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Abstract 11 

Numerical analysis and design of cold-formed lean duplex stainless steel (CFLDSS) tubular 12 

members undergoing web crippling are presented in this paper. The tubular members were 13 

subjected to the loading conditions of Interior-One-Flange (IOF), Interior-Two-Flange (ITF) 14 

and Interior Loading (IL). Finite element (FE) models were developed to simulate the members 15 

under these three interior loading conditions. The results obtained from the FE analysis were 16 

used to compare with test results in terms of failure modes, strengths and load-deformation 17 

curves. After successful verification, the FE models were employed for an extensive parametric 18 

study. The key parameters in the parametric study included the ratios of flat web height to 19 

thickness, load bearing length to web thickness, load bearing length to flat web height and 20 

section inner radius. The parametric study results together with the test results were used to 21 

compare with the nominal strengths predicted by using the current specifications (ASCE, 22 

AS/NZS, NAS and EC3), and the design equations in the literature. New sets of coefficients are 23 

proposed for the unified design equation in NAS and the direct strength method (DSM) for the 24 

web crippling design of CFLDSS tubular members. Overall, the modified design rules were 25 

able to provide more accurate predictions compared with the design rules in current 26 

specifications and literature. The results showed that the proposed design methods are suitable 27 

for the design of web crippling of CFLDSS tubular members under the IOF, ITF and IL 28 

conditions. 29 
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1. Introduction 39 

Cold-formed steel tubular members with slender webs may buckle under high 40 

concentrated bearing loads [1]. Unlike open sections, such as channel sections, the webs of 41 

tubular members are not easy to be stiffened. Hence, their strengths against web crippling failure 42 

need be checked carefully under concentrated bearing loads. It is quite complex in the strength 43 

calculation of web crippling by means of theoretical analysis [2]. The web crippling design rules 44 

for steel tubular members are empirical in nature in most of the current design specifications. 45 

The material cost of stainless steel is higher than that of carbon steel. The relatively new 46 

stainless steel material, lean duplex stainless steel, offers comparable high strength but lower 47 

cost than the counterpart of duplex stainless steel. It still has attractive characteristics in 48 

appearance, corrosion resistance as well as low life cycle costs [3]. The lean duplex stainless 49 

steel has gained significant attention by researchers as reflected in the wide investigations of its 50 

structural behaviour, including material properties [4-6], beams [7-9], columns [10-12], plate 51 

girders [13-14], single shear bolted connections [15-17] and double shear bolted connections 52 

[15,18]. These research achievements have led to the significant development in unlocking its 53 

design and application in construction industry. However, the lean duplex stainless steel is not 54 

covered in the current design specifications, such as American Society of Civil Engineers 55 

Specification (ASCE) [19] and the Australian/ New Zealand Standard (AS/NZS) [20] 56 

specifications, while it was introduced in the recent European Code (EC3-1.4) [21]. 57 

The cold-formed lean duplex stainless steel (CFLDSS) tubular members undergoing 58 

web crippling were experimentally investigated by Cai and Young [22,23]. Over 100 tests under 59 

different loading cases were conducted [22,23]. It is shown that the strengths predicted by using 60 

the design rules in stainless steel specifications [19-21] and carbon steel specification [24], and 61 

those in the literature [25] generally underestimated the web crippling strengths of CFLDSS 62 

tubular members, including those subjected to the concentrated bearing loadings of Interior-63 

One-Flange (IOF), Interior-Two-Flange (ITF) and Interior Loading (IL) [23]. It should be noted 64 

that, up-to-date, limited research have been conducted on the web crippling behaviour of 65 

CFLDSS tubular members subjected to IOF, ITF and IL conditions. 66 

Web crippling behaviour of other stainless steel grades have been investigated, 67 

including austenitic stainless steel [26-29], ferritic stainless steel [30-32] and duplex stainless 68 

steel [1,33]. In these investigations, the stainless steel tubular members were subjected to 69 

different loading conditions, including the loading conditions of End-One-Flange (EOF) 70 

[29,30,32,33], End-Two-Flange (ETF) [27,32,33] and End Loading (EL) [1,31], as well as IOF 71 

[26,28,30,32,33], ITF [27,28,32,33] and IL [1,31]. Efforts have been made to develop the design 72 
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rules for web crippling of stainless steel tubular members, for examples, web crippling of ferritic 73 

stainless steel [31,32], austenitic and duplex stainless steel [25]. However, the codified web 74 

crippling design rules (ASCE [19], AS/NZS [20], EC3-1.4 [21]) for stainless steel members are 75 

mainly based on those for carbon steel members. This paper aims to develop the web crippling 76 

design of CFLDSS tubular members. The CFLDSS tubular members were subjected to IOF, 77 

ITF and IL concentrated bearing loads. 78 

Numerical analysis and design rules for CFLDSS tubular members undergoing web 79 

crippling are presented herein. Firstly, finite element models (FEMs) were developed, and their 80 

accuracy were verified in terms of web crippling strengths, failure modes and load-deformation 81 

curves. The experimental results reported by Cai and Young [23] were used to verify the FEMs. 82 

Secondly, an extensive parametric study on 144 CFLDSS specimens was performed by using 83 

the verified FEMs. In the parametric study, the critical parameters such as the ratios of flat web 84 

height to thickness, load bearing length to web thickness, load bearing length to flat web height 85 

and sectional corner radius were considered. Thirdly, the current web crippling design rules 86 

(ASCE [19], AS/NZS [20], EC-1.4 [21] and NAS [24]), as well as the design rules in the 87 

literature [25,31,32] were assessed. Lastly, new sets of coefficients are proposed for the 88 

modification of the unified design equation specified in the NAS [24] and the direct strength 89 

method (DSM) in the literature [31,32]. The modified unified design equation and the DSM are 90 

suitable for the web crippling design of CFLDSS tubular members under the concentrated ITF, 91 

IOF and IL bearing loads. The current and modified design rules were also examined by 92 

reliability analysis. 93 

 94 

2. Summary of experimental program 95 

The experimental program carried out by Cai and Young [23] provided the web 96 

crippling strengths, failure modes and load-deformation curves of the CFLDSS tubular 97 

members. The CFLDSS tubular members were tested under the three (IOF, ITF and IL) bearing 98 

loads. The test setups of the IOF, ITF and IL conditions are illustrated in Figure. 2. The details 99 

of the testing procedures are described in Cai and Young [23]. It should be noted that design 100 

rules of flanges fastened or unfastened to the supports are given in the specifications [19-21,24]. 101 

The flanges of the CFLDSS specimens were not fastened to the steel bearing plates in the test 102 

program [23] and in the study of the present paper. This is because the flanges of steel tubular 103 

members may not be easy to fasten in practice, e.g., tubular sections that located at multiple 104 

span of floor joists. 105 



4 
 

Two different grades of CFLDSS (i.e., EN 1.4062 and EN 1.4162) were considered. 106 

Their material properties were measured by conducting tensile and compressive coupon tests. 107 

The tensile coupons were extracted in the longitudinal direction of the members, and the 108 

compressive coupons were cut from the transverse direction of the webs. Table 1(a) shows the 109 

Young’s modulus (ET and EC), 0.2% proof stress (f0.2,T and f0.2,C) and  strain at fracture (Ɛf,T) of 110 

the CFLDSS tubular members, where the results from tensile and compressive tests were 111 

distinguished by the subscripts “T” and “C”, respectively. 112 

Figure 1 illustrates the definition of the symbols in a CFLDSS section, where H and h 113 

are the over height and the flat portion of the section web, respectively; B is for the section 114 

width, t for section thickness and ri for inner radius. Totally fifty-three CFLDSS specimens 115 

were tested [23]. These covered nine tubular sections (H×B×t), three loading conditions (IOF, 116 

ITF and IL), six bearing lengths (N) as well as a range of h/t and the ratio of inner corner radius 117 

(ri) to tube thickness (t). Tables 2-4 illustrate the test specimens and test strengths (Pt) of 118 

CFLDSS specimens per web for IOF, ITF and IL conditions, respectively. Each specimen was 119 

identified by a label starting with the interior loading condition (IOF, ITF or IL), followed by 120 

the cross-section nominal dimension (H×B×t in mm) and the loaded bearing length (N), for 121 

example, Specimen IOF100×100×3.0N90. In some cases, the last segment “-r” in the label 122 

indicates that it is a repeated test specimen. The details of test setups and testing procedures are 123 

described in Cai and Young [23]. 124 

 125 

3. Finite element models 126 

3.1. General 127 

The ABAQUS program of version 6.20 [34] was adopted in the development of the 128 

finite element models (FEMs) to simulate the web crippling tests of CFLDSS specimens. The 129 

accuracy of the FEMs were assessed by comparing the FE results with the test results, including 130 

the failure modes, ultimate strengths and load-deformation curves. 131 

 132 

3.2. Element types and element sizes 133 

Shell element type S4R that is a four-node doubly curved element with reduced 134 

integration and hourglass control was selected to simulate the CFLDSS tubular specimens. The 135 

element S4R has been adopted [31,32] in the successful simulation on the behaviour of ferritic 136 

stainless steel tubular members undergoing web crippling. The solid element type C3D8R was 137 
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selected to simulate the steel bearing plates. The bearing plates were defined as rigid body as 138 

the steel bearing plates in the test program [23] were fabricated by high strength steel which 139 

had much higher yield strength than those of the CFLDSS specimens. The mesh sizes were 140 

varied in the range of 2×2 mm to 10×10 mm (length by width) for the flat portions of the web 141 

that depending on the dimension of the web. Similar mesh sizes were adopted based on the 142 

sensitivity study by Li and Young [31,32] for ferritic stainless steel tubular members subjected 143 

to the same loading conditions as those in this study. Finer mesh size with five elements was 144 

generally employed for the corner radius of the section. 145 

 146 

3.3. Material properties 147 

The measured engineering stress-strain curves were converted to true plastic stress-148 

strain curves before inputting in the FEMs. Due to the effect of cold working, the CFLDSS 149 

tubular sections at corner regions were strengthened. It had higher 0.2% proof stress and 150 

ultimate strength than those at the flat regions. Hence, the material properties at the corner 151 

regions were also considered in this study. The corner material properties were measured by the 152 

longitudinal corner coupon tests [35,36]. The material properties of CFLDSS tubular members 153 

investigated by Xing and Young [35] as well as Wang et al. [36] had the same section 154 

dimensions and also belonged to the same batch of CFLDSS tubes as those of the test specimens 155 

