. Beam-217 

columns with stocky cross-sections are analysed in Section 4, while the corresponding analysis 218 
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for beam-columns with slender cross-sections is presented in Section 5. The reliability of the 219 

approach is assessed in Section 6 and the summary of proposals is provided in Section 7. 220 

Finally, a worked example illustrating the stability design of a stainless steel beam-column 221 

using the Continuous Strength Method is provided in Section 8. 222 

3. EXPERIMENTAL AND NUMERICAL RESISTANCE DATA FOR STAINLESS 223 

STEEL MEMBERS UNDER COMBINED LOADING  224 

3.1. COLLECTED EXPERIMENTAL DATA 225 

Experimental results reported in the literature have been collected to complement the developed 226 

numerical results [34-40]. All tests were conducted under pin-ended conditions. Test specimens 227 

with both fully effective (i.e. non-slender sections with λ̅p ≤ 0.68) and slender cross-sections 228 

(i.e. sections with λ̅p > 0.68) have been considered. The key details of the assembled 229 

experimental data, including number of tests and ranges of cross-section slenderness and member 230 

slenderness, are summarized in Table 4. The cross-section slenderness values were calculated 231 

from λ̅p = √fy σcr,l⁄ , in which the elastic critical local buckling stress of the full cross-section 232 

σcr,l was estimated using CUFSM [41]. Simple analytical expressions for determining σcr,l of 233 

full cross-sections are also available in [42]. 234 

3.2. FINITE ELEMENT DATA 235 

3.2.1 Validation of the numerical model 236 

Finite Element (FE) models of stainless steel members under combined loading were 237 

developed using the general-purpose software ABAQUS [43] and validated against the 238 

experimental results reported in [38]. The mid-surfaces of the cross-sections were modelled 239 

using the four-noded shell elements with reduced integration S4R [43], which have been widely 240 

used in the modelling of cold-formed stainless steel members [21-23]. After conducting a mesh 241 

convergence study, computational efficiency and reliability of results were ensured by adopting 242 

a uniform mesh size of 5 mm for the flat parts of the faces of the SHS and RHS members, and 243 

four elements for the corner regions. Local and global initial geometric imperfections were 244 
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introduced into the FE models in the form of elastic buckling mode shapes obtained from prior 245 

buckling analyses, following the procedure described in [44], with the imperfection amplitudes 246 

measured from the test specimens, as reported in [38]. In this approach, two different buckling 247 

analyses are performed for each specimen; in the first, an overall member buckling mode shape 248 

was ensured by increasing the shell thickness of the modelled member, while for the second 249 

buckling analysis, the thickness was reduced to obtain a local buckling eigenmode. Finally, the 250 

result files from both analyses were combined into one single file and appropriate amplitudes 251 

were assigned. The measured material properties from the test specimens, as given in [38], 252 

were also incorporated into the FE models through nonlinear true stress vs true plastic strain 253 

relationships, considering separately the flat and corner regions of the cross-sections [45].  254 

Residual stresses in cold-formed specimens primarily correspond to bending residual 255 

stresses, since membrane residual stresses are low in magnitude and have been shown to have 256 

a negligible influence on structural response [45,46]. According to [46,47], coupons curve 257 

longitudinally when cut from cold-formed tubes but return to their original straight shape when 258 

they are gripped and loaded in a tensile testing machine. It is assumed that during this 259 

straightening process the bending residual stresses are re-introduced into the coupons and 260 

consequently, the influence of these residual stresses is implicitly included in the stress-strain 261 

curves obtained from tensile tests. Therefore, they do not need to be explicitly incorporated 262 

into the FE models. To replicate the pin-ended boundary conditions of the tests, the nodes at 263 

the ends of the members were kinematically coupled and connected to two reference points, to 264 

which the relevant boundary conditions were applied. To model combined loading conditions, 265 

reference points were defined with appropriate eccentricities and the load was introduced as an 266 

imposed displacement at the upper reference point. The geometrically and materially nonlinear 267 

FE analyses were solved using the modified Riks method [43].  268 
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The accuracy of the developed beam-column FE models is demonstrated in Table 5, where 269 

the ratios of the numerical-to-experimental ultimate loads (Nu,FE/Nu,exp) and corresponding 270 

lateral deflections (u,FE/u,exp) are reported, showing good agreement between the test and FE 271 

failure loads with the mean value of Nu,FE/Nu,exp equal to 1.02 and the coefficient of variation 272 

(COV) equal to 0.017. Comparisons were also made between the experimental and numerical 273 

load-deformation curves and failure modes, typical examples of which are presented in Figure 274 

1; the load-deformation histories and failure modes from the tests are seen to be accurately 275 

replicated by the FE simulations. Overall, it may be concluded that the developed FE models 276 

are capable of accurately predicting the behaviour of stainless steel beam-columns and are 277 

suitable for generating parametric results. 278 

3.2.2 Parametric study 279 

The parametric study featured SHS and RHS austenitic, ferritic and duplex stainless steel 280 

members with pin-ended conditions and both stocky and slender cross-sections under 281 

combined loading. For each stainless steel family (austenitic, ferritic and duplex alloys), the 282 

parametric study included SHS and RHS cross-sections with overall height and width 283 

dimensions ranging between 60-180 mm and thicknesses varying between 3-6 mm. Member 284 

lengths were chosen to give member slenderness λ̅csm values between 0.4-2.5 and load 285 

eccentricities e were defined such that e/B ranged between 0.1-1.5, where B is the width of the 286 

cross-section. A total of 180 beam-columns with stocky sections and 84 with slender cross-287 

section were simulated for each material type. The material stress-strain response of each 288 

stainless steel family was based on the standardized material parameters reported in [24] for the 289 

flat and corner regions of the SHS/RHS, as summarized in Table 6, which were based on 290 

experimentally measured properties and therefore already incorporate the effect of bending 291 

residual stresses [46,47], and the material model defined in [48]. In Table 6, 𝐸 is the Young’s 292 

modulus, 𝑓y is the yield stress, 𝑓u is the ultimate tensile strength, 𝜀u is the corresponding ultimate 293 
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strain and n and m are the strain hardening exponents. Initial global and local imperfections 294 

were introduced following the procedure described in Section 3.2.1, with amplitudes equal to 295 

L/1500 for the global imperfections, and amplitudes predicted using the modified Dawson and 296 

Walker model proposed in [49] for the local imperfections. All the analyses presented in this 297 

paper are based on the weighted average material properties of the cross-sections, based on the 298 

areas corresponding to the flat and corner regions of the SHS/RHS [11]. 299 

4. CSM DESIGN OF STAINLESS STEEL MEMBERS WITH STOCKY CROSS-300 

SECTIONS UNDER COMBINED LOADING 301 

4.1. ASSESSMENT OF EXISTING INTERACTION FACTORS 302 

An assessment of the proposed CSM approach for the design of stainless steel SHS and RHS 303 

beam-columns is carried out by comparing the predicted resistances for the different design 304 

approaches described below with the experimental and numerical results introduced in Section 305 

