
* Corresponding author.

E-mail address: xuexuanyi@126.com (X. Xue).

Numerical investigation on post–fire resistance of cold–formed 1 

Q960 ultra high strength steel channel section stub columns 2 

Xuanyi Xuea,*, Tak-Ming Chana, Ben Younga 3 

a Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China 4

5 

Abstract 6 

Numerical analyses on the residual resistant performance of cold–formed Q960 7 

ultra high strength steel (UHSS) channel section stub columns after fire exposure 8 

were reported. The proposed numerical modelling method was validated by the 9 

existing experimental results of the cold–formed EN 1.4420 austenitic stainless 10 

steel, S690 high strength steel (HSS) and S960 UHSS channel section stub columns 11 

at room temperature, and the hot-rolled EN 1.4301 austenitic stainless steel channel 12 

section stub columns after exposure to fire, where the ultimate resistance, load–end 13 

shortening curve and failure mode were considered. The satisfactory comparisons 14 

demonstrate the appropriateness of the proposed numerical modelling 15 

methodology for the Q960 UHSS channel section stub columns after fire exposure. 16 

A parametric study considering different geometric dimensions and exposure 17 

temperatures was conducted, where a total of 410 numerical models were included. 18 

The geometric dimensions of cold–formed Q960 UHSS channel section stub 19 

columns changed the effects of exposure temperature on the load–end shortening 20 

curve. For the conditions after exposure temperature less than 600 °C, the 21 

slenderness limit of Class 3 in European code could be used for cold–formed Q960 22 

UHSS channel section stub columns. When the exposure temperatures were at 700, 23 

800 and 900 °C, the slenderness limit of Class 3 became unsuitable. The accuracy 24 

of design approaches in EN 1993-1-12, AISI S100, AS/NZS 4600 and direct 25 

strength method (DSM) was assessed. When the exposure temperatures were at 26 

800 and 900 °C, there were noticeable differences between the numerical results 27 
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and results obtained from the abovementioned design approaches. The 28 

modification methods considering effects of exposure temperature and geometric 29 

dimensions were proposed for the EN 1993-1-12 design approach to predict 30 

ultimate resistance of the cold–formed Q960 UHSS channel section stub columns 31 

after different exposure temperatures. 32 

33 
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1. Introduction37 

High strength steel (HSS) with yield strength larger than 460 MPa has been widely used 38 

in bridge and high–rise building structures [1]. Considering the advantages of high 39 

strength, the use of HSS reduces the steel plate thickness in component, which improves 40 

its fatigue performances and reduces welding difficulty [2]. Many investigations have 41 

been conducted to clarify the resistant performance of HSS components [3–5]. With the 42 

improvement of steel production technology, ultra high strength steel (UHSS) has 43 

gradually entered the vision of researchers and engineers. Even though the current 44 

application of UHSS on civil engineering structures was limited, the excellent strength 45 

properties make the UHSS have broad engineering application prospects. Compared 46 

with the HSS, the UHSS provides similar benefits. The benefits of UHSS are more 47 

obvious, because of better strength properties than the HSS. Some investigations have 48 

been conducted to clarify the resistant behaviours of the UHSS components. Wang et 49 

al. [2] studied the resistant performance of S960 UHSS angle and channel section stub 50 

columns, where experiments and numerical analyses were conducted. Shi et al. [6] 51 

performed experiments on the welded UHSS stub columns, where the effects of local 52 

buckling were clarified. Ma et al. [7] clarified the resistant performance of cold–formed 53 
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UHSS tubular sections, where a numerical modelling method including cold–forming 54 

effects on material properties was proposed. Li et al. [8] investigated the slenderness 55 

limits for the welded S960 UHSS columns. However, compared with the mild steel 56 

component, the investigations on the UHSS component are still very limited, which 57 

restricts the recommendation of UHSS design approaches and engineering applications. 58 