[23]. The measured Young’s modulus (ET), 0.2% proof stress (f0.2,T) and  strain at fracture (Ɛf,T) 156 

of the longitudinal corner coupons are tabulated in Table 1(b). 157 

The corner material properties were assigned to the region of curved corners with the 158 

extension of twice the section thickness (2t) to adjacent flat regions [31,32]. The tensile flat 159 

material properties (see Table 1(a)) [23] were assigned to the flanges of the sections. In this 160 

study, two different cases of material properties were considered at the flat web portions (h-2t) 161 

of the sections. In the first case, the same tensile material properties [23] as those for the flanges 162 

were used; while in the second case, the compressive material properties (see Table 1(a)) [23] 163 

that obtained in the transverse direction of the webs were used. Hence, the effects of tensile and 164 

compressive material properties that assigned to the webs of the sections were investigated. 165 

 166 

3.4. Boundary conditions 167 

The boundary conditions of the test setups were symmetric [23]. Hence, symmetric 168 

boundary conditions were considered in the FEMs (e.g., the model for IOF loading condition 169 

in Figure 2). Contact pairs were assigned in the simulation of the interfaces between the steel 170 
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bearing plates and the stainless steel specimens. In each contact pair, master surface and slave 171 

surface were defined. The steel bearing plate was defined as master surface, whereas the test 172 

specimen was defined as slave surface. The rounded corners of the section that initially un-173 

contacted with the steel bearing plates may gradually become contacted due to the large 174 

deformations as applied load increased. Hence, the section corners adjacent to the flanges were 175 

also defined in the slave surfaces. The “Hard Contact” was defined in the normal direction while 176 

a coefficient of 0.4 was considered for the friction penalty contact in the tangential direction 177 

[31,32]. 178 

It should be noted that for the tests under IOF loading condition, steel stiffening plates 179 

at end supports were used to prevent web failure [23]. Similarly, the flat webs at both end 180 

supports in the FEM were restrained (Ux = 0, where Ux means translation in X direction) by the 181 

same length as the steel stiffening plates (see Figure 3). Proper boundary conditions were 182 

assigned to the reference points of the steel bearing plates to simulate the roller support and half 183 

round support in the test setup. For example, the boundary conditions of Ux = 0, Uz = 0, Ry = 0 184 

and Rz = 0 (Ry and Rz mean the rotation about direction in Y and Z axes, respectively) were 185 

assigned to RP-1 (see Figure 3) of the bearing plate to simulate the half round support. 186 

The initial geometrical imperfection of the web was not considered in the FEMs, as 187 

previous numerical studies by Natário et al. [37] found that the initial geometrical imperfection 188 

had barely perceptible effect on the load-displacement curve of the lipped channel section 189 

undergoing web crippling. The NLGEOM commend is activated in order to consider the 190 

geometrical nonlinearity of the FE model [34]. An axial displacement was specified to the 191 

reference point in the FEM. This was identical to the test program where the loads were applied 192 

by displacement control [23]. The comparison of the tests and FEMs for CFLDSS specimens 193 

subjected to different loading conditions are illustrated in Figures 4-6, for specimens of 194 

IOF100×100×3.0N90, ITF120×60×3.0N30 and IL150×80×3.0N30, respectively. 195 

 196 

4. Validation of FEMs 197 

The FE ultimate strengths (PFEA) per web predicted by the FE analysis were compared 198 

with the test strengths (Pt) per web obtained from the experimental program [23], as shown in 199 

Tables 2-4. As mentioned previously, for the flat web portions, there were two cases of material 200 

properties considered in the FEMs. The first case used the longitudinal tensile material 201 

properties and the second case used the transverse compressive material properties. The FEA 202 
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predictions obtained from the first and second cases were indicated by PFEA-1 and PFEA-2, 203 

respectively. 204 

For the first case, the average values of the Pt/PFEA-1 are 1.01, 0.98 and 1.00 for the IOF, 205 

ITF and IL conditions, respectively, with the corresponding coefficients of variation (COVs) of 206 

0.064, 0.054 and 0.073; while for the second case, the average values of Pt/PFEA-2 are 0.99, 0.96 207 

and 0.97 with their respective COVs of 0.072, 0.072 and 0.083 (see Tables 2-4). Table 5 further 208 

summarizes the overall comparisons of test strength-to-FEA predictions. It is shown that the 209 

mean values of the Pt/PFEA-1 and Pt/PFEA-2 are 0.99 and 0.97 with the corresponding COVs of 210 

0.064 and 0.076. Overall, the two cases of using different material properties in the flat webs 211 

are capable to predict the test strengths. However, the first case provides slightly better 212 

predictions with the mean value of 0.99 and slightly smaller value of COV than the second case, 213 

where the corner material properties [35,36] in the corners of the sections, longitudinal tensile 214 

material properties [23] in the flat portion of webs and flanges of the sections were used. The 215 

comparison of failure mode for specimens of IOF150×80×3.0N30, ITF80×150×3.0N60 and 216 

IL150×80×3.0N30 are shown in Figures 7-9, respectively. Figure 10 illustrates the comparison 217 

of the load-web deformation curves between the tests and FEA predictions, including the 218 

specimens IOF150×80×3.0N90 and ITF100×100×3.0N90. 219 

 220 

5. Parametric study 221 

It is shown from the FEA predictions, that using the longitudinal tensile flat coupons 222 

[23] and longitudinal tensile corner coupons [35,36], are capable to replicate the behaviour of 223 

CFLDSS tubular members subjected to the concentrated IOF, ITF and IL conditions. Hence, 224 

after the successful validation, the FEMs were employed to perform a parametric study on 225 

CFLDSS tubular members under the three interior loading conditions. The key parameters in 226 

the web crippling design of CFLDSS members were considered carefully. These included the 227 

h/t, N/t, N/h and ri. 228 

The dimensions (H×B×t) of the cross-sections and the key parameters are tabulated in 229 

Table 6. In total, 24 hollow sections were considered in this study. The dimensions of the cross-230 

sections ranged from 60×60×1.5 mm to 400×200×8 mm. The ratio of ri/t for each specimen, 231 

was designed based on the handbook provided by the test specimen supplier. The radio of ri/t 232 

either equal to 1.0 or 1.5 was used, as shown in Table 6.  Hence, the variation of ri was achieved 233 

by different values of t. Each section was loaded with two different bearing lengths (N), i.e., 234 

either N = 0.5B or N = 1.0B in each loading condition (IOF, ITF or IL). Hence, the varied 235 

parameters of h/t, N/t and N/h were obtained, and they were ranged from 11.0 to 145.0, 7.5 to 236 
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150.0 and 0.26 to 1.36, respectively (see Table 6). The design of specimen length is identical to 237 

those adopted in the test program [23]. In addition, same criteria as those in the test program 238 

[23], the distance of 1.5H was designed for the clear distance of the two adjacent bearing plate 239 

edges in the IOF loading condition; and the 1.5H clear distance was adopted between the 240 

specimen free end and the adjacent bearing plate edge for the ITF and IL conditions. 241 

The material properties of section 100×100×3.0 [23,36] were used in the parametric 242 

study. Note that the curved corners of the sections were assigned by the corner material 243 

properties. In total, 144 specimens were analysed for the web crippling of CFLDSS tubular 244 

members under the three interior loading conditions. The FE ultimate strengths (PFEA) of the 245 

specimens per web are tabulated in Tables 7-9 for the IOF, ITF and IL conditions, respectively. 246 

 247 

6. Reliability analysis 248 

Reliability analysis was performed by following the method in the Section 6.2 of the 249 

ASCE Specification [19]. In this study, the design provisions were considered as 250 

probabilistically safe and reliable provided that the value of the reliability index (β) satisfied β 251 

≥ 2.5. In the calculation of β, the load combinations of 1.2DL + 1.6LL (DL = dead load, LL = 252 

live load) was used for the design provisions of ASCE [19], NAS [24], Zhou and Young [25] 253 

and the modified DSM [31,32], while the 1.35DL + 1.5LL specified in the European code [38] 254 

was considered for the EC3-1.4 predictions [21]. The DL/LL was set as 0.2 [19]. The suggested 255 

mean values and COVs of the material factor are Mm = 1.10 and Fm = 1.00, respectively; and 256 

those of fabrication factor are VM = 0.10 and VF = 0.05 in Section 6.2 of ASCE [19]. In addition, 257 

the effects of limited test and numerical results were considered by using a correction factor 258 

(CP) [19]. The reliability analyse results will be discussed in the later sections of this paper. 259 

 260 

7. Current design rules and assessments 261 

7.1. General 262 

The web crippling design rules for stainless steel members [19-21] were used to 263 

calculate the nominal web crippling strengths per web of the CFLDSS tubular members under 264 

the three loading conditions. The design rules in the ASCE [19] and the AS/NZS [20] are 265 

identical. Hence, they provide identical strength predictions. Since web crippling design rules 266 

are not provided in the EC3-1.4 [21], hence, in the strength calculations predicted by Eurocode,  267 

those specified in the EC3-1.3 [39] for cold-formed steel members, where the design for “Local 268 

transverse forces” in Section 6.1.7.3 of the EC3-1.3 [39] was used. Apart from the 269 
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aforementioned stainless steel design specifications, the unified design equation specified in the 270 