3. The assessment is presented separately for members with stocky and slender cross-sections 306 

to evaluate the beneficial influence of strain hardening in member design and to assess the 307 

accuracy of the CSM strength curve for local buckling, respectively. This section covers 308 

members with cross-section slenderness values λ̅p ≤ 0.68 (i.e. stocky cross-sections), while 309 

the next section addresses members with cross-section slenderness values λ̅p > 0.68 (i.e. 310 

slender cross-sections). 311 

The design approach provided in the current EN 1993-1-4 [4] standard, which is denoted as 312 

Design Approach 0 and is based on the interaction equation shown in Eq. 14, with the interaction 313 

factor defined in Eq. 15, and the EN 1993-1-4 [4] end-points (pure flexural buckling and pure 314 

bending moment resistances) Nb,Rk and Mc,Rk, has been adopted as a reference in this study (see 315 

Figure 2). Three additional design approaches have been considered using the interaction 316 

equation given in Eq. 21, in conjunction with the interaction factor provided in Table 3 or Eq. 317 

22, to illustrate the importance of the adopted end-points, as shown in Figure 2: Design 318 

Approach 1 is based on the EN 1993-1-4 [4] end-points (Nb,Rk and Mc,Rk), Design Approach 2 319 



15 

combines the classical flexural buckling resistance given in [4] with the CSM bending moment 320 

resistance (Nb,Rk and Mc,csm,Rk) and Design Approach 3 incorporates the CSM-based end-points 321 

for both flexural buckling and bending moment resistances (Nb,csm,Rk and Mc,csm,Rk). Note that 322 

the interaction curve corresponding to Design Approach 0 is not anchored to the bending 323 

resistance end-point Mc,Rk, as shown in Figure 2, owing to the lower limitation of 1.2 in the 324 

interaction factor given in Eq. 15. An additional approach – Design Approach 4 – that uses a new 325 

interaction factor calibrated in the next section of this paper, with the CSM-based end-points 326 

(Nb,csm,Rk and Mc,csm,Rk), is also considered. Table 7 provides a summary of the five Design 327 

Approaches considered in the analysis of beam-columns with stocky cross-section, indicating the 328 

flexural buckling resistance, bending moment resistance, interaction equation and interaction 329 

factors considered in each case. For the analysis of the results, an angle parameter θ is introduced 330 

in Eq. 23 and Figure 3 to describe the combination of axial load and bending moment, in which 331 

Npred and Mpred are the predicted compression and bending moment resistances, Nu and Mu are 332 

the ultimate numerical (or experimental) compression and bending moment capacities and Nb,R 333 

and Mc,R represent the pure flexural buckling and pure bending moment resistances. In this paper, 334 

the CSM end-points have been adopted for the calculation of the angle parameter θ, as shown in 335 

Eq. 23. Note that θ = 0° represents pure bending loading conditions, while θ = 90° corresponds 336 

to pure compression. 337 

θ = tan−1 [
Npred Nb,csm,Rk⁄

Mpred Mc,sm,Rk⁄
] = tan−1 [

Nu Nb,csm,Rk⁄

Mu Mc,csm,Rk⁄
] Eq. 23 

 338 

The results for the stainless steel beam-columns with stocky cross-sections are presented 339 

separately for values of the angle parameter θ lower and higher than 45° in Table 8 to illustrate 340 

loading scenarios governed by bending, with 0° ≤ θ < 45°, and by compression, with 45° ≤341 

θ ≤ 90°, as well as for all loading scenarios (0° ≤ θ ≤ 90°). Table 8 presents the mean values 342 

and coefficients of variation (COV) of the predicted-to-ultimate experimental or numerical 343 
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axial load ratios for the different design approaches and stainless steel families considered. 344 

Since proportional loading is applied to all experimental and FE beam-columns considered in 345 

this study, calculating the predicted-to-ultimate axial load ratios Npred Nu⁄  is equivalent to the 346 

combined compression plus bending predicted-to-ultimate capacity ratios. From the mean 347 

values and coefficients of variation of the Npred Nu⁄  ratios reported in Table 8 for 0° ≤ θ <348 

45°, similar conclusions can be drawn for the three stainless steel families – the most accurate 349 

beam-column capacity predictions are obtained when both the flexural buckling and bending 350 

moment resistances are calculated using the CSM, i.e. using Nb,csm,Rk and Mc,csm,Rk as the end-351 

points in Design Approach 3. The most substantial improvements are observed for the 352 

austenitic alloys (which exhibit the most pronounced strain hardening among the three stainless 353 

steel families considered) and a consistent level of accuracy is achieved for all three materials. 354 

When all specimens are analysed in Table 8, improvements in the prediction of beam-355 

column strengths can be observed from Design Approach 1 to Design Approach 2 and from 356 

Design Approach 2 to Design Approach 3. However, for low values of the angle parameter 357 

(0° ≤ θ < 45°), improvements mainly occur from Design Approach 1 to Design Approach 2 358 

when the end-point corresponding to the bending moment resistance is modified, since these 359 

specimens are subjected primarily to bending (see Table 8 for 0° ≤ θ < 45°). According to the 360 

results reported in Table 8, for specimens loaded under predominantly compressive loading 361 

(with high values of the angle parameter θ, i.e. 45° ≤ θ ≤ 90°), improvements are observed 362 

when the CSM is used for both the bending moment and the flexural buckling resistance 363 

predictions. This is because the second term accounting for bending effects in the interaction 364 

equation (see Eq. 14 or Eq. 21) has a stronger impact on the final interaction check as it 365 

incorporates the interaction factor k which typically assumes a value greater than unity. Finally, 366 

it is worth noting that while the results reported for austenitic stainless steel for the Design 367 

Approaches 0 and 1 are similar, improvements in the predicted capacities can be observed for 368 
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the ferritic and duplex families when the interaction factor given in Eq. 16 or Eq. 22 is adopted. 369 

This can be explained by the Di coefficients reported in Table 1, which lead to similar 370 

interaction factors for Design Approaches 0 and 1 for austenitic stainless steel beam-columns 371 

(D1 = 2.0 and D2 = 0.50 vs. D1 = 2.0 and D2 = 0.30), but rather different factors for the 372 

remaining stainless steel families. 373 

Figure 4 to 6 present comparisons of the predicted-to-ultimate compression ratios 374 

corresponding to the different design approaches and stainless steel families considered. The 375 

results are plotted against the angle parameter θ for the austenitic, ferritic and duplex stainless 376 

steel beam-columns with stocky cross-sections in Figure 4, Figure 5 and Figure 6, respectively. 377 

For comparison purposes, results corresponding to the end-points i.e. pure bending (θ = 0°) 378 

and pure compression (θ = 90°) reported in the literature [19,25-29] are also included, 379 

although the analysis is focussed on members subjected to combined loading conditions. These 380 

figures illustrate the improvement obtained in the prediction of the resistance of cold-formed 381 

stainless steel hollow section beam-columns when more accurate analytical models are 382 

considered for the calculation of the end-points defining the axial compression-bending 383 

moment interaction diagrams: the lowest Npred Nu⁄  ratios are observed for Design Approaches 384 

0 and 1 for the three material families, since these approaches do not incorporate strain 385 

hardening effects into the calculation of the end-points. It can be also observed that the results 386 

for Design Approaches 2 and 3 are very similar for specimens under combined loading with 387 

low θ values (i.e. loading governed by bending moment), which indicates that improvement to 388 

the prediction of flexural buckling resistance does not have a significant influence on the 389 

resistance prediction of beam-columns with high bending moment-to-compression ratios. 390 