Fire caused significant negative impacts on the resistant performance of steel 59 

components, which is a common disaster for steel structures [9–11]. When a steel 60 

structure experienced fire without collapse, it is meaningful to evaluate whether it can 61 

be directly re-used, or requires repair or reconstruction [12–14]. Exposure temperatures 62 

change the microstructures of steels, which bring noteworthy effects on the residual 63 

mechanical properties [15–17]. Some investigations on the post–fire mechanical 64 

properties of different UHSSs have been conducted. Pandey and Young [18] conducted 65 

experiments on the residual monotonic stress–strain properties of the UHSS coupons 66 

from the cold–formed tubular members after exposure to fire. For the experiments 67 

conducted by Li and Young [19], the UHSS coupons from cold–formed square and 68 

rectangular hollow sections were used to reveal the effects of exposure temperatures on 69 

post–fire mechanical properties. The predictive methods for the key stress and strain 70 

properties were proposed, which balanced the predictive accuracy and convenience of 71 

engineering applications. Qiang et al. [20] clarified the post–fire mechanical properties 72 

of the S960 UHSS, where the effects of exposure temperatures were quantified. Xue et 73 

al. [21] studied the post–fire mechanical properties of the Q960 UHSS experimentally, 74 

where the different cooling methods were considered. Based on the abovementioned 75 

investigations, obvious changes were found in mechanical properties of the UHSS after 76 

exposure to elevated temperatures. Then, the effects of changes in the mechanical 77 

properties on the resistant performance of UHSS components after exposure to fire are 78 

worth investigating. 79 

The post–fire resistant performances of different steel components have been studied 80 

by many scholars, where the experimental and numerical studies were conducted. Song 81 
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et al. [22] conducted the experiment on the restrained Q690 HSS column at post–fire 82 

condition. Su et al. [23] studied the residual resistance of the S960 UHSS welded I-83 

section stub columns after exposure to elevated temperatures. Hua et al. [12] studied 84 

the post–fire shear resistance of the Q690 HSS plate girder though numerical analyses. 85 

Sagiroglu [24] performed the experimental study on the post–fire behavior of steel T–86 

components. For the UHSS components, the relevant investigations are limited. Pandey 87 

and Young [25] studied the cold–formed S960 UHSS tubular joints experimentally, 88 

where the accuracy of current design approaches on residual strength of S960 UHSS 89 

tubular joints after exposure to fire was evaluated. Cho et al. [26] revealed the net 90 

section tension strength of bolted UHSS connections after exposure to fire through 91 

experiments and numerical simulations. The effects of exposure temperature on the 92 

load–bearing curve and failure mode of UHSS bolted connections were investigated. 93 

However, the residual resistant performance of cold–formed UHSS channel section stub 94 

columns after exposure to fire remained unclear.  95 

To the best of the authors’ knowledge, there are no reported test results on the residual 96 

resistant performance of the cold–formed UHSS channel section stub columns after 97 

exposure to fire. With the support of the experimental investigations on the post–fire 98 

mechanical properties of the Q960 UHSS [27,28], the numerical analysis could be used 99 

to study the residual resistant performance of the cold–formed Q960 UHSS channel 100 

section stub columns after exposure to fire. To solve the abovementioned issues, a series 101 

of numerical analyses on the cold–formed Q960 UHSS channel section stub columns 102 

were conducted in this study. In section 2 of this paper, a numerical modelling method 103 

including nonlinearity of material property and initial geometric imperfection was 104 

proposed to simulate the load–bearing performance of cold–formed Q960 UHSS 105 

channel section stub columns with different exposure temperatures. A parametric study 106 

consisting of 410 numerical models was conducted, where different geometric 107 

dimensions and exposure temperatures were included. In section 3 of this paper, the 108 

numerical results of the load–bearing curve, ultimate capacity and failure mode of the 109 
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cold–formed Q960 UHSS channel section stub columns with different exposure 110 

temperatures were discussed. In section 4 of this paper, the accuracy of design 111 

approaches in EN 1993-1-12 [29], AISI S100 [30], AS/NZS 4600 [31] and direct 112 

strength method (DSM) was assessed. A correction factor was suggested to quantify the 113 

post–fire ultimate resistance of cold–formed Q960 UHSS channel section stub columns. 114 

In general, channel section is one of the basic cross–sectional forms of cold–formed 115 

steel components. The results obtained from this study contribute to the formation of a 116 

comprehensive method for calculating the residual load–bearing performance of cold–117 

formed UHSS structures after fire exposure. 118 

2. Numerical investigation119 

2.1. Material model 120 

To investigate the residual resistant performance of cold–formed Q960 UHSS channel 121 

section stub columns, the post–fire mechanical properties of the flat and corner Q960 122 