NAS [24] for different concentrated loading conditions was also adopted and assessed in this 271 

study, even though it is not specified for stainless steel members. The design rules found in the 272 

literature were also used and assessed, including the modified unified design equation for 273 

duplex stainless steel [25], and the direct strength method (DSM) for ferritic stainless steel 274 

[31,32]. It should be noted that the design of CFLDSS members is not covered in these design 275 

rules. 276 

 277 

7.2. Design specifications 278 

The differences of the current codified design rules [19-21] are discussed in detail by 279 

Cai and Young [23], including those specified in Section 3.3.4 of the ASCE [19], in Section 280 

6.1.7.3 of the EC3-1.3 [39], and in Section G5 of the NAS [24]. The unified design equation 281 

specified in NAS [24] is illustrated in Equation (1). This unified web crippling equation was 282 

firstly developed by Prabakaran [40] and Prabakaran and Schuster [41] for different geometric 283 

shapes and loading conditions, including the IOF and ITF in this study. The equation was 284 

extended to cover other geometric shapes of carbon steel members by Behsara and Schuster 285 

[42], and other materials, e.g., austenitic and duplex stainless steel by Zhou and Young [25]. 286 

𝑃 = 𝐶𝑡2𝑓0.2 sin 𝜃 (1 − 𝐶𝑅√
𝑟𝑖

𝑡
)(1 + 𝐶𝑁√

𝑁

𝑡
)(1 − 𝐶ℎ√

ℎ

𝑡
) (1) 287 

where P standards for the nominal web crippling strength per web, the coefficients of C, CR, 288 

CN, Ch represent the coefficient of overall web crippling, inside corner radius, bearing length 289 

and the web slenderness, respectively. The coefficients and the application limits specified in 290 

NAS [24] for Eq. (1) are shown in Table 10. 291 

The ASCE [19] and NAS [24] specifications provide the design rules for IOF and ITF 292 

loading conditions. However, the IL condition is not specified in these two specifications. For 293 

the purpose of assessment, the design for IOF and ITF loading conditions in ASCE [19] and 294 

NAS [24] were both used for the strength predictions of the IL condition. 295 

 296 

7.3. Unified design equation and modified DSM in literature 297 

The aforementioned unified design equation (Eq. (1)) in NAS [24] has been modified 298 

by Zhou and Young [25] for the web crippling design of cold-formed duplex stainless steel 299 
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members under different loading conditions. Different sets of coefficients were proposed for 300 

different loading conditions [25], as shown in Table 10. 301 

The Direct Strength Method (DSM) has been developed for design of cold-formed steel 302 

structural members. However, the DSM in current NAS [24] does not provide design rules for 303 

cold-formed steel tubular members undergoing web crippling. Investigations of DSM for the 304 

web crippling design of cold-formed steel open sections were conducted by Keerthan et al. [43] 305 

and Natário et al. [44,45]. Recently, Li and Young [31,32] extended the DSM to cover the web 306 

crippling design of cold-formed ferritic stainless steel tubular members, as illustrated in Eq. (2). 307 

Different sets of coefficients were proposed [31,32] for different loading conditions. 308 

𝑃𝐷𝑆𝑀 = {

 𝛾𝑃𝑦                                                    𝜆 ≤ 𝜆𝑘

𝑎 [1 − 𝑏 (
𝑃𝑐𝑟

𝑃𝑦
)

𝑛

] (
𝑃𝑐𝑟

𝑃𝑦
)

𝑛

𝑃𝑦           𝜆 > 𝜆𝑘

  (2) 309 

where 𝜆 = √𝑃𝑦/𝑃𝑐𝑟  is the web crippling slenderness ratio. The Pcr and Py are the nominal 310 

bearing strengths per web for buckling and yielding, respectively, as refer to the Clause 5.13 of 311 

the AS4100 [46]. The coefficients of a, b, n, γ and λk proposed by Li and Young [31,32] for cold-312 

formed ferritic stainless steel tubular members under different interior loading conditions are 313 

tabulated in Table 11. The λk indicates the cross point of the DSM curve, where the lower bound 314 

(conservative manner) of strength predictions are generally adopted for tubular sections with 315 

lower values of web crippling slenderness ratio. 316 

The DSM generally requires aid from computer software for the determination of Pcr 317 

[44,45]. As an alternative, the calculations of Pcr could be done manually by Eqs. (3)-(7) as 318 

specified in the AS4100 [46]: 319 

𝑃𝑐𝑟 = 𝛼𝑐𝑡𝑁𝑚𝑓0.2 (3) 320 

where 𝛼𝑐  is the slenderness reduction factor with the calculation procedures as detailed in 321 

Clause 6.3.3 of AS4100 [46], and Nm is the mechanism length determined by Eq. (4), 322 

𝑁𝑚 = 𝑁 + 5𝑅 + ℎ (4) 323 

where R is the outer corner radius. Eq. (4) is applicable for the CFLDSS tubular members 324 

subjected to the IOF, ITF and IL conditions. 325 

𝑃𝑦 = 𝛼𝑝𝑡𝑁𝑚𝑓0.2 (5) 326 

The Clause 5.13 of AS4100 [46] categorized different loading conditions into end 327 

bearing and interior bearing only. For interior loading conditions: 328 
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𝛼𝑝 =
0.5

𝑘𝑠
[1 + (1 − 𝛼𝑝𝑚

2 ) (1 +
𝑘𝑠

𝑘𝑣
− (1 − 𝛼𝑝𝑚

2 )
0.25

𝑘𝑣
2 )] (6) 329 

While for end loading conditions:  330 

𝛼𝑝 = √2 + 𝑘𝑠
2−𝑘𝑠 (7) 331 

where ks = 2R/t-1, 𝛼𝑝𝑚 = 1/ks +0.5/kv and kv = h/t. 332 

It should be noted that 𝛼𝑝 in Eq. (7) was used by Li and Young [32] for ITF loading 333 

condition. 334 

 335 

7.4. Assessment of current design predictions 336 

The aforementioned design rules were assessed by comparing the predicted strengths 337 

with those obtained from the tests and parametric study, as shown in Tables 7-9 for the IOF, 338 

ITF and IL conditions, respectively. The ultimate strengths (Pu) per web represent the strengths 339 

either obtained from the tests (Pt) or FEA (PFEA). The predicted strengths for the test specimens 340 

were calculated using the measured dimensions and the corresponding tensile material 341 

properties (see Table 1), whereas the predicted strengths for the FEA specimens were calculated 342 

using the nominal dimensions and the tensile material properties (see Table 1 for Section 343 

100×100×3.0). 344 

For the predictions by ASCE [19], the mean values of Pu/PASCE are 1.17, 1.11, 1.36 345 

(1.23), with the corresponding COVs of 0.120, 0.181 and 0.150 (0.227), for the loading 346 

conditions of IOF, ITF and IL, respectively. Note that the designs for IOF (ITF) were used for 347 

the condition of IL. The predictions by ASCE [19] are overall conservative as all the mean 348 

values are larger than 1.00. While the predictions by EC3-1.3 [39] for the IOF, ITF and IL, the 349 

mean values of Pu/PEC are 2.91, 6.09 and 3.34, respectively, with the corresponding COVs of 350 

0.174, 0.145 and 0.182. Overall, the predictions by EC3-1.3 [39] are much more conservative 351 

than those predicted by ASCE [19]. This is mainly due to the ratio of h/t and the N are not 352 

considered in the design provisions [39]. However, these key parameters are considered in other 353 

design provisions [19,24,25]. Note that the CFLDSS specimen sections had different web 354 

slenderness (h/t) and were loaded by steel plates with different bearing lengths (N) in the range 355 

of 30 to 300 mm in this study. However, the EC3-1.3 [39] uses the same bearing length of 10 356 

mm in calculating the design predictions. The conservative predictions by EC3-1.3 [39] were 357 

also discussed and explained in Cai and Young [22,23]. 358 
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For the predictions by using the unified design equation (Eq. (1)) in NAS [24], the mean 359 

values of the Pu/PNAS are 0.92, 0.85, 1.04 (0.92), with the corresponding COVs of 0.095, 0.201 360 

and 0.099 (0.179), for the loading conditions of IOF, ITF and IL, respectively. Similar to the 361 

comparisons for ASCE [19], the designs for IOF (ITF) were used for the IL condition, where it 362 

shows that overall, the mean value obtained from IOF is closer to 1.00 (1.04 compared with 363 

0.92) and the predictions are less scattered. While for the predictions by using the modified 364 

coefficients proposed in [25], the mean values of Pu/PZ&Y are 1.14, 1.09 and 1.09, with the 365 

corresponding COVs of 0.070, 0.125 and 0.118, for the loading conditions of IOF, ITF and IL, 366 

respectively. Overall, the predictions are conservative. 367 

By using the design of DSM [31,32], the mean values of Pu/PL&Y are 1.17, 1.12 and 1.09 368 

for the IOF, ITF and IL, respectively, with the corresponding COVs of 0.077, 0.104 and 0.118. 369 

The predictions are also overall conservative. However, it was found that the DSM [31,32] 370 

provided less scattered predictions than the codified predictions by ASCE [19], EC3-1.3 [39] 371 

and NAS [24], as the COV is the smallest in the comparisons for the three interior loading 372 

conditions (see Tables 7-9). 373 

The comparisons of the ultimate strengths (Pu) per web with the aforementioned 374 

predictions are shown in Figures 11-15. The comparisons were plotted against the values of h/t, 375 

i.e., web slenderness ratio. Generally, the predictions by ASCE [19] are more conservative for 376 

the larger values of h/t, i.e., more slender webs, for both IOF and ITF conditions (see Figure 377 