However, for high θ values (i.e. members loaded predominantly in compression), the 391 

improvement introduced by the new CSM approach for stainless steel columns is considerable. 392 
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It is worth noting that Figures 4 to 6 include a few cases in which Design Approach 2 393 

provides higher Npred Nu⁄  ratios than Design Approach 3, which might seem counterintuitive. 394 

The explanation for this can be found in the definition of the interaction factors k given in Eq. 395 

16 and Eq. 22, and in Table 2 and Table 3, which are dependent on both the member slenderness 396 

λ̅ (or λ̅csm) and the flexural buckling resistance Nb,Rk (or Nb,csm,Rk). The coefficients D1, D2 397 

and D3 were originally calibrated for member slenderness λ̅ values calculated according to 398 

EN 1993-1-4 [4] and the flexural buckling resistances Nb,Rk proposed in [24]. When adopting 399 

the new parameters – λ̅csm and Nb,csm,Rk based on CSM resistances – it is observed that in 400 

general, the considered member slenderness has a stronger influence on the calculation of the 401 

interaction factor k, which indicates that for the same specimen, the interaction factor would 402 

be higher for the CSM than for the current design approach, resulting in a lower member 403 

capacity prediction. Thus, a recalibration of the Di coefficients based on the CSM resistances 404 

is required, which is addressed in the following sub-section. 405 

4.2. DEVELOPMENT OF NEW INTERACTION FACTORS 406 

Although the adoption of the CSM design equations for stainless steel beam-columns in 407 

conjunction with the original D1, D2 and D3 coefficients [22] leads to an overall improvement 408 

in the predicted member capacities, the accuracy of the method can be further improved by 409 

recalibrating the Di coefficients to account for the different CSM member slendernesses and 410 

column buckling resistances. The new interaction factor kzz,csm is defined following the same 411 

structure to that given in Eq. 22, but with modified coefficients D1,csm, D2,csm and D3,csm, as 412 

per Eq. 24. 413 

For λ̅z,csm < D3,csm            kzz,csm = Cmz[1 + D1,csm(λ̅z,csm − D2,csm)nz,csm] 

For λ̅z,csm ≥ D3,csm            kzz,csm = Cmz[1 + D1,csm(D3,csm − D2,csm)nz,csm] 

Eq. 24a 

Eq. 24b 

 414 
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The new Di,csm coefficients are based on the Di values originally calibrated by Zhao et al. [22], 415 

but incorporate a correction factor γ (given by Eq. 25), that depends on the cross-sectional 416 

slenderness through the CSM cross-sectional design stress in compression σc,csm used in 417 

column design (see section 2.4), and are defined in Eq. 26 to Eq. 28. The purpose of introducing 418 

this correction factor γ is to compensate for the increase in the interaction factor k when the 419 

new CSM parameters λ̅csm and Nb,csm,Rk are adopted, as highlighted in Section 4.1, and to 420 

achieve the same flexural buckling and bending moment interaction levels as for the current 421 

design approach. Put simply, the objective of the new Di,csm coefficients is to ensure that the 422 

kzz and kzz,csm interaction factors are as similar as possible. Note that the new Di,csm 423 

coefficients differ to the greatest extent from the original Di coefficients for the stockiest cross-424 

sections (i.e. low λ̅p or high σc,csm values) and tend to the original Di values as the cross-section 425 

slenderness tends to the limiting value of λ̅p = 0.68, which is the CSM slenderness limit 426 

between fully effective and slender cross-sections. At λ̅p = 0.68, the Di,csm and original Di 427 

values are equal, since fy = σc,csm and γ = 1.0. 428 

 γ = √fy σc,csm⁄  Eq. 25 

D1,csm = γD1 Eq. 26 

D2,csm = D2 γ⁄  Eq. 27 

D3,csm = D3 γ⁄  Eq. 28 

 429 

A comparison of the interaction factors (kzz,EN and kzz,csm) obtained using the original Di and 430 

the new Di,csm coefficients is presented in Figure 7. This figure depicts the ratios of the EN-to-431 

CSM interaction factors for the current definition of the interaction factor (Eq. 22, with empty 432 

markers) and the revised interaction factor (Eq. 24, with solid markers) for the three stainless 433 

steel families considered, for varying local slenderness values λ̅p. The reference interaction 434 

factor kzz,EN corresponds to the interaction factors given in Table 3 and Eq. 22, calculated 435 

based on the EN 1993-1-4 [4] end-points Nb,Rk and Mc,Rk, while kzz,csm factors have been 436 
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calculated using the CSM end-points Nb,csm,Rk and Mc,csm,Rk. Figure 7 clearly illustrates that 437 

without the correction factor γ, the interaction factors calculated with the CSM end-points and 438 

Table 3 are considerably higher than the reference interaction factors kzz,EN, which leads to 439 

lower member capacity predictions, as highlighted in Section 4.1. On the other hand, when the 440 

kzz,csm interaction factors are determined with the new Di,csm coefficients and the CSM end-441 

points, the resulting interaction factors are very close to the reference values kzz,EN.  442 

Results corresponding to the application of the new interaction factor kzz,csm are presented 443 

in Table 8 as Design Approach 4; the same experimental and numerical database has been 444 

employed in the assessment as used for Design Approaches 0 to 3. From the results, it can be 445 

seen that the adoption of the new interaction factor kzz,csm, defined in Eq. 24, improves the 446 

resistance predictions obtained using the Design Approach 3 and provides a more uniform level 447 

of accuracy for all materials and loading types. Similar conclusions can be drawn from the 448 

predicted-to-ultimate compression ratios reported in Figures 4 to 6 for austenitic, ferritic and 449 

duplex stainless steel beam-columns. 450 

5. CSM DESIGN OF STAINLESS STEEL MEMBERS WITH SLENDER CROSS-451 

SECTIONS UNDER COMBINED LOADING 452 

5.1. ASSESSMENT OF EXISTING INTERACTION FACTORS 453 

The assessment of the CSM approach for the design of stainless steel beam-columns with 454 

slender cross-sections (i.e. λ̅p > 0.68) is presented in this section. As in the previous section, 455 

resistance predictions corresponding to the design approaches of Eurocode 3 are calculated and 456 

compared with equivalent results based on CSM provisions, for which five design approaches 457 

have been defined. Note that design approaches considered in the analysis of the beam-columns 458 

with slender cross-sections are slightly different to those defined in Section 4. Table 9 provides 459 

a summary of the different Design Approaches investigated in this section, which are also 460 

illustrated in Figure 8. In this section, Design Approaches A and B correspond to the general 461 



21 

interaction equation given in Eq. 21, with the current interaction factor kzz as defined in Eq. 462 

22, but while Design Approach A is based on the effective end-points calculated following the 463 

Effective Width Method provided in EN 1993-1-4 [4] (Nb,eff,Rk and Mc,eff,Rk), Design 464 

Approach B adopts the reduced CSM flexural buckling and bending moment resistances for 465 

slender sections (Nb,eff,csm,Rk and Mc,eff,csm,Rk), as defined in [19] and [30], respectively. Note 466 

that while Design Approach A is equivalent to the Design Approach 1 investigated in Section 4, 467 