UHSS need to be used in the numerical analysis as the material models. Based on the 123 

investigations [27,28], the post–fire mechanical properties of the flat and corner Q960 124 

UHSS were obtained experimentally, as shown in Fig. 1, where the air–cooling 125 

treatment was selected. The air-cooling and water-cooling treatments were selected in 126 

many investigations on the post–fire mechanical properties of structural steels 127 

[19,25,32]. Compared with the air-cooling treatment, the water-cooling treatment 128 

performed the higher cooling rate. Hence, when the exposure temperature was 129 

relatively high, the carbon steels with water-cooling treatment usually performed the 130 

higher strength properties, compared with the carbon steels with air-cooling treatment. 131 

Similar conclusions were also observed in the investigations on the Q960 UHSS flat 132 

and corner coupon specimens [27,28]. To reveal the weakest resistance of the cold–133 

formed Q960 UHSS channel section stub columns after fire, the air-cooling treatment 134 

was selected in this study. The locations of corner and flat coupon specimens were 135 
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shown in Fig. 2. The Bf, Bw, c, d, t and Ri denoted the outer flange width, outer web 136 

width, flat element width excluding the corner radius for flange, flat element width 137 

excluding the corner radius for web, wall thickness and inner corner radius, respectively. 138 

When the exposure temperature was lower than 600 °C, effects of elevated temperature 139 

exposure on the post–fire mechanical properties of the flat and corner Q960 UHSS were 140 

ignorable. With increment in the exposure temperature, the nonlinearity of the stress–141 

strain curve changed, where the 700 °C was the turning point. Based on the 142 

experimental results in Ref. [27], the microstructure of the virgin Q960 UHSS consisted 143 

with the cementite and ferrite. For the virgin Q960 UHSS without fire exposure, the 144 

lattice dimension was relatively small, which enhanced the strength property. 145 

Austenitizing temperature of carbon steel is about 727 °C. When the exposure 146 

temperature was 700 °C, no austenite was formed in the Q960 UHSS. However, the 147 

lattice dimension increased because of the heat treatment, which reduced the strength 148 

property. Hence, the strength properties of the Q960 UHSS after exposure to 600 and 149 

700 °C were lower than those of the virgin Q960 UHSS without fire exposure. When 150 

800 and 900 °C exposure temperatures were applied, austenite was formed in the Q960 151 

UHSS. Then, the granular pearlite was formed after cooling treatment. Therefore, the 152 

strength properties of the Q960 UHSS after exposure to 800 and 900 °C were higher 153 

than those of the Q960 UHSS after exposure to 700 °C. When the exposure temperature 154 

was at 900 °C, the more thorough austenitization would be achieved in the Q960 UHSS, 155 

compared with 800 °C exposure temperature. This should bring beneficial effects on 156 

the formation of granular pearlite. Hence, the strength properties of the Q960 UHSS 157 

after 900 °C exposure temperature were higher than those of the Q960 UHSS after 158 

800 °C exposure temperature. It is worth noting that the experimental results on the 159 

Q960 UHSS flat and corner coupon specimens performed the similar variation trends. 160 

Similar conclusions were observed in the experimental research in Ref. [33], which 161 

proved the reliability of the experimental results. Hence, to clarify the residual resistant 162 

performance of cold–formed Q960 UHSS channel section stub columns, the monotonic 163 
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stress–strain properties of the virgin specimens and the specimens after 600 ~ 900 °C 164 

elevated temperatures were considered in the numerical analysis. The true stress–strain 165 

curves of the flat and corner Q960 UHSS were introduced into corresponding areas of 166 

the numerical model, as shown in Fig. 3. 167 

(a) (b) 

Fig. 1. Monotonic stress–strain curves of the Q960 UHSSs: (a) corner area; (b) flat 168 

area [27,28]. 169 

170 

Fig. 2. locations of corner and flat coupon specimens. 171 
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(a) (b) 

Fig. 3. True stress–strain curves of Q960 UHSSs: (a) corner area; (b) flat area [27]. 172 

2.2. Numerical modelling method  173 

The numerical analysis in this study was conducted in the finite element (FE) software 174 