11). The NAS [24] generally provides un-conservative predictions for both the IOF and ITF 378 

regardless of different values of h/t (see Figure 12). Note that for the IL condition, the 379 

superscripts of “#” and “*” indicate that the predictions were calculated by using the design rules 380 

for IOF and ITF, respectively (see Figures 11-12). The EC3-1.3 [39] provides more 381 

conservative predictions for the ITF than those for the IOF and IL conditions under different 382 

values of h/t (see Figure 13). The predictions by Zhou and Young [25] generally become 383 

unconservative for the higher values of h/t (h/t > 75) for ITF loading condition, as shown in 384 

Figure 14. Overall, the predictions provided by Li and Young [31,32] are conservative. 385 

However, the predictions are unconservative for very slender webs, i.e. h/t = 145, for ITF and 386 

IL conditions (see Figure 15). 387 

Reliability of these design provisions was assessed by adopting the reliability analysis 388 

specified in Section 5 of the present paper. The recommended resistance factors () for the 389 

corresponding design rules [19,21,24,25,31,32] (see Tables 7-9) were used for the calculation 390 

of reliability index (β). It was found that all the current design provisions for the IOF and ITF 391 

are probabilistically safe and reliable (β > 2.50), except for the NAS predictions [24] with β = 392 
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2.07 for IOF and β = 1.82 for ITF which are smaller than the target value of 2.50 (see Tables 7-393 

8). The current design provisions for the IL condition are also probabilistically safe and reliable, 394 

except for NAS [24] due to the β = 2.17 when using the coefficients for ITF [24], as shown in 395 

Table 9. 396 

 397 

8. Proposed design rules and assessments 398 

8.1. General 399 

As discussed in Section 7.4 of this paper, the predictions by the ASCE [19], EC3-1.3 400 

[39], the modified unified design equation [25] and the modified DSM (Eq. (2)) [31,32] are 401 

generally conservative and reliable, in particular, very conservative predictions by EC3-1.3 402 

[38]. The predictions by the original unified design equation in NAS [24] are generally not 403 

reliable. Hence, efforts were made for the improvements of the web crippling design (for Eq. 404 

(1) and Eq. (2)) of CFLDSS tubular members in this study. 405 

 406 

8.2. Modified coefficients for unified design equation 407 

Three new sets of coefficients are proposed for IOF, ITF and IL conditions for the 408 

original unified design equation Eq. (1) in NAS [24]. The coefficients were calibrated against 409 

both the 58 test results [23] and the 144 parametric results obtained in this study. The new 410 

coefficients for Eq. (1) are reported in Table 10, including C, CR, CN, and Ch. The overall web 411 

crippling coefficient, C = 8.0, C = 8.3 and C = 9.1 are proposed for the IOF, ITF and IL 412 

conditions, respectively. Note that different values of coefficients (CR, CN and Ch) are specified 413 

in NAS [24] and Zhou and Young [25] for different loading conditions. However, constant 414 

coefficients of CR = 0.21, CN = 0.26 and Ch = 0.001 are proposed in this study for CFLDSS 415 

square and rectangular hollow sections, as shown in Table 10. In addition, a constant value of 416 

resistance factor of  = 0.85 is proposed for the three loading conditions. The value of 0.85 is 417 

larger than those proposed by Zhou and Young [25] for different loading conditions. These 418 

proposed coefficients for Eq. (1) are applicable for web crippling deign of CFLDSS square and 419 

rectangular hollow sections. The flanges of these sections are stiffened or partially stiffened. 420 

The application limits are 10 ≤ h/t ≤ 145, ri/t ≤ 2.0, N/t ≤ 150 and N/h ≤ 1.5. 421 

 422 

 423 

 424 
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8.3. Modified direct strength method 425 

It has been shown that the modified DSM design equation (Eq. (2)) generally provided 426 

conservative predictions, in particular for the loading conditions of IOF and ITF. Hence, 427 

improvements on the modified DSM design equation (Eq. (2)) were made by proposing three 428 

new sets of coefficients for IOF, ITF and IL conditions. The coefficients were also calibrated 429 

against both the test results and numerical results. The new coefficients of a, b, n, λk, and γ for 430 

Eq. (2) are reported in Table 11. Similar to those suggested by Li and Young [31,32], different 431 

values of a, λk and γ are proposed for different loading conditions. However, the constant 432 

coefficients of n = 0.35 and λk = 0.60 are proposed regardless of different interior loading 433 

conditions. For consistence in the determination of 𝛼𝑝  for interior loadings, the Eq. (6) for 434 

interior bearing loads was used for the three different loading conditions in the present study. 435 

These proposed coefficients (see Table 11) for Eq. (2) are applicable for CFLDSS square and 436 

rectangular hollow sections. The flanges of these sections are stiffened or partially stiffened. 437 

The application limits are 10 ≤ h/t ≤ 145, ri/t ≤ 2.0, N/t ≤ 150 and N/h ≤ 1.5. 438 

 439 

8.4. Assessment of modified design predictions 440 

The modified design rules were assessed by comparing the predicted strengths with 441 

those obtained from the tests and parametric study. The predicted strengths were calculated by 442 

Eq. (1) and Eq. (2) using the newly proposed coefficients (see Tables 10-11), and these 443 

predictions were represented by P1 and P2, respectively. In the calculations, the material 444 

properties were used in the same criteria as those described in Section 7.4 of this paper. 445 

Using Eq. (1) for the IOF, ITF and IL conditions, the mean values of the Pu/P1 are 0.99, 446 

1.01 and 1.00, respectively, with the corresponding COVs of 0.070, 0.117 and 0.097. The 447 

predictions by Eq. (1) using the newly proposed coefficients are probabilistically safe and 448 

reliable as all the values of β are larger than 2.50. Figure 16 illustrates the comparison of Pu and 449 

P1 for the three interior loadings. 450 

Using Eq. (2) for the IOF, ITF and IL conditions, the mean values of the Pu/P2 are 0.99, 451 

1.07 and 1.07, respectively, with the corresponding COVs of 0.086, 0.104 and 0.073. The 452 

predictions by Eq. (2) using the proposed new coefficients are all probabilistically safe and 453 

reliable (β > 2.5). Figure 17 illustrates the comparison of Pu and P2 for the three interior 454 

loadings. Furthermore, Figures 18-20 show the DSM curves and the test and numerical results 455 

for the IOF, ITF and IL conditions, respectively. In each figure, the ratio of Pu/Py were plotted 456 
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against the ratio of (Py/Pcr)
0.5. Generally, it is shown that the modified DSM curves in this study 457 

provide better fitting than the DSM curves proposed by Li and Young [31,32]. 458 

 459 

9. Conclusions 460 

Non-linear finite element models (FEMs) have been developed for web crippling of 461 

cold-formed lean duplex stainless steel (CFLDSS) tubular members. The tubular members were 462 

loaded under three interior loading conditions, namely, the interior-one-flange (IOF), interior-463 

two-flange (ITF) and interior loading (IL). The accuracy of the FEMs were assessed in terms 464 

of the predicted ultimate strengths, failure modes and load-deformation curves. An extensive 465 

parametric study of 144 CFLDSS specimens under the three interior loadings was performed 466 

by using the verified FEMs. The key parameters were considered in the parametric study. The 467 

key parameters cover the ratios of flat web height to thickness, bearing length to web thickness 468 

and bearing length to flat web height, as well as the inner corner radius of the sections. 469 

The accuracy and reliability were assessed for the current design rules in the 470 

international specifications of the ASCE [19], AS/NZS [20], EC3 [21,39] and NAS [24], as well 471 

as those in the literature, namely, the modified unified equation [25] and the modified direct 472 

strength method (DSM) [31,32]. It was found that the predictions by the current codified design 473 

rules [19-21,39] and those in the literature [25,31,32] are generally conservative and reliable. 474 

However, the NAS [24] generally provided unconservative and not reliable predictions. 475 

New sets of coefficients are proposed for the unified design equation and the modified 476 

DSM. The proposed coefficients were calibrated against both the test results and numerical 477 

results. By using the newly proposed coefficients in the design calculations, it is shown that the 478 

predictions by the unified equation and the modified DSM are more accurate than those 479 

aforementioned predictions, and the predictions are also probabilistically safe and reliable. 480 

Therefore, the newly proposed coefficients for the unified equation and the modified DSM are 481 

suggested for the web crippling design of CFLDSS tubular members with square and 482 

rectangular hollow sections under the three interior (i.e., IOF, ITF and IL) loading conditions. 483 

The flanges of the members are stiffened or partially stiffened that unfastened to the supports. 484 

The application limits are 10 ≤ h/t ≤ 145, ri/t ≤ 2.0, N/t ≤ 150 and N/h ≤ 1.5. 485 

 486 

 487 

 488 
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Figure 1: Definition of symbols in a tubular section 639 
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 658 

 (a) Interior-One-Flange (IOF) loading condition 659 
 660 
 661 

 662 
 663 

(b) Interior-Two-Flange (ITF) loading condition 664 
 665 
 666 

 667 
 668 

 (c) Interior loading (IL) condition 669 
 670 

Figure 2: LDSS specimens under different concentrated interior bearing loads [23] 671 
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 687 

Figure 3: Symmetric finite element model (FEM) for specimen under IOF loading condition 688 
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Stiffened with Ux = 0 
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 702 

 703 

 704 

 705 

(a) Specimen in the test 706 

 707 

 708 

(b) 3-D view of specimen in FEM 709 

 710 

Figure 4: Comparison of test and FEM for specimen IOF100×100×3.0N90 711 
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 715 

 716 

(a) Specimen in the test 717 

 718 

 719 

(b) 3-D view of specimen in FEM 720 

Figure 5: Comparison of test and FEM for specimen ITF120×60×3.0N30 721 
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 725 

(a) Specimen in the test 726 

 727 

(b) 3-D view of specimen in FEM 728 

Figure 6: Comparison of test and FEM for specimen IL150×80×3.0N30 729 
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Specimen 
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 732 

 733 

    734 

Figure 7: Failure mode of specimen IOF150×80×3.0N30 by test (left) and FEA (right) 735 