Design Approach B can be considered equivalent to Design Approach 3. As in Section 4, a 468 

reference design approach (Design Approach 0) has been defined for comparison purposes, 469 

which is based on the interaction equation shown in Eq. 14 with the interaction factor defined in 470 

Eq. 15 and the EN 1993-1-4 [4] end-points Nb,eff,Rk and Mc,eff,Rk. 471 

Ultimate loads calculated following Design Approaches A and B are compared with the 472 

corresponding experimental and FE resistances in Table 10, where mean values and 473 

coefficients of variation (COV) of the predicted-to-experimental (or FE) load ratios are 474 

reported for the different loading types considered (i.e. loading scenarios dominated by 475 

bending, with 0° ≤ θ < 45°, or compression, with 45° ≤ θ ≤ 90°, and all loading conditions, 476 

0° ≤ θ ≤ 90°). The results indicate that both design approaches yield very similar results, 477 

although Design Approach B, based on CSM end-points, provides marginally more accurate 478 

resistance predictions for stainless steel SHS and RHS beam-columns with slender cross-479 

sections. In addition, this approach is simpler to use, since no effective width calculations are 480 

required. These results are consistent with the conclusions reported by the authors in [19] for 481 

stainless steel SHS and RHS columns with slender cross-sections. Regarding the reference 482 

Design Approach 0, results in Table 10 indicate that, following the observations made for beam-483 

columns with stocky cross-sections, member capacity predictions for Design Approaches 0 and 484 

A are similar for austenitic stainless steel, but more conservative for the current design 485 

approach provided in [4] (Design Approach 0) for the duplex and ferritic stainless steels. As 486 
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for Section 4, this is because the Di coefficients reported in Table 1 for austenitic stainless steel 487 

beam-columns result in similar interaction factors for Design Approaches 0 and A, but this is 488 

not the case for the ferritic and duplex stainless steels. 489 

Similar results are also shown in Figures 9 to 11, where the predicted-to-experimental (or 490 

FE) load ratios are plotted against the angle parameter θ for austenitic, ferritic and duplex 491 

stainless steel beam-columns with slender cross-sections. These figures also show results 492 

corresponding to pure bending and pure compression (i.e. the end-points), which were obtained 493 

from previous studies by the authors [19,27-29], although the analysis is focussed on members 494 

subjected to combined loading conditions. The accuracy observed in the predictions of the 495 

resistance of stainless steel beam-columns with slender SHS and RHS profiles is markedly 496 

lower than that reported for equivalent beam-columns with stocky cross-sections in Section 4. 497 

With the aim of providing uniform accuracy levels across the full range of cross-section 498 

slenderness, recalibration of the Di coefficients for beam-columns with slender cross-sections 499 

is presented in the following sub-section. 500 

5.2. DEVELOPMENT OF NEW INTERACTION FACTORS 501 

New interaction factors for stainless steel SHS and RHS beam-columns with slender cross-502 

sections are derived in this section. The new interaction factors are applicable for use with both 503 

the Eurocode 3 (see Eq. 29) and CSM (see Eq. 30) end-points, which are similar for slender 504 

SHS and RHS profiles.  505 

For λ̅z < D3
∗                             kzz

∗ = Cmz[1 + D1
∗(λ̅z − D2

∗)nz] 

For λ̅z ≥ D3
∗                             kzz

∗ = Cmz[1 + D1
∗(D3

∗ − D2
∗)nz] 

Eq. 29a 

Eq. 29b 

For λ̅z,csm < D3,csm
∗                kzz,csm

∗ = Cmz[1 + D1,csm
∗ (λ̅z,csm − D2,csm

∗ )nz,csm] 

For λ̅z,csm ≥ D3,csm
∗                kzz,csm

∗ = Cmz[1 + D1,csm
∗ (D3,csm

∗ − D2,csm
∗ )nz,csm] 

Eq. 30a 

Eq. 30b 

 506 

Following a similar procedure to that adopted for stocky cross-sections in Section 4.2, new Di
∗ 507 

coefficients are proposed in this section to define the interaction factors for stainless steel 508 
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beam-columns with slender cross-sections. While the modified Di,csm coefficients defined for 509 

stocky cross-sections compensated for the incorporation of strain hardening effects in the 510 

design resistances, the recalibrated Di coefficients for slender cross-sections (Di
∗ and Di,csm

∗ ) 511 

counteract the effect of local buckling in the calculation of the interaction factors kzz and 512 

kzz,csm and lead to flexural buckling and bending moment interaction levels similar to those 513 

exhibited by equivalent fully effective cross-sections with no strain hardening. To achieve this, 514 

a new correction factor γ∗, given in Eq. 31, is defined for beam-columns with slender cross-515 

section, which leads to the definition of the revised Di
∗ and Di,csm

∗  coefficients given by Eq. 32 516 

to Eq. 34. Note that in order to maintain consistency in the recalibrated Di,csm coefficients 517 

between stocky and slender sections, the definition of the γ and γ∗ factors is different for the 518 

CSM approach. It is also important to highlight that the definition of the correction factor for 519 

slender cross-sections γ∗ has an equivalent meaning regardless the adopted design approach 520 

(i.e. a cross-section effectiveness ratio), although the equations used in the calculation of these 521 

factors are different when the Eurocode 3 or CSM design approaches are adopted, using either 522 

the effective width equations [4] or the CSM base curve [30]. 523 

γ∗ = √Aeff A⁄    or   γ∗ = √σc,csm fy⁄    Eq. 31 

D1
∗ = γ∗D1   or   D1,csm

∗ = γ∗D1 Eq. 32 

D2
∗ = D2 γ∗⁄    or   D2,csm

∗ = D2 γ∗⁄  Eq. 33 

D3
∗ = D3 γ∗⁄    or   D3,csm

∗ = D3 γ∗⁄  Eq. 34 

 524 

Assessment of the results corresponding to the interaction equation given in Eq. 21 and the new 525 

interaction factors defined in Eq. 29 and Eq. 30 is presented in Table 10, in which Design 526 

Approach C is based on the effective end-points calculated following the Effective Width 527 

Method [4] (Nb,eff,Rk and Mc,eff,Rk) with the interaction factor defined in Eq. 29, while Design 528 

Approach D corresponds to the reduced CSM resistances (Nb,eff,csm,Rk and Mc,eff,csm,Rk) [30] 529 

and the interaction factor in Eq. 30, as defined in Table 9. The results show that the improvement 530 
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achieved in the prediction of the beam-column capacity for the recalibrated interaction factors 531 

kzz
∗  and kzz,csm

∗  is limited, and similar for the Eurocode 3 and CSM design approaches, 532 

obtaining equivalent levels of accuracy for Design Approaches C and D. Similar observations 533 

can be made from Figures 9 to 11 for the different families of stainless steel. This can be 534 

explained by the considerable conservatism associated with the calculation of the end-points 535 

for members with slender cross-section, as shown by the interaction diagrams presented in 536 

Figure 12. These figures depict and compare the interaction curves corresponding to Design 537 