ABAQUS [34] The S4R shell element was used to build the cold–formed Q960 UHSS 175 

channel section stub column, which was recommended in many investigations on cold–176 

formed components [2,3,35]. In order to balance the calculation consumption and 177 

accuracy, a convergence study was conducted to determine the appropriate element size, 178 

where different element sizes ranging from 0.2t to 2t were considered. The square shell 179 

element was used in the numerical analysis, where the side length was considered to be 180 

the element size. After convergence study, the element size was determined to be equal 181 

to the thickness of cold–formed section t, which was also recommended in Refs [2,3]. 182 

For the boundary condition, two concentric reference points were built in the numerical 183 

model (Fig. 4), which were coupled with the upper and bottom end sections respectively. 184 

The translation and rotation degrees of freedom of one of the reference points were 185 

restrained. The other reference point only released the longitudinal translation degree 186 

of freedom. To consider the effects of initial geometric imperfections on the resistant 187 

performance of cold–formed Q960 UHSS channel section stub columns, two steps were 188 

conducted in the numerical analysis. For the first step, the elastic buckling analysis on 189 

the numerical model without the initial geometric imperfection was performed. Then, 190 

the eigenvalue buckling modes were obtained. The first buckling mode was considered 191 
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to be the distribution form of the initial geometric imperfection, whose amplitude was 192 

determined to be t/10. Based on the numerical analyses in References [2,3], t/10 was 193 

validated to be the appropriate amplitude of the initial geometric imperfection for the 194 

cold–formed S690 HSS and S960 UHSS channel section stub columns. After that, the 195 

effects of the initial geometric imperfection could be introduced in the second step. For 196 

the second step, the static Riks analysis considering the geometric and material 197 

nonlinearities was conducted to clarify the resistant performance of the cold–formed 198 

Q960 UHSS channel section stub column. It is worth noting that the value of membrane 199 

residual stress was clearly lower than that of bending residual stress. Hence, the effects 200 

of membrane residual stress were not included in the numerical analysis, which was 201 

also suggested in References [2,3]. The effects of bending residual stress were reflected 202 

in the tensile test of the corner and flat coupon. Therefore, the material model in the 203 

Section 2.1 included the effects of the bending residual stress. Based on the above 204 

discussion, it is believed to be appropriate to ignore the effects of the membrane and 205 

bending residual stresses in the numerical analysis, which was recommended by many 206 

researchers [2,3,35]. 207 

208 
Fig. 4. Numerical model of the cold–formed Q960 UHSS channel section stub column 209 

[27]. 210 
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2.3. Validation on numerical simulation 211 

To validate the accuracy of the numerical modelling method, some experimental results 212 

on the cold–formed EN 1.4420 austenitic stainless steel [36]/ S690 HSS [3]/ S960 213 

UHSS [2] channel section stub columns under room temperature were selected. The 214 

monotonic stress–strain properties of the EN 1.4420 austenitic stainless, the S690 HSS 215 

and the S960 UHSS under room temperature were similar to those of the post–fire 216 

stress–strain properties of the flat and corner Q960 UHSS introduced in Section 2.1. 217 

The same specimen ID was remained in this study for better traceability. The 218 

comparisons in the load–end shortening curve between numerical and experimental 219 

results were shown in Fig. 5. A good agreement was observed in the load–end 220 

shortening curves from the experiment and numerical analysis. The comparisons in the 221 

ultimate resistance were shown in Table 1. The mean value and coefficient of variation 222 

(COV) of the Nu,FE/Nu,test were 1.045 and 0.040 respectively. The Nu,FE and Nu,test 223 

denoted the ultimate load from numerical analysis and experimental test, respectively. 224 

The failure mode of test specimens could also be predicted by the numerical analysis 225 

effectively (Fig. 6). The unit of the deformation magnitude in Fig. 6 was in mm. For the 226 

post–fire condition, the experiment on the hot-rolled EN 1.4301 austenitic stainless 227 

steel channel section stub columns after exposure to fire in Ref. [37] was selected to 228 

validate the numerical modelling method in this study. The load–end shortening curves 229 

of the numerical analysis in this study agreed well with those of experimental results in 230 

Ref. [37]. The experimental results of the ultimate resistance for the 14 specimens in 231 

Ref. [37] were used to validate the accuracy of the numerical modelling method, as 232 

shown in Table 2. The mean value and coefficient of variation (COV) of the Nu,FE/Nu,test 233 

were 1.028 and 0.026 respectively. The comparison in failure mode of the numerical 234 

model was also similar to that of the experimental specimen in Ref. [37], as shown in 235 