 736 

    737 

Figure 8: Failure mode of specimen ITF80×150×3.0N60 by test (left) and FEA (right) 738 
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      751 

Figure 9: Failure mode of specimen IL150×80×3.0N30 by test (left) and FEA (right) 752 
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Figure 10: Comparison of load-deformation curves obtained from tests and finite element 773 
analysis 774 
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Figure 11: Comparison of test and FE results with ASCE predictions [19] 787 
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Figure 12: Comparison of test and FE results with NAS predictions [24] 790 
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Figure 13: Comparison of test and FE results with EC3-1.3 predictions [39] 794 
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Figure 14: Comparison of test and FE results with predictions by Zhou and Young [25] 797 
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Figure 15: Comparison of test and FE results with predictions by Li and Young [31,32] 809 
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Figure 16: Comparison of test and FE results with predictions by unified design equation 822 
using newly proposed coefficients 823 
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Figure 17: Comparison of test and FE results with predictions by DSM using newly proposed 825 
coefficients 826 
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Figure 18: Comparison of test and numerical results with DSM curves for IOF loading 830 
condition 831 
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Figure 19: Comparison of test and numerical results with DSM curves for ITF loading 834 
condition 835 
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Figure 20: Comparison of test and numerical results with DSM curves for IL condition 847 
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Table 1: Material properties of cold-formed lean duplex stainless steel 868 
 869 

(a) Material properties of flat coupons [23] 870 
 871 

Stainless steel grade 
Section 

H×B×t (mm) 

ET EC f0.2,T f0.2,C f,T 

GPa GPa MPa MPa % 

EN 1.4162 50×20×1.5 194 212 656 611 42.2 

EN 1.4062 

60×40×2.0 199 211 600 627 40.3 

60×120×3.0 206 215 620 727 38.5 

80×150×3.0 194 214 491 546 43.3 

100×100×3.0 202 209 557 551 43.1 

120×60×3.0 206 215 620 611 38.5 

150×80×3.0 194 208 491 518 43.3 

 872 
 873 

(b) Material properties of corner coupons 874 
 875 

Stainless steel grade 
Section 

H×B×t (mm) 

ET f0.2,T f,T 

GPa MPa % 

EN 1.4062 

60×40×2.0a 199 797 12.1 

60×120×3.0a 207 793 14.7 

80×150×3.0b 196 754 20.0 

100×100×3.0b 195 784 17.0 

120×60×3.0a 207 793 14.7 

150×80×3.0b 196 754 20.0 

Note: a means data from Ref. [35]; b means data from Ref. [36]. 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
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 888 
 889 

Table 2: Comparison of test strengths with FE strengths for IOF loading condition 890 
 891 

Specimen 
Pt 

 (kN) 

PFEA-1 

(kN) 

PFEA-2 

(kN) 
Pt/PFEA-1 Pt/PFEA-2 

IOF60×40×2.0N30 29.3* 31.0 31.3 0.95 0.94 

IOF60×120×3.0N60 73.5* 76.1 80.7 0.97 0.91 

IOF60×120×3.0N90 77.5* 80.2 84.3 0.97 0.92 

IOF80×150×3.0N60 57.7* 57.6 58.0 1.00 0.99 

IOF80×150×3.0N150 70.6* 70.3 72.7 1.00 0.97 

IOF100×100×3.0N30 70.7* 61.5 61.8 1.15 1.14 

IOF100×100×3.0N90 89.1* 82.2 82.9 1.08 1.07 

IOF100×100×3.0N90-r 89.5* 82.7 83.5 1.08 1.07 

IOF120×60×3.0N30 61.1* 61.4 61.5 1.00 0.99 

IOF120×60×3.0N60 71.6* 77.1 77.4 0.93 0.93 

IOF150×80×3.0N30 48.4* 49.2 48.9 0.98 0.99 

IOF150×80×3.0N90 62.1* 62.0 63.3 1.00 0.98 

   Mean 1.01 0.99 

   COV 0.064 0.072 

Note: “*” means result presented in Ref. [23]. 892 
 893 
 894 

Table 3: Comparison of test strengths with FE strengths for ITF loading condition 895 
 896 

Specimen 
Pt 

 (kN) 

PFEA-1 

(kN) 

PFEA-2 

(kN) 
Pt/PFEA-1 Pt/PFEA-2 

ITF60×40×2.0N30 31.7* 32.4 33 0.98 0.96 

ITF60×40×2.0N30-r 31.7* 33.7 34.3 0.94 0.92 

ITF60×120×3.0N60 77.8* 81.3 87.9 0.96 0.89 

ITF60×120×3.0N90 92.0* 97.4 104.9 0.94 0.88 

ITF60×120×3.0N90-r 91.0* 99 106.7 0.92 0.85 

ITF80×150×3.0N60 57.3* 54.9 57.7 1.04 0.99 

ITF80×150×3.0N150 78.5* 80.6 84.3 0.97 0.93 

ITF80×150×3.0N150-r 78.9* 79.8 83.3 0.99 0.95 

ITF100×100×3.0N30 72.4* 66.7 66.4 1.09 1.09 

ITF100×100×3.0N90 85.9* 83.2 83.9 1.03 1.02 

ITF120×60×3.0N30 73.4* 70.7 70.6 1.04 1.04 

ITF120×60×3.0N60 78.9* 88.2 87.9 0.89 0.90 

ITF150×80×3.0N30 54.8* 57.9 54.2 0.95 1.01 

ITF150×80×3.0N90 69.6* 70.4 72.3 0.99 0.96 

   Mean 0.98 0.96 

   COV 0.054 0.072 

Note: “*” means result presented in Ref. [23]. 897 
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 898 
 899 
 900 
 901 
 902 
 903 
 904 

Table 4: Comparison of test strengths with FE strengths for IL condition 905 
 906 
 907 

Specimen 
Pt 

 (kN) 

PFEA-1 

(kN) 

PFEA-2 

(kN) 
Pt/PFEA-1 Pt/PFEA-2 

IL60×40×2.0N30 34.0* 37.4 37.6 0.91 0.90 

IL60×40×2.0N50 40.2* 44.0 44.4 0.91 0.91 

IL60×40×2.0N50-r 39.8* 42.9 43.3 0.93 0.92 

IL60×120×3.0N60 86.6* 88.1 94.9 0.98 0.91 

IL60×120×3.0N120 128.8* 126.5 137.9 1.02 0.93 

IL80×150×3.0N60 65.2* 64.9 65.7 1.00 0.99 

IL80×150×3.0N150 89.3* 98.7 103.0 0.90 0.87 

IL80×150×3.0N150-r 88.7* 90.0 94.7 0.99 0.94 

IL100×100×3.0N30 74.3* 67.0 67.1 1.11 1.11 

IL100×100×3.0N90 102.0* 90.7 91.8 1.12 1.11 

IL120×60×3.0N30 73.4* 68.7 68.0 1.07 1.08 

IL120×60×3.0N60 81.5* 86.7 87.0 0.94 0.94 

IL150×80×3.0N30 55.7* 53.4 53.3 1.04 1.05 

IL150×80×3.0N90 70.3* 70.3 71.3 1.00 0.99 

   Mean 1.00 0.97 

   COV 0.073 0.083 

Note: “*” means result presented in Ref. [23]. 908 
 909 
 910 
 911 
 912 
 913 

Table 5: Summary of FE verifications 914 
 915 
 916 

Loading conditions Number  Pt/PFEA-1 Pt/PFEA-2 

IOF, ITF, IL 40 
Mean 0.99 0.97 

COV 0.064 0.076 

 917 
 918 
 919 
 920 
 921 
 922 
 923 



38 
 

 924 
Table 6: Design of CFLDSS specimens for parametric study 925 

Section (H×B×t) N (mm) ri/t h/t N/t N/h 

60×60×1.5 30 1.0 36.0 20.0 0.56 

60×60×1.5 60 1.0 36.0 40.0 1.11 

60×60×2.0 30 1.0 26.0 15.0 0.58 

60×60×2.0 60 1.0 26.0 30.0 1.15 

60×60×3.0 30 1.0 16.0 10.0 0.63 

60×60×3.0 60 1.0 16.0 20.0 1.25 

60×60×4.0 30 1.0 11.0 7.5 0.68 

60×60×4.0 60 1.0 11.0 15.0 1.36 

120×120×2.0 60 1.5 55.0 30.0 0.55 

120×120×2.0 120 1.5 55.0 60.0 1.09 

120×120×2.5 60 1.5 43.0 24.0 0.56 

120×120×2.5 120 1.5 43.0 48.0 1.12 

120×120×3.5 60 1.5 29.3 17.1 0.59 

120×120×3.5 120 1.5 29.3 34.3 1.17 

120×120×5.0 60 1.5 19.0 12.0 0.63 

120×120×5.0 120 1.5 19.0 24.0 1.26 

300×300×2.0 150 1.5 145.0 75.0 0.52 

300×300×2.0 300 1.5 145.0 150.0 1.03 

300×300×3.5 150 1.5 80.7 42.9 0.53 

300×300×3.5 300 1.5 80.7 85.7 1.06 

300×300×4.0 150 1.5 70.0 37.5 0.54 

300×300×4.0 300 1.5 70.0 75.0 1.07 

300×300×6.0 150 1.0 46.0 25.0 0.54 

300×300×6.0 300 1.0 46.0 50.0 1.09 

100×80×1.5 40 1.0 62.7 26.7 0.43 

100×80×1.5 80 1.0 62.7 53.3 0.85 

100×80×2.0 40 1.0 46.0 20.0 0.43 

100×80×2.0 80 1.0 46.0 40.0 0.87 

100×80×2.5 40 1.0 36.0 16.0 0.44 

100×80×2.5 80 1.0 36.0 32.0 0.89 

100×80×3.0 40 1.0 29.3 13.3 0.45 

100×80×3.0 80 1.0 29.3 26.7 0.91 

200×150×2.0 75 1.5 95.0 37.5 0.39 

200×150×2.0 150 1.5 95.0 75.0 0.79 

200×150×2.5 75 1.5 75.0 30.0 0.40 

200×150×2.5 150 1.5 75.0 60.0 0.80 

200×150×4.0 75 1.5 45.0 18.8 0.42 

200×150×4.0 150 1.5 45.0 37.5 0.83 

200×150×4.5 75 1.0 40.4 16.7 0.41 

200×150×4.5 150 1.0 40.4 33.3 0.82 

400×200×3.0 100 1.5 128.3 33.3 0.26 

400×200×3.0 200 1.5 128.3 66.7 0.52 

400×200×4.0 100 1.5 95.0 25.0 0.26 

400×200×4.0 200 1.5 95.0 50.0 0.53 

400×200×6.0 100 1.0 62.7 16.7 0.27 

400×200×6.0 200 1.0 62.7 33.3 0.53 

400×200×8.0 100 1.0 46.0 12.5 0.27 

400×200×8.0 200 1.0 46.0 25.0 0.54 
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 926 
 927 