Approaches C and D with the experimental and numerical member capacity database in a 538 

normalized compression-bending interaction diagram. Note that although the specimens 539 

included in Figure 12 have different member slendernesses and levels of axial compression, 540 

and thus, different interaction diagrams apply, only the average interaction curves have been 541 

plotted for simplicity. The results in Figure 12 suggest that the flexural buckling and bending 542 

moment resistances acting as the end-points in these interaction diagrams should be revised in 543 

order to achieve more accurate beam-column ultimate load predictions, since the recalibration 544 

of new interaction factors is not sufficient to compensate for the underestimation of these end-545 

points. This has been also highlighted in other studies into the resistance of stainless steel 546 

members with slender cross-sections [29,50,51]. 547 

6. RELIABILITY ANALYSIS  548 

The reliability of the proposed CSM approach for the design of stainless steel SHS and RHS 549 

beam-columns is assessed in this section through statistical analyses. The reliability of the CSM 550 

design expressions in predicting the end points of the interaction curves has been demonstrated 551 

in previous studies [6,7,19,25-30], which have consistently shown that the CSM equations can 552 

be safely adopted with the γM0 and γM1 safety factors currently recommended in EN 1993-1-553 

4 [4]. 554 
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The statistical analyses for the different design approaches proposed in this paper for 555 

stainless steel members under combined loading have been carried out according to EN 1990, 556 

Annex D [52], although the method to calculate the mean value of the correlation factor b 557 

described in [53] has been adopted. The statistical parameters corresponding to the variation in 558 

geometrical properties for SHS and RHS specimens were taken from [54], while the variation 559 

in material properties for the different stainless steel families were extracted from [55]: yield 560 

overstrength ratios of 1.20, 1.15 and 1.10 for austenitic, ferritic and duplex families, 561 

respectively, with the corresponding coefficients of variation 0.059, 0.054 and 0.056. A 562 

summary of the most relevant statistical parameters for the different alternative design 563 

approaches considered in Sections 4 and 5 is presented in Table 11 and Table 12 for beam-564 

columns with stocky and slender cross-sections, respectively. In these tables, n corresponds to 565 

the number of specimens, b is the mean value of the correction factor, Vδ is the coefficient of 566 

variation of the errors relative to the experimental results, Vr is the combined coefficient of 567 

variation and finally γM1 is the calculated partial safety factor. Reliability analyses for the 568 

combined databases of members with both stocky and slender cross-sections are also reported 569 

in Table 13. According to the results reported in Table 11 to Table 13, the proposed CSM 570 

approaches for stainless steel beam-columns can be safely applied to members with both stocky 571 

and slender hollow sections, since the calculated γM1 values lie below the partial safety factor 572 

γM1 currently recommended in EN 1993-1-4 [4], equal to 1.10. It is worth noting that the γM1 573 

values reported in Table 13 for the CSM-based approaches when the full database is considered 574 

are slightly higher than the values calculated separately for stocky and slender cross-sections 575 

(see Table 11 and Table 12) because results are marginally more scattered, given the fact that 576 

greater improvements are obtained for members with stocky cross-sections when using CSM-577 

based end-points than for members with slender cross-sections. 578 
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7. SUMMARY OF PROPOSALS 579 

Based on the described analyses, the proposed CSM interaction factors kzz,csm for stainless 580 

steel SHS and RHS beam-columns with stocky and slender cross-sections (which correspond 581 

to Design Approaches 4 and D), to be used in conjunction with the interaction equation given 582 

in Eq. 21 are summarised as follows: 583 

For λ̅z,csm < D3 γcsm⁄        kzz,csm = Cmz[1 + γcsmD1(λ̅z,csm − D2 γcsm⁄ )nz,csm] 

For λ̅z,csm ≥ D3 γcsm⁄        kzz,csm = Cmz[1 + γcsmD1(D3 γcsm⁄ − D2 γcsm⁄ )nz,csm] 

Eq. 30a 

Eq. 30b 

 584 

with 585 

γcsm = {
√fy σc,csm⁄ for λ̅p ≤ 0.68

√σc,csm fy⁄ for λ̅p > 0.68
  

Eq. 25 

Eq. 31 

 
And the proposed EN 1993-1-4 [4] interaction factors kzz for stainless steel SHS and RHS 586 

beam-columns with slender cross-sections (corresponding to Design Approach C) are 587 

summarised as follows: 588 

For λ̅z < D3 γEN⁄                 kzz = Cmz[1 + γEND1(λ̅z − D2 γEN⁄ )nz] 

For λ̅z ≥ D3 γEN⁄                 kzz = Cmz[1 + γEND1(D3 γEN⁄ − D2 γEN⁄ )nz] 

Eq. 29a 

Eq. 29b 

 589 

with 590 

γEN = √Aeff A⁄  Eq. 31 

  591 

and with the Di coefficients given in Table 1. 592 

8. WORKED EXAMPLE 593 

This section provides a worked example illustrating the design of a stainless steel beam-column 594 

using the Continuous Strength Method. Design calculations are presented for a SHS 60×60×4 595 

austenitic stainless steel member subjected to an eccentric compressive load, with a load 596 

eccentricity ey of 18 mm. The ends of the beam-column are pinned about the z-z axis and fixed 597 

about the y-y axis. The geometric and material properties of one of the members simulated in 598 
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the parametric study have been used and all factors of safety have been set to unity (i.e. 599 

characteristic resistances are considered), to allow a direct comparison with the FE result. 600 

Geometric and material properties 601 

H = 60 mm A = 827 mm2 E = 200 GPa 

B = 60 mm Iz = 351780 mm4 fy = 499 MPa 

t = 4 mm Wel,z = 11726 mm3 fu = 728 MPa 

R = 12 mm Wpl,z = 16801 mm3 εy = 499 200000⁄ = 0.00250  

L = 925 mm ey = 18 mm εu = 1 − 499 728⁄ = 0.315  
σcr,l,c = 5014 MPa σcr,l,b = 5565 MPa Ncr,z = 811.6 kN 

 602 

Note that R is the external corner radius and σcr,l,c and σcr,l,b are the elastic local buckling 603 

stresses of the full cross-section in pure compression and pure bending, respectively, calculated 604 

using CUFSM [41]. The remaining parameters have been already defined in the previous 605 

sections of the paper. 606 

Determine the CSM bending resistance 𝑀𝑐,𝑐𝑠𝑚,𝑅𝑘 607 

- Local cross-sectional slenderness in bending: λ̅p,b = √fy σcr,l,b⁄ = √499 5565⁄ = 0.30 608 

- CSM base curve [6,13]: 
εcsm

εy
=

0.25

λ̅p,b
3.6 = 19.1 > min (15,

0.1εu

εy
) ∴

εcsm

εy
= 12.4 609 

- Strain hardening slope [6,13]:  Esh =
fu−fy

0.16εu−εy
= 4780.8 MPa 610 

- CSM bending resistance: Mc,csm,Rk = 9.96 kNm [prEN 1993-1-4 [13] predicted bending 611 

capacity is Mc,Rk = 8.38 kNm]. 612 

Determine the CSM compression resistance 𝑁𝑐,𝑐𝑠𝑚,𝑅𝑘 613 

- Local cross-sectional slenderness in compression: λ̅p,c = √fy σcr,l,c⁄ = √499 5014⁄ =614 