Fig. 8. The unit of the deformation magnitude in Fig. 8 was mm. This study mainly 236 

focused on the effects of changes in mechanical properties of the Q960 UHSS after 237 

elevated temperature on the ultimate resistance of the cold–formed Q960 UHSS 238 



11 

channel section stub columns. The validation as mentioned earlier also included the 239 

stub column experiments on the post–fire condition, which stated the accuracy of the 240 

numerical modelling method. Hence, it is considered that the t/10 was the appropriate 241 

value for the geometric imperfection amplitude for the cold–formed Q960 UHSS 242 

channel section stub columns. Based on the above discussion, the numerical modelling 243 

method in this study could be used to predict the resistant performance of the cold–244 

formed Q960 UHSS channel section stub column after elevated temperature properly. 245 

It is worth noting that only the cold–formed steel components were considered in the 246 

validation. In order to expand the applicability of numerical simulation, it should be 247 

considered to complete the verification of welded steel components in the future. 248 

 
(a) 

  
(b) 
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(c) 

Fig. 5. Comparison in load–end shortening curve between numerical and experimental 249 

results under room temperature: (a) EN 1.4420 austenitic stainless steel [36]; (b) S690 250 

HSS [3]; (c) S960 UHSS [2].  251 

 
(a) 

 
(b) 



13 

(c) 
Fig. 6. Failure modes of the numerical model and experimental specimen under room 252 

temperature: (a) EN 1.4420 austenitic stainless steel [36]; (b) S690 HSS [3]; (c) S960 253 

UHSS [2].  254 

255 

Fig. 7. Comparison in load–end shortening curve of hot-rolled EN 1.4301 austenitic 256 

stainless steel channel section stub columns between numerical and experimental 257 

results under post–fire condition [37]. 258 

259 
Fig. 8. Failure modes of the numerical model and experimental specimen [37] under 260 

post–fire condition.  261 
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Table 1  262 

Comparison in ultimate resistances of cold–formed EN 1.4420 austenitic stainless steel 263 

[36], S690 HSS [3] and S960 UHSS [2] channel section stub columns between 264 

experimental and numerical results under room temperature.  265 

Material  Specimen ID Nu,FE/Nu,test 

EN 1.4420 austenitic 
stainless steel 

C1-S1 1.075  
C1-S2 1.073  
C2-S1 1.024  
C2-S2 1.027  

S690 HSS 

C4-S2 1.032  
C6-S1 1.005  
C6-S2 0.987  
C8-S1 0.997  
C3-S1 0.969  

S960 UHSS 

C80-45-6 1.132  
C100-45-6 1.073  
C120-45-6 1.087  
C80-55-6 1.065  
C100-60-6 1.033  
C120-70-6 1.035  
C120-90-6 1.097  
C120-90-6-R 1.056  

 Mean 1.045 
 COV 0.040 

 266 

Table 2  267 

Comparison in ultimate resistances of hot-rolled EN 1.4301 austenitic stainless steel 268 

channel section stub columns [37] between experimental and numerical results under 269 

post–fire condition.  270 

Material  Specimen ID Nu,FE/Nu,test 

EN 1.4301 austenitic 
stainless steel 

C1-30 1.040  
C1-300 1.041  
C1-450 1.045  
C1-600 1.051  
C1-750 1.039  
C1-850 1.039  
C1-1000 1.032  
C2-30 1.015  
C2-300 0.994  
C2-450 1.039  
C2-600 0.982  
C2-750 0.966  
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C2-850 1.053  
C2-1000 1.052  

 Mean 1.028  
 COV 0.026  

 271 

2.4. Parametric study 272 

There were differences in the mechanical properties between the corner and flat areas 273 

of the cold–formed Q960 UHSS channel section stub column. To include the effects of 274 

the ratio between corner area to flat area, the two different outer web widths (150 mm 275 

and 270 mm) were considered, which was similar to those in Ref. [2]. The outer flange 276 

widths were determined by the aspect ratio of the channel section stub column. The 277 

aspect ratio was the ratio between the outer web width to outer flange width. In this 278 

parametric study, the aspect ratios were 1.0, 1.5, 2.0, 2.5 and 3.0, which were 279 

recommended in Ref. [3]. The wall thickness changed from 2 mm to 26 mm, which 280 

ensured that the Class 1, 2, 3, and 4 cross–sections were considered in this parametric 281 

study. The above classes of cross-sections were defined in EN 1993-1-1 [38]. After the 282 

cold–forming process, the differences in mechanical properties between the flat and 283 

corner Q960 UHSS were observed, which was caused by the cold–forming process. 284 