Table 7: Comparison of test and FE strengths with predicted strengths for IOF loading 928 
condition 929 

 930 

Specimens Pu (Pt or PFEA) Pu/PASCE Pu/PEC Pu/PNAS Pu/PZ&Y Pu/PL&Y Pu/P1 Pu/P2 

 (kN)        

IOF40×60×2.0N30 31.4 1.16 2.49 0.88 1.17 1.28 1.03 1.03 

IOF40×60×2.0N60 32.2 1.06 2.51 0.77 0.98 0.94 0.86 0.76 

IOF50×20×1.5N30 21.1 1.36 2.65 0.87 1.14 1.09 0.99 0.94 

IOF50×20×1.5N30-r 20.9 1.24 2.43 0.79 1.03 0.97 0.90 0.84 

IOF60×40×2.0N30 29.3 1.06 2.26 0.80 1.07 1.09 0.93 0.92 

IOF60×120×3.0N60 73.5 1.11 2.59 0.81 1.06 1.15 0.93 0.92 

IOF60×120×3.0N90 77.5 1.11 2.75 0.79 1.01 1.00 0.88 0.80 

IOF80×150×3.0N60 57.7 0.98 2.45 0.92 1.18 1.40 1.03 1.06 

IOF80×150×3.0N150 70.6 1.01 2.98 0.90 1.08 1.07 0.95 0.83 

IOF100×100×3.0N30 70.7 1.17 2.64 0.99 1.35 1.39 1.18 1.18 

IOF100×100×3.0N90 89.1 1.31 3.33 1.02 1.28 1.26 1.12 1.06 

IOF100×100×3.0N90-r 89.5 1.31 3.33 1.02 1.28 1.24 1.12 1.06 

IOF120×60×3.0N30 61.1 1.03 2.18 0.79 1.07 1.11 0.94 0.96 

IOF120×60×3.0N60 71.6 1.12 2.53 0.81 1.04 1.05 0.91 0.91 

IOF150×80×3.0N30 48.4 0.91 2.07 0.89 1.18 1.25 1.04 1.07 

IOF150×80×3.0N90 62.1 1.02 2.63 0.92 1.12 1.21 0.98 1.04 

IOF60×60×1.5N30 17.8 1.18 2.45 0.93 1.20 1.17 1.05 1.02 

IOF60×60×1.5N60 21.0 1.24 2.88 0.94 1.15 1.06 1.01 0.92 

IOF60×60×2.0N30 28.4 1.08 2.33 0.87 1.15 1.17 1.01 0.99 

IOF60×60×2.0N60 33.6 1.16 2.76 0.90 1.13 1.07 0.99 0.91 

IOF60×60×3.0N30 53.9 0.92 2.12 0.78 1.07 1.21 0.94 0.97 

IOF60×60×3.0N60 60.6 0.98 2.38 0.77 1.02 1.07 0.89 0.85 

IOF60×60×4.0N30 83.1 0.81 1.92 0.70 0.99 1.25 0.87 0.96 

IOF60×60×4.0N60 88.3 0.82 2.04 0.66 0.90 1.05 0.78 0.81 

IOF120×120×2.0N60 33.1 1.23 2.78 0.97 1.19 1.25 1.04 1.09 

IOF120×120×2.0N120 38.9 1.23 3.27 0.97 1.12 1.12 0.98 0.98 

IOF120×120×2.5N60 46.8 1.13 2.63 0.91 1.14 1.21 1.00 1.05 

IOF120×120×2.5N120 57.4 1.22 3.22 0.96 1.14 1.14 1.00 0.99 

IOF120×120×3.5N60 81.2 1.03 2.47 0.85 1.11 1.20 0.97 1.01 

IOF120×120×3.5N120 100.0 1.14 3.04 0.91 1.12 1.14 0.98 0.96 

IOF120×120×5.0N60 142.9 0.90 2.24 0.77 1.04 1.21 0.91 0.96 

IOF120×120×5.0N120 171.0 1.00 2.68 0.82 1.04 1.14 0.91 0.90 

IOF300×300×2.0N150 41.2 1.40 3.46 1.02 1.11 1.26 0.97 1.07 

IOF300×300×2.0N300 46.0 1.16 3.88 0.93 0.96 1.06 0.84 0.90 

IOF300×300×3.5N150 110.4 1.30 3.35 0.99 1.16 1.25 1.02 1.09 

IOF300×300×3.5N300 130.9 1.25 3.97 0.98 1.09 1.12 0.96 0.98 
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IOF300×300×4.0N150 138.5 1.26 3.29 0.98 1.16 1.24 1.02 1.08 

IOF300×300×4.0N300 165.4 1.25 3.93 0.98 1.11 1.13 0.97 0.99 

IOF300×300×6.0N150 305.4 1.24 3.33 0.96 1.21 1.17 1.05 1.02 

IOF300×300×6.0N300 359.6 1.28 3.92 0.97 1.15 1.05 1.01 0.92 

IOF100×80×1.5N40 19.7 1.30 2.71 0.99 1.22 1.19 1.07 1.04 

IOF100×80×1.5N80 23.0 1.32 3.17 0.99 1.16 1.10 1.01 0.96 

IOF100×80×2.0N40 31.9 1.21 2.62 0.94 1.21 1.17 1.06 1.03 

IOF100×80×2.0N80 37.7 1.27 3.09 0.96 1.17 1.10 1.02 0.96 

IOF100×80×2.5N40 46.2 1.13 2.53 0.90 1.18 1.17 1.04 1.01 

IOF100×80×2.5N80 54.8 1.22 3.00 0.93 1.16 1.10 1.01 0.95 

IOF100×80×3.0N40 62.1 1.06 2.44 0.87 1.15 1.16 1.01 0.99 

IOF100×80×3.0N80 74.2 1.17 2.91 0.91 1.15 1.11 1.01 0.95 

IOF200×150×2.0N75 35.9 1.36 3.02 1.03 1.21 1.30 1.06 1.13 

IOF200×150×2.0N150 42.0 1.31 3.53 1.01 1.13 1.21 0.98 1.05 

IOF200×150×2.5N75 52.7 1.29 2.96 1.00 1.21 1.29 1.06 1.13 

IOF200×150×2.5N150 61.4 1.28 3.45 0.99 1.14 1.19 0.99 1.05 

IOF200×150×4.0N75 111.9 1.10 2.66 0.90 1.14 1.21 1.00 1.05 

IOF200×150×4.0N150 137.5 1.21 3.26 0.95 1.15 1.19 1.01 1.03 

IOF200×150×4.5N75 153.0 1.16 2.85 0.92 1.20 1.17 1.05 1.02 

IOF200×150×4.5N150 185.4 1.27 3.45 0.97 1.20 1.14 1.05 0.99 

IOF400×200×3.0N100 78.0 1.42 3.14 1.04 1.21 1.29 1.06 1.11 

IOF400×200×3.0N200 91.8 1.40 3.70 1.03 1.14 1.28 1.00 1.09 

IOF400×200×4.0N100 127.3 1.29 3.02 1.00 1.21 1.26 1.06 1.10 

IOF400×200×4.0N200 152.6 1.35 3.62 1.02 1.17 1.27 1.02 1.11 

IOF400×200×6.0N100 271.7 1.19 2.96 0.94 1.20 1.14 1.05 1.00 

IOF400×200×6.0N200 328.4 1.31 3.58 0.98 1.19 1.16 1.04 1.02 

IOF400×200×8.0N100 436.3 1.08 2.78 0.88 1.16 1.11 1.02 0.97 

IOF400×200×8.0N200 529.2 1.21 3.37 0.94 1.18 1.14 1.03 1.00 

Mean  1.17 2.91 0.92 1.14 1.17 0.99 0.99 

COV  0.120 0.174 0.095 0.070 0.077 0.070 0.086 

Resistance factor,   0.70 0.91 0.90 0.70 0.85 0.85 0.85 

Reliability index, β  3.85 5.51 2.07 4.02 3.31 2.70 2.63 

 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 
 940 
 941 
 942 
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 943 
 944 
 945 

Table 8: Comparison of test and FE strengths with predicted strengths for ITF loading 946 
condition 947 

 948 

Specimens Pu (Pt or PFEA) Pu/PASCE Pu/PEC Pu/PNAS Pu/PZ&Y Pu/PL&Y Pu/P1 Pu/P2 

 (kN)        