0.315 615 

- CSM base curve [6,13]: 
εcsm

εy
=

0.25

λ̅p,c
3.6 = 15.9 > min (15,

0.1εu

εy
) ∴

εcsm

εy
= 12.4 616 

- CSM cross-section compression stress [6,13]: σc,csm = fy + Eshεy (
εcsm

εy
− 1) =617 

635.3 MPa 618 
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- CSM cross-sectional compression resistance [6,13]: Nc,csm,Rk = Aσc,csm = 525.4 kN 619 

Determine the CSM flexural buckling resistance 𝑁𝑏,𝑐𝑠𝑚,𝑅𝑘 620 

- C5 and C6 coefficients: C6 = 1.2(fu fy⁄ ) = 1.75 and C5 = 1 + 0.68C6 = 2.19 621 

- CSM bow imperfection amplitude ratio: e0,csm e0,el,EN = C5 − C6λ̅p,c⁄ = 1.64 622 

- Equivalent CSM imperfection factor αcsm, using αEN = 0.49 for austenitic SHS members 623 

[13], Mel = Welfy = 5.85 kNm and Npl = Afy = 412.7 kN: 624 

αcsm = αEN

e0,csm

e0,el,EN
√

fy

σc,csm

Nc,csm,RkMel

Mc,csm,RkNpl
= 0.53 625 

- CSM member slenderness: λ̅csm = √Nc,csm,Rk Ncr,z⁄ = √525.4 811.6⁄ = 0.80 626 

- Auxiliary factors ϕcsm and χcsm, using λ̅0 = 0.3 for austenitic SHS members [13]: 627 

ϕcsm = 0.5[1 + αcsm(λ̅csm − λ̅0) + λ̅csm
2 ] = 0.96 628 

χcsm =
1

ϕcsm + √ϕcsm
2 − λ̅csm

2
= 0.68 629 

- CSM flexural buckling resistance: Nb,csm,Rk = χcsmNc,csm,Rk = 355.5 kN [prEN 1993-1-630 

4 [13] predicted flexural buckling capacity is Nb,Rk = 310.7 kN]. 631 

Determine the ultimate CSM member capacity under combined load 𝑁𝑝𝑟𝑒𝑑,𝑐𝑠𝑚 632 

- CSM correction factor: since λ̅p,c = 0.315 < 0.68, γcsm = √fy σc,csm⁄ = 0.89 633 

- CSM beam-column check about the z-z axis: 634 

NEd

Nb,csm,Rk γM1⁄
+ kzy,csm

My,Ed + ΔMy,Ed

χLTMy,csm,Rk γM1⁄
+ kzz,csm

Mz,Ed + ΔMz,Ed

M𝑧,csm,Rk γM1⁄
≤ 1.0 635 

with kzz,csm = Cmz[1 + γcsmD1(λ̅z,csm − D2 γcsm⁄ )nz,csm] 636 

In this example My,Ed = 0, Mz,Ed = NEdey, ΔMz,Ed = 0, Cmz = 1.0 for uniform 637 

bending, ncsm = NEd Nb,csm,Rk⁄  and γM1 = 1.0. Recall that γM1 is equal to 1.10 for 638 

the design of stainless steel members, but is taken as 1.0 in this example to allow a 639 

direct comparison with the FE result. 640 
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- Setting NEd = Npred,csm and Mz,Ed = Npred,csmey, the maximum compressive load that 641 

the member can attain can be determined by equating the above interaction expression to 642 

unity, hence: 643 

Npred,csm

Nb,csm,Rk
+ [1 + γcsmD1(λ̅csm − D2 γcsm⁄ )

Npred,csm

Nb,csm,Rk
]

Npred,csmey

M𝑧,csm,Rk
= 1.0 644 

Npred,csm

355.5
+ [1 + 0.89 ∙ 2(0.80 − 0.3 0.89⁄ )

Npred,csm

355.5
]

Npred,csm0.018

9.96
= 1.0 645 

Then Npred,csm = 185.3 kN [FE beam-column capacity is Nu,FE = 211.2 kN and the 646 

prEN 1993-1-4 [13] predicted beam-column capacity using Design Approach 1 is 647 

Npred,EN = 159.4 kN]. 648 

9. CONCLUSIONS 649 

Extension of the Continuous Strength Method (CSM) to the design of stainless steel SHS and 650 

RHS members subjected to combined compression and bending moment, utilising the 651 

formulation proposed in [19], is proposed herein. The method incorporates the effect of strain 652 

hardening in the prediction of the capacity of beam-columns with stocky cross-sections while 653 

otherwise maintaining the traditional design framework, and provides a simpler and more direct 654 

design approach for beam-columns with slender cross-sections. The accuracy of the proposed 655 

design approach has been assessed through comparison of the predicted resistances with 656 

experimental and numerical beam-column capacities for members with both stocky and slender 657 

cross-sections.  658 

The comparisons show that the adoption of accurate CSM compression and bending end-659 

points, in conjunction with existing interaction equations from the literature [11,22], which will 660 

be included in the upcoming version of the European design Standard for stainless steel 661 

structures prEN 1993-1-4 [13], provides more accurate beam-column strength predictions than 662 

existing provisions for members with stocky cross-sections, especially for combined loading 663 

conditions dominated by compression. The paper also presents a recalibration of the 664 
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coefficients defining the current interaction equation to adapt it to the modified member 665 

slenderness and flexural buckling resistance calculations based on the CSM approach, which 666 

leads to yet more accurate predictions and provides a consistent level of accuracy across all 667 

three families of stainless steel. The equivalent analysis for beam-columns with slender cross-668 

sections shows that similar resistance predictions are obtained for the EN 1993-1-4 [4] and the 669 

CSM design approaches, although the need for more accurate resistance functions to predict 670 

the end-points for such members is also highlighted. A reliability analysis, carried out 671 

according to EN 1990, Annex D [52], indicates that the proposed design approaches can be 672 

safely applied with the currently recommended partial safety factor γM1 = 1.10 for the design 673 

of stainless steel SHS and RHS beam-columns with stocky and slender cross-sections.  674 
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FIGURES 

 

(a)  
(b)   

 
Figure 1. Comparison of experimental and numerical a) load–mid-height lateral deflection 

curves, and b) failure modes for typical beam-column specimens [38].  

 
Figure 2. Graphical illustration of the different approaches considered for the design of 

stainless steel beam-columns with stocky cross-sections using different end-points. 
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Figure 3. Definition of θ on axial load-moment interaction curve. 

 

 

 
Figure 4. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for austenitic stainless steel members with stocky cross-sections under combined 

loading. 

 

M/Mc,R1.0Mpred/Mc,R

1.0

Npred/Nb,R

Test (or FE) capacity

Predicted capacity

N/Nb,R

q

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 15 30 45 60 75 90

N
p
re

d
/N

u

q [°]

Design Approach 0 Design Approach 1 Design Approach 2

Design Approach 3 Design Approach 4

Bending Compression



38 

 
Figure 5. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for ferritic stainless steel members with stocky cross-sections under combined 

loading. 

 

 
Figure 6. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for duplex stainless steel members with stocky cross-sections under combined 

loading. 
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Figure 7. Comparison between the interaction factors obtained using the original Di values 

and the new Di,csm values. 

 

 

 
Figure 8. Graphical illustration of the different design approaches considered for the 

design of stainless steel beam-columns with slender cross-sections using different end-points. 
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Figure 9. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for austenitic stainless steel members with slender cross-sections under combined 

loading. 