ITF20×50×1.5N30 25.6 1.17 6.02 0.64 1.21 1.12 1.06 1.13 

ITF20×50×1.5N30-r 26.1 1.26 6.56 0.78 1.32 1.30 1.18 1.28 

ITF20×50×1.5N50 36.5 1.79 9.34 0.94 1.63 1.31 1.44 1.30 

ITF40×60×2.0N30 31.4 0.90 5.05 0.72 1.09 1.14 1.00 1.11 

ITF40×60×2.0N60 39.8 1.11 6.32 0.76 1.14 1.03 1.03 1.00 

ITF50×20×1.5N30 21.5 1.16 5.56 0.64 1.12 1.08 1.00 1.01 

ITF50×20×1.5N30-r 21.4 1.15 5.54 0.64 1.12 1.08 0.99 1.01 

ITF60×40×2.0N30 31.7 0.92 5.02 0.74 1.09 1.15 1.00 1.09 

ITF60×40×2.0N30-r 31.7 0.91 4.94 0.68 1.07 1.10 0.97 1.04 

ITF60×120×3.0N60 77.8 0.95 5.58 0.67 1.05 1.03 0.95 1.00 

ITF60×120×3.0N90 92.0 1.09 6.54 0.78 1.10 1.03 1.00 1.01 

ITF60×120×3.0N90-r 91.0 1.07 6.42 0.75 1.08 1.00 0.98 0.98 

ITF80×150×3.0N60 57.3 0.78 4.91 1.25 1.01 1.17 0.99 1.14 

ITF80×150×3.0N150 78.5 1.03 6.73 1.33 1.07 1.03 1.03 1.01 

ITF80×150×3.0N150-r 78.9 1.04 6.79 1.41 1.08 1.05 1.04 1.02 

ITF100×100×3.0N30 72.4 0.94 5.53 0.86 1.28 1.34 1.18 1.27 

ITF100×100×3.0N90 85.9 1.07 6.44 0.81 1.14 1.11 1.04 1.05 

ITF120×60×3.0N30 73.4 0.95 5.22 0.76 1.16 1.23 1.06 1.14 

ITF120×60×3.0N60 78.9 1.01 5.61 0.69 1.05 1.09 0.96 1.01 

ITF150×80×3.0N30 54.8 0.82 4.72 1.30 1.15 1.34 1.12 1.24 

ITF150×80×3.0N90 69.6 1.01 5.96 1.40 1.10 1.33 1.08 1.24 

ITF60×60×1.5N30 18.9 1.03 5.23 0.79 1.17 1.19 1.07 1.11 

ITF60×60×1.5N60 22.1 1.18 6.14 0.79 1.13 1.08 1.02 1.00 

ITF60×60×2.0N30 30.4 0.91 5.04 0.75 1.14 1.17 1.04 1.11 

ITF60×60×2.0N60 36.8 1.08 6.10 0.79 1.15 1.09 1.05 1.04 

ITF60×60×3.0N30 57.5 0.75 4.56 0.68 1.05 1.12 0.96 1.10 

ITF60×60×3.0N60 70.1 0.90 5.55 0.73 1.09 1.07 0.99 1.05 

ITF60×60×4.0N30 89.4 0.65 4.17 0.62 0.97 1.14 0.90 1.11 

ITF60×60×4.0N60 111.4 0.80 5.20 0.69 1.04 1.12 0.95 1.10 

ITF120×120×2.0N60 33.6 1.13 5.71 0.96 1.08 1.26 1.02 1.14 

ITF120×120×2.0N120 37.7 1.22 6.41 0.91 0.99 1.08 0.92 0.98 

ITF120×120×2.5N60 50.1 1.04 5.68 0.96 1.10 1.26 1.03 1.16 

ITF120×120×2.5N120 57.7 1.16 6.53 0.94 1.03 1.11 0.97 1.02 

ITF120×120×3.5N60 86.9 0.88 5.32 0.91 1.06 1.20 1.00 1.13 

ITF120×120×3.5N120 104.8 1.04 6.42 0.94 1.06 1.12 0.99 1.06 
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ITF120×120×5.0N60 153.6 0.75 4.86 0.84 1.00 1.13 0.95 1.10 

ITF120×120×5.0N120 187.4 0.90 5.94 0.89 1.03 1.08 0.96 1.05 

ITF300×300×2.0N150 27.8 1.30 4.72 0.63 0.68 0.83 0.63 0.72 

ITF300×300×2.0N300 31.4 1.35 5.33 0.58 0.60 0.71 0.55 0.62 

ITF300×300×3.5N150 104.6 1.24 6.40 0.90 0.99 1.18 0.93 1.04 

ITF300×300×3.5N300 114.6 1.29 7.02 0.81 0.87 0.98 0.81 0.87 

ITF300×300×4.0N150 136.7 1.20 6.55 0.93 1.03 1.22 0.97 1.09 

ITF300×300×4.0N300 150.8 1.26 7.22 0.85 0.91 1.02 0.85 0.91 

ITF300×300×6.0N150 317.0 1.12 6.97 0.79 1.16 1.19 1.06 1.09 

ITF300×300×6.0N300 362.5 1.24 7.97 0.77 1.08 1.04 0.98 0.95 

ITF100×80×1.5N40 20.5 1.22 5.68 0.81 1.18 1.22 1.07 1.10 

ITF100×80×1.5N80 22.2 1.28 6.18 0.74 1.04 1.05 0.94 0.94 

ITF100×80×2.0N40 35.4 1.13 5.86 0.83 1.24 1.27 1.13 1.16 

ITF100×80×2.0N80 39.2 1.22 6.49 0.79 1.13 1.12 1.02 1.02 

ITF100×80×2.5N40 51.5 1.02 5.69 0.81 1.22 1.25 1.11 1.16 

ITF100×80×2.5N80 59.0 1.15 6.52 0.80 1.16 1.14 1.05 1.06 

ITF100×80×3.0N40 69.7 0.94 5.52 0.78 1.20 1.23 1.09 1.16 

ITF100×80×3.0N80 80.9 1.07 6.40 0.79 1.16 1.14 1.06 1.07 

ITF200×150×2.0N75 34.5 1.34 5.85 0.93 1.04 1.24 0.98 1.09 

ITF200×150×2.0N150 36.7 1.36 6.23 0.83 0.89 1.05 0.83 0.93 

ITF200×150×2.5N75 54.2 1.25 6.14 0.99 1.12 1.32 1.05 1.17 

ITF200×150×2.5N150 58.2 1.30 6.59 0.89 0.97 1.13 0.91 1.00 

ITF200×150×4.0N75 125.2 1.03 6.00 0.98 1.15 1.32 1.08 1.21 

ITF200×150×4.0N150 142.7 1.14 6.83 0.96 1.08 1.21 1.01 1.11 

ITF200×150×4.5N75 168.1 1.04 6.31 0.81 1.22 1.25 1.11 1.15 

ITF200×150×4.5N150 192.3 1.17 7.22 0.80 1.15 1.14 1.05 1.06 

ITF400×200×3.0N100 74.1 1.49 6.02 0.92 1.03 1.21 0.97 1.05 

ITF400×200×3.0N200 78.4 1.52 6.37 0.82 0.88 1.08 0.82 0.94 

ITF400×200×4.0N100 135.9 1.34 6.51 1.01 1.16 1.34 1.09 1.18 

ITF400×200×4.0N200 151.1 1.44 7.24 0.95 1.05 1.26 0.98 1.10 

ITF400×200×6.0N100 302.0 1.14 6.64 0.82 1.23 1.25 1.12 1.12 

ITF400×200×6.0N200 355.2 1.31 7.81 0.83 1.20 1.24 1.09 1.11 

ITF400×200×8.0N100 485.8 0.98 6.23 0.78 1.19 1.21 1.09 1.11 

ITF400×200×8.0N200 599.2 1.19 7.69 0.84 1.23 1.26 1.12 1.16 

Mean  1.11 6.09 0.85 1.09 1.15 1.01 1.07 

COV  0.181 0.145 0.201 0.125 0.101 0.117 0.105 

Resistance factor,   0.70 0.91 0.80 0.70 0.85 0.85 0.85 

Reliability index, β  3.24 8.47 1.82 3.56 3.15 2.57 2.85 

 949 
 950 
 951 
 952 
 953 
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 954 
 955 
 956 
 957 

Table 9: Comparison of test and FE strengths with predicted strengths for IL condition 958 
 959 

Specimens Pu (Pt or PFEA) Pu/PASCE Pu/PEC Pu/PNAS Pu/PZ&Y Pu/PDSM Pu/P1 Pu/P2 

 (kN) IOF# ITF*  IOF# ITF*     

IL20×50×1.5N30 29.9 1.85 1.46 3.72 1.20 0.86 1.23 1.29 1.22 1.28 

IL20×50×1.5N50 41.1 2.36 1.98 5.11 1.46 1.02 1.55 1.29 1.44 1.28 

IL40×60×2.0N30 35.9 1.29 1.00 2.75 0.95 0.72 0.96 1.06 0.99 1.06 

IL40×60×2.0N60 48.4 1.62 1.35 3.78 1.14 0.86 1.20 1.07 1.12 1.06 

IL40×60×2.0N60-r 48.4 1.58 1.31 3.66 1.10 0.81 1.15 1.02 1.08 1.01 

IL50×20×1.5N30 22.2 1.38 1.12 2.70 0.89 0.62 0.89 0.93 0.89 0.92 

IL50×20×1.5N30-r 22.3 1.40 1.14 2.72 0.88 0.60 0.89 0.91 0.89 0.90 

IL60×40×2.0N30 34.0 1.21 0.96 2.55 0.89 0.65 0.88 0.96 0.91 0.95 

IL60×40×2.0N50 40.2 1.38 1.14 3.08 0.98 0.73 1.01 0.98 0.97 0.97 

IL60×40×2.0N50-r 39.8 1.40 1.17 3.14 1.00 0.75 1.03 1.00 0.98 0.99 

IL60×120×3.0N60 86.6 1.33 1.06 3.09 0.97 0.81 1.00 1.05 0.98 1.04 

IL60×120×3.0N120 128.8 1.75 1.52 4.57 1.22 0.97 1.31 1.06 1.17 1.05 

IL80×150×3.0N60 65.2 1.10 0.88 2.76 1.03 1.34 1.08 1.13 1.02 1.13 

IL80×150×3.0N150 89.3 1.25 1.14 3.73 1.09 1.06 1.19 0.92 1.01 0.92 

IL80×150×3.0N150-r 88.7 1.27 1.15 3.75 1.13 1.34 1.25 0.99 1.05 0.98 

IL100×100×3.0N30 74.3 1.24 0.96 2.80 1.06 0.91 1.04 1.22 1.11 1.21 

IL100×100×3.0N90 102.0 1.53 1.30 3.88 1.22 1.14 1.29 1.26 1.17 1.25 

IL120×60×3.0N30 73.4 1.21 0.94 2.57 0.92 0.74 0.89 1.06 0.96 1.04 

IL120×60×3.0N60 81.5 1.28 1.05 2.90 0.92 0.73 0.93 1.00 0.91 0.99 

IL150×80×3.0N30 55.7 1.05 0.83 2.38 1.03 1.40 1.02 1.19 1.05 1.18 

IL150×80×3.0N90 70.3 1.16 1.01 2.98 1.04 1.33 1.11 1.15 0.98 1.13 

IL60×60×1.5N30 19.5 1.29 1.07 2.69 1.02 0.81 1.03 1.08 1.01 1.06 

IL60×60×1.5N60 25.3 1.50 1.35 3.49 1.14 0.91 1.21 1.08 1.07 1.06 

IL60×60×2.0N30 31.4 1.19 0.94 2.58 0.96 0.78 0.97 1.06 0.98 1.05 

IL60×60×2.0N60 41.3 1.43 1.22 3.39 1.10 0.89 1.16 1.08 1.07 1.06 

IL60×60×3.0N30 60.4 1.04 0.79 2.37 0.87 0.71 0.86 1.04 0.92 1.04 

IL60×60×3.0N60 78.8 1.27 1.01 3.09 1.01 0.82 1.04 1.06 1.02 1.06 

IL60×60×4.0N30 96.7 0.94 0.70 2.24 0.81 0.67 0.79 1.07 0.88 1.07 

IL60×60×4.0N60 124.7 1.16 0.89 2.89 0.94 0.77 0.95 1.09 0.97 1.09 

IL120×120×2.0N60 34.9 1.30 1.17 2.94 1.03 0.99 1.07 1.12 0.96 1.10 

IL120×120×2.0N120 44.0 1.39 1.42 3.70 1.10 1.06 1.20 1.08 0.98 1.07 

IL120×120×2.5N60 50.8 1.23 1.05 2.85 0.99 0.97 1.03 1.10 0.96 1.09 

IL120×120×2.5N120 65.7 1.39 1.32 3.69 1.10 1.07 1.19 1.10 1.00 1.08 

IL120×120×3.5N60 89.0 1.13 0.91 2.70 0.93 0.93 0.95 1.07 0.93 1.06 

IL120×120×3.5N120 116.7 1.33 1.16 3.54 1.06 1.05 1.14 1.08 1.01 1.07 
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IL120×120×5.0N60 163.5 1.03 0.79 2.57 0.89 0.89 0.89 1.05 0.92 1.05 

IL120×120×5.0N120 208.0 1.22 0.99 3.27 0.99 0.99 1.04 1.05 0.98 1.04 

IL300×300×2.0N150 38.4 1.30 1.80 3.23 0.95 0.87 1.01 0.98 0.79 0.95 

IL300×300×2.0N300 43.8 1.11 1.89 3.69 0.88 0.80 0.99 0.84 0.70 0.82 

IL300×300×3.5N150 121.3 1.42 1.44 3.68 1.09 1.04 1.15 1.17 0.98 1.14 

IL300×300×3.5N300 150.3 1.43 1.69 4.56 1.13 1.07 1.25 1.10 0.96 1.08 

IL300×300×4.0N150 153.2 1.40 1.34 3.63 1.08 1.04 1.13 1.17 0.99 1.15 

IL300×300×4.0N300 192.9 1.45 1.62 4.58 1.14 1.09 1.26 1.12 0.99 1.10 

IL300×300×6.0N150 343.7 1.40 1.21 3.75 1.08 0.86 1.10 1.12 1.04 1.10 

IL300×300×6.0N300 445.4 1.58 1.52 4.86 1.20 0.94 1.28 1.11 1.10 1.09 

IL100×80×1.5N40 21.6 1.43 1.29 2.98 1.09 0.85 1.10 1.11 1.03 1.09 

IL100×80×1.5N80 26.3 1.50 1.52 3.62 1.13 0.88 1.20 1.07 1.02 1.05 

IL100×80×2.0N40 35.5 1.34 1.13 2.91 1.05 0.83 1.06 1.11 1.03 1.09 

IL100×80×2.0N80 44.5 1.50 1.38 3.65 1.14 0.90 1.20 1.10 1.06 1.08 

IL100×80×2.5N40 51.3 1.26 1.02 2.81 1.00 0.81 1.01 1.09 1.01 1.07 

IL100×80×2.5N80 65.3 1.45 1.27 3.58 1.11 0.89 1.16 1.10 1.06 1.09 

IL100×80×3.0N40 69.9 1.20 0.94 2.75 0.97 0.79 0.97 1.08 1.00 1.07 

IL100×80×3.0N80 88.8 1.40 1.18 3.48 1.09 0.87 1.13 1.09 1.06 1.08 

IL200×150×2.0N75 36.5 1.38 1.42 3.08 1.05 0.99 1.09 1.13 0.95 1.10 

IL200×150×2.0N150 40.7 1.28 1.51 3.42 0.98 0.92 1.07 1.00 0.84 0.97 

IL200×150×2.5N75 55.1 1.35 1.27 3.09 1.05 1.01 1.08 1.15 0.97 1.13 

IL200×150×2.5N150 66.7 1.39 1.49 3.75 1.08 1.03 1.16 1.11 0.95 1.09 

IL200×150×4.0N75 121.4 1.19 1.00 2.88 0.97 0.95 0.99 1.10 0.95 1.09 

IL200×150×4.0N150 154.4 1.36 1.24 3.66 1.07 1.04 1.14 1.13 1.00 1.11 

IL200×150×4.5N75 168.3 1.27 1.04 3.13 1.01 0.81 1.01 1.09 1.01 1.07 

IL200×150×4.5N150 213.1 1.46 1.29 3.97 1.11 0.88 1.16 1.10 1.06 1.09 

IL400×200×3.0N100 81.8 1.48 1.65 3.29 1.09 1.01 1.11 1.14 0.98 1.11 

IL400×200×3.0N200 97.9 1.50 1.90 3.94 1.10 1.02 1.17 1.14 0.94 1.12 

IL400×200×4.0N100 135.7 1.38 1.34 3.22 1.06 1.01 1.07 1.14 0.99 1.12 

IL400×200×4.0N200 167.1 1.48 1.60 3.97 1.12 1.05 1.18 1.19 0.99 1.16 

IL400×200×6.0N100 300.8 1.32 1.14 3.28 1.04 0.81 1.02 1.08 1.02 1.06 

IL400×200×6.0N200 377.8 1.50 1.40 4.12 1.13 0.88 1.17 1.14 1.06 1.12 

IL400×200×8.0N100 482.4 1.19 0.97 3.07 0.97 0.77 0.95 1.05 0.99 1.03 

IL400×200×8.0N200 611.8 1.40 1.21 3.89 1.08 0.86 1.11 1.12 1.05 1.10 

Mean  1.36 1.23 3.34 1.04 0.92 1.09 1.09 1.00 1.07 

COV  0.150 0.227 0.182 0.099 0.179 0.118 0.073 0.097 0.073 

Resistance factor,   0.70 0.70 0.91 0.90 0.80 0.80 0.85 0.85 0.85 

Reliability index, β  4.15 3.25 5.87 2.56 2.17 3.07 3.04 2.63 2.98 

Note: # means using IOF design equation;   * means using ITF design equation. 960 
 961 
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Table 10: Coefficients for web crippling design of cold-formed steel sections using modified unified design equation 

 

Provision Steel Section type Load condition 
Coefficients Limits  (θ = 90°) 

C CR CN Ch  ri/t N/t h/t N/h 

NAS [24] Carbon steel Single web channel 
IOF 13.0 0.23 0.14 0.01 0.90  5.0  210  200  2.0 

ITF 24.0 0.52 0.15 0.001 0.80  3.0  210  200  2.0 

Zhou and Young [25] Duplex stainless steel 

Square and rectangular 

hollow sections 

IOF 7.0 0.21 0.26 0.001 0.70  2.0  50  50  2.0 

ITF 7.0 0.11 0.24 0.001 0.70  2.0  50  50  2.0 

IL 15.3 0.26 0.08 0.003 0.80  2.0  50  200  1.6 

Proposed Lean duplex stainless steel 

IOF 8.0 0.21 0.26 0.001 0.85  2.0  150  145  1.5 

ITF 8.3 0.21 0.26 0.001 0.85  2.0  150  145  1.5 

IL 9.1 0.21 0.26 0.001 0.85  2.0  150  145  1.5 

Note: The table is suitable to stiffened or partially stiffened flanges that unfastened to support. 

 

 

Table 11: Coefficients for web crippling design of cold-formed stainless steel sections using modified direct strength method 

 

Provision Load condition a b n λk γ  

Li and Young [31,32] 

IOF 0.93 0.30 0.41 0.600 0.77 0.85 

ITF 0.73 0.01 0.35 0.480 1.20 0.85 

IL 0.88 0.09 0.35 0.515 1.20 0.85 

Proposed 

IOF 0.87 0.11 0.35 0.600 1.05 0.85 

ITF 0.89 0.17 0.35 0.600 1.05 0.85 

IL 0.91 0.11 0.35 0.600 1.10 0.85 

Note: The table is suitable to stiffened or partially stiffened flanges that unfastened to support. 

The proposed coefficients apply when 10 ≤ h/t ≤ 145, ri/t ≤ 2.0, N/t ≤ 150, N/h ≤ 1.5 and θ = 90°. 

 