 

 
Figure 10. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for ferritic stainless steel members with slender cross-sections under combined 

loading. 
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Figure 11. Predicted-to-ultimate resistance ratios obtained using the different design 

approaches for duplex stainless steel members with slender cross-sections under combined 

loading. 

 

 

(a)  (b)  

Figure 12. Comparison of interaction curves with the revised interaction factors against 

experimental and FE resistances of beam-columns with slender cross-sections for (a) Design 

Approach C and (b) Design Approach D. 
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TABLES 

Table 1. D1, D2 and D3 coefficients for stainless steel SHS and RHS beam-columns. 

Stainless steel family 𝐃𝟏 𝐃𝟐 𝐃𝟑 

Austenitic 2.00 0.30 1.3 

Ferritic 1.30 0.45 1.6 

Duplex 1.50 0.40 1.4 

 

 

Table 2. Interaction factors kyy and kyz  for instability governed by buckling about the y-y 

axis for rectangular hollow sections [13]. 

Austenitic Duplex Ferritic 

For λ̅y < 1.3: 

kyy = Cmy[1 + 2.00(λ̅y − 0.30)ny] 

For λ̅y < 1.4: 

kyy = Cmy[1 + 1.50(λ̅y − 0.40)ny] 

For λ̅y < 1.6: 

kyy = Cmy[1 + 1.30(λ̅y − 0.45)ny] 

For λ̅y ≥ 1.3: 

kyy = Cmy(1 + 2.00ny) 

For λ̅y ≥ 1.4: 

kyy = Cmy(1 + 1.5ny) 

For λ̅y ≥ 1.6: 

kyy = Cmy(1 + 1.495ny) 

kyz = kzz (for kzz see Table 3) 

 

Table 3. Interaction factors kzy and kzz  for instability governed by buckling about the z-z 

axis for rectangular hollow sections [13]. 

Austenitic Duplex Ferritic 

kzy = kyy (for kyy see Table 2) 

For λ̅z < 1.3: 

kzz = Cmz[1 + 2.00(λ̅z − 0.30)nz] 

For λ̅z < 1.4: 

kzz = Cmz[1 + 1.50(λ̅z − 0.40)nz] 

For λ̅z < 1.6: 

kzz = Cmz[1 + 1.30(λ̅z − 0.45)nz] 

For λ̅z ≥ 1.3: 

kzz = Cmz(1 + 2.00nz) 

For λ̅z ≥ 1.4: 

kzz = Cmz(1 + 1.5nz) 

For λ̅z ≥ 1.6: 

kzz = Cmz(1 + 1.495nz) 

 

 

Table 4. Assembled experimental results on stainless steel hollow section beam-columns. 
Stainless 

steel family 

Cross-section 

type 

No. of 

tests 

Range of cross-

section slenderness 

Range of member 

slenderness 
Reference 

Austenitic 

Stocky 

sections 

8 0.28-0.51 0.68-1.50 [34] 

9 0.28-0.43 1.94-3.23 [35] 

1 0.64 1.28 [36] 

Slender 

sections 

4 0.90 0.56-1.23 [34] 

4 0.80 0.99-2.13 [35] 

Ferritic 

Stocky 

sections 

6 0.46-0.47 0.53 [37] 

4 0.47-0.52 0.93-1.75 [38] 

11 0.31-0.44 2.19-3.09 [35] 

Slender 

sections 

6 1.17 0.51 [37] 

3 0.86-0.95 0.71-1.21 [38] 

Duplex 

Stocky 

sections 

7 0.52-0.54 0.76-1.43 [39] 

9 0.50-0.51 0.62-1.58 [40] 

Slender 

sections 

8 1.00 0.51-0.96 [39] 

28 1.00-1.60 0.43-1.36 [40] 
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Table 5. Comparison between experimental and FE results for stainless steel beam-

columns [38]. 

Section Nu,FE/Nu,exp u,FE/u,exp 

80×80×4-1 1.02 1.08 

80×80×4-2 1.02 1.04 

60×60×3 1.01 1.02 

80×40×4 1.03 1.03 

120×80×3 0.99 0.87 

70×50×2-1 1.01 0.96 

70×50×2-2 1.04 1.03 

Mean 1.02 1.00 

COV 0.017 0.070 

 

Table 6. Basic material parameters adopted in the parametric study for different stainless steel 

families. 
Stainless 

steel family 

Section 

region 
𝑬 

[GPa] 

𝒇𝒚 

[MPa] 

𝒇𝒖 

[MPa] 

𝜺𝒖  

[mm/mm] 

𝒏 

[-] 

𝒎 

[-] 

Austenitic 
Flat 200 460 700 0.20 7.1 2.9 

Corner 200 640 830 0.20 6.4 7.1 

Ferritic 
Flat 200 430 490 0.06 11.5 4.6 

Corner 200 560 610 0.01 5.7 6.8 

Duplex 
Flat 200 630 780 0.13 7.5 4.8 

Corner 200 800 980 0.03 6.1 6.7 

 

 

 

Table 7. Summary of different approaches considered for the design of stainless steel beam-

columns with stocky cross-sections. 

Design approach 

Flexural 

buckling 

resistance 

Bending moment 

resistance 

Interaction 

equation 

Interaction 

factor 

Design Approach 0 Nb,Rk Mc,Rk Eq. 14 Eq. 15 

Design Approach 1 Nb,Rk Mc,Rk Eq. 21 Eq. 22 

Design Approach 2 Nb,Rk Mc,csm,Rk Eq. 21 Eq. 22 

Design Approach 3 Nb,csm,Rk Mc,csm,Rk Eq. 21 Eq. 22 

Design Approach 4 Nb,csm,Rk Mc,csm,Rk Eq. 21 Eq. 24 
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Table 8. Assessment of the influence of different end-points in the prediction of the resistance 

of stainless steel members with stocky cross-sections under combined loading. 

Design approach 
Stainless 

steel family 

Loading type 

0º ≤ q < 45º 

Loading type 

45º ≤ q ≤ 90º 

Loading type 

0º ≤ q ≤ 90º 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Design Approach 0 Austenitic 0.797 0.109 0.821 0.069 0.817 0.078 

(Interaction factor: Eq. 15 Ferritic 0.808 0.065 0.802 0.081 0.803 0.077 

End-points: Nb,Rk, Mc,Rk) Duplex 0.808 0.067 0.818 0.052 0.817 0.054 

Design Approach 1 

(Interaction factor: Eq. 22 

End-points: Nb,Rk, Mc,Rk) 

Austenitic 0.813 0.065 0.811 0.064 0.812 0.064 

Ferritic 0.879 0.053 0.841 0.074 0.850 0.072 

Duplex 0.852 0.051 0.833 0.044 0.835 0.045 

Design Approach 2 

(Interaction factor: Eq. 22 

End-points: Nb,Rk, Mc,csm,Rk) 

Austenitic 0.870 0.064 0.842 0.056 0.847 0.059 

Ferritic 0.892 0.043 0.850 0.074 0.860 0.071 

Duplex 0.877 0.044 0.848 0.043 0.851 0.044 

Design Approach 3 

(Interaction factor: Eq. 22 

End-points: Nb,csm,Rk, Mc,csm,Rk) 

Austenitic 0.874 0.065 0.881 0.063 0.880 0.064 

Ferritic 0.893 0.043 0.866 0.084 0.872 0.077 

Duplex 0.882 0.046 0.875 0.049 0.875 0.049 

Design Approach 4  

(Interaction factor: Eq. 24 

End-points: Nb,csm,Rk, Mc,csm,Rk) 

Austenitic 0.881 0.072 0.890 0.063 0.889 0.065 

Ferritic 0.898 0.043 0.868 0.085 0.874 0.078 

Duplex 0.886 0.049 0.880 0.050 0.880 0.050 

 

 

Table 9. Summary of design approaches considered for the design of stainless steel beam-

columns with slender cross-sections. 

Design approach 

Flexural 

buckling 

resistance 

Bending moment 

resistance 

Interaction 

equation 

Interaction 

factors 

Design Approach 0 Nb,eff,Rk Mc,eff,Rk Eq. 14 Eq. 15 

Design Approach A Nb,eff,Rk Mc,eff,Rk Eq. 21 Eq. 22 

Design Approach B Nb,eff,csm,Rk Mc,eff,csm,Rk Eq. 21 Eq. 22 

Design Approach C Nb,eff,Rk Mc,eff,Rk Eq. 21 Eq. 29 

Design Approach D Nb,eff,csm,Rk Mc,eff,csm,Rk Eq. 21 Eq. 30 
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Table 10. Assessment of the influence of different end-points in the prediction of the 

resistance of stainless steel members with slender cross-sections under combined loading. 

Design approach 
Stainless 

steel family 

Loading type 

0º ≤ q < 45º 

Loading type 

45º ≤ q ≤ 90º 

Loading type 

0º ≤ q ≤ 90º 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Npred/Nu 

Mean 

Npred/Nu 

COV 

Design Approach 0 Austenitic 0.735 0.090 0.800 0.095 0.776 0.098 

(Interaction factor: Eq. 15 Ferritic 0.696 0.053 0.731 0.063 0.717 0.062 

End-points: Nb,eff,Rk, Mc,eff,Rk) Duplex 0.707 0.039 0.760 0.065 0.741 0.062 

Design Approach A 

(Interaction factor: Eq. 22 

End-points: Nb,eff,Rk, Mc,eff,Rk) 

Austenitic 0.757 0.075 0.796 0.092 0.782 0.088 

Ferritic 0.767 0.050 0.768 0.064 0.768 0.058 

Duplex 0.757 0.033 0.788 0.057 0.777 0.052 

Design Approach B 

(Interaction factor: Eq. 22 

End-points: Nb,eff,csm,Rk, Mc,eff,csm,Rk) 

Austenitic 0.786 0.066 0.806 0.087 0.799 0.080 

Ferritic 0.789 0.052 0.763 0.065 0.773 0.061 

Duplex 0.783 0.037 0.792 0.055 0.789 0.049 

Design Approach C 

(Interaction factor: Eq. 29 

End-points: Nb,eff,Rk, Mc,eff,Rk) 

Austenitic 0.764 0.072 0.802 0.090 0.788 0.086 

Ferritic 0.777 0.050 0.775 0.064 0.771 0.064 

Duplex 0.775 0.036 0.801 0.060 0.792 0.054 

Design Approach D  

(Interaction factor: Eq. 30 

End-points: Nb,eff,csm,Rk, Mc,eff,csm,Rk) 

Austenitic 0.794 0.064 0.814 0.084 0.806 0.078 

Ferritic 0.801 0.053 0.772 0.064 0.784 0.062 

Duplex 0.804 0.043 0.807 0.058 0.806 0.053 

 

 

Table 11. Summary of the reliability analysis results for different design approaches for 

stainless steel members with stocky cross-sections under combined loading. 
Design 

approach 

Stainless steel 

family 
n b V Vr M1 

Design 

Approach 0 

Austenitic 198 1.232 0.079 0.111 0.94 

Ferritic 201 1.253 0.078 0.108 0.96 

Duplex 196 1.227 0.054 0.093 0.94 

Design 

Approach 1 

Austenitic 198 1.237 0.064 0.101 0.90 
Ferritic 201 1.183 0.073 0.104 1.00 
Duplex 196 1.200 0.045 0.088 0.94 

Design 

Approach 2 

Austenitic 198 1.184 0.058 0.097 0.93 
Ferritic 201 1.169 0.073 0.104 1.01 
Duplex 196 1.178 0.044 0.087 0.96 

Design 

Approach 3 

Austenitic 198 1.141 0.063 0.100 0.98 
Ferritic 201 1.154 0.079 0.108 1.04 
Duplex 196 1.145 0.049 0.090 1.00 

Design 

Approach 4 

Austenitic 198 1.130 0.065 0.101 0.99 
Ferritic 201 1.151 0.080 0.109 1.05 
Duplex 196 1.139 0.050 0.090 1.00 
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Table 12. Summary of the reliability analysis results for different design approaches for 

stainless steel members with slender cross-sections under combined loading. 
Design 

approach 

Stainless steel 

family 
n b V Vr M1 

Design  

Approach 0 

Austenitic 92 1.310 0.126 0.148 1.05 

Ferritic 93 1.406 0.087 0.114 0.89 

Duplex 120 1.358 0.083 0.112 0.93 

Design  

Approach A 

Austenitic 92 1.295 0.112 0.136 1.02 
Ferritic 93 1.310 0.077 0.107 0.92 
Duplex 120 1.293 0.066 0.100 0.93 

Design 

Approach B 

Austenitic 92 1.265 0.100 0.127 1.00 
Ferritic 93 1.301 0.080 0.109 0.95 
Duplex 120 1.273 0.062 0.098 0.94 

Design 

Approach C 

Austenitic 92 1.284 0.108 0.133 1.02 
Ferritic 93 1.296 0.076 0.106 0.93 
Duplex 120 1.268 0.067 0.101 0.95 

Design 

Approach D 

Austenitic 92 1.251 0.096 0.123 1.00 
Ferritic 93 1.283 0.079 0.108 0.96 
Duplex 120 1.246 0.066 0.100 0.97 

 

 

Table 13. Summary of the reliability analysis results for different design approaches for 

stainless steel members under combined loading (including stocky and slender cross-

sections). 
Design 

approach 

Stainless steel 

family 
n b V Vr M1 

Design  

Approach 0 

Austenitic 290 1.256 0.099 0.126 1.00 

Ferritic 294 1.286 0.093 0.119 0.98 

Duplex 316 1.278 0.082 0.112 0.98 

Design  

Approaches 1 & A 

Austenitic 290 1.255 0.084 0.114 0.96 
Ferritic 294 1.211 0.085 0.112 1.01 
Duplex 316 1.235 0.065 0.099 0.97 

Design  

Approaches 3 & B 

Austenitic 290 1.179 0.089 0.118 1.02 
Ferritic 294 1.186 0.094 0.119 1.07 
Duplex 316 1.194 0.075 0.106 1.03 

Design  

Approaches 4 & D 

Austenitic 290 1.168 0.089 0.118 1.03 
Ferritic 294 1.180 0.092 0.118 1.07 
Duplex 316 1.180 0.071 0.104 1.03 

 