The above differences were influenced by the inner corner radius to wall thickness ratio. 285 

The mechanical property of the Q960 UHSS used in this study was obtained from the 286 

specimens with inner corner radius to wall thickness ratio 1.6. To simulate the same 287 

cold–forming effects, the inner corner radius to wall thickness ratios of all numerical 288 

models were controlled to be 1.6. The details of cross–section geometric dimensions of 289 

the cold–formed Q960 UHSS channel section stub columns were shown in Table 3. The 290 

length was selected to be 1.25(Bf + Bw). The amplitude of the initial geometric 291 

imperfection was determined to be 0.1 wall thickness. Considering the post–fire 292 

mechanical properties of the flat and corner flat and corner Q960 UHSS, five different 293 

material models were introduced in the numerical model respectively, which were from 294 

the virgin specimens and the specimens after 600 ~ 900 °C elevated temperatures as 295 
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detailed in Ref. [27]. Therefore, a total of 410 numerical models were included in the 296 

parametric study. The interactions among these key parameters could be revealed 297 

through the 410 numerical models in this study. Based on the parametric study results, 298 

the modification design methods considering the interactions among these key 299 

parameters were proposed.  300 

 301 

Table 3  302 

Cross–section geometric dimensions selected for parametric study. 303 

Bw (mm) Bf (mm) t (mm) Ri (mm) 

150 50 2, 4, 6, 8, 10 3.2, 6.4, 9.6, 12.8, 16 
60 2, 4, 6, 8, 10, 12 3.2, 6.4, 9.6, 12.8, 16, 19.2 
75 4, 6, 8, 10, 12, 14 6.4, 9.6, 12.8, 16, 19.2, 22.4 
100 4, 6, 8, 10, 12, 14, 16, 18 6.4, 9.6, 12.8, 16, 19.2, 22.4, 

25.6, 28.8 
150 6, 8, 10, 12, 14, 16, 18, 

20, 22, 24 
9.6, 12.8, 16, 19.2, 22.4, 25.6, 
28.8, 32, 35.2, 38.4 

270 90 4, 6, 8, 10, 12, 14, 16, 18 6.4, 9.6, 12.8, 16, 19.2, 22.4, 
25.6, 28.8 

108 4, 6, 8, 10, 12, 14, 16, 
18, 20 

6.4, 9.6, 12.8, 16, 19.2, 22.4, 
25.6, 28.8, 32 

135 6, 8, 10, 12, 14, 16, 18, 
20, 22, 24 

9.6, 12.8, 16, 19.2, 22.4, 25.6, 
28.8, 32, 35.2, 38.4 

180 6, 8, 10, 12, 14, 16, 18, 
20, 22, 24, 26 

9.6, 12.8, 16, 19.2, 22.4, 25.6, 
28.8, 32, 35.2, 38.4, 41.6 

270 10, 12, 14, 16, 18, 20, 
22, 24, 26 

16, 19.2, 22.4, 25.6, 28.8, 32, 
35.2, 38.4, 41.6 

Note: Bw denoted the outer web width, Bf denoted the outer flange width, t denoted the wall thickness, Ri 304 

denoted the inner corner radius. Inner corner radius to wall thickness ratio was fixed at 1.6. 305 

3. Results and discussions 306 

3.1. Load–end shortening curve and failure mode 307 

The exposure temperature changed the monotonic stress–strain curves of the Q960 308 

UHSS, which brought differences in the load–end shortening curves of the channel 309 

section stub columns. However, effects of the exposure temperature on the load–end 310 
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shortening curve were influenced by the geometric dimensions of cold–formed Q960 311 

UHSS channel section stub column. Two different numerical models were selected to 312 

reveal this issue, which were the C 150 × 60 × 12 and C 270 × 180 × 6, as shown in 313 

Fig. 9. The label “C 150 × 50 × 12” indicated that the outer web width was 150 mm, 314 

the outer flange width was 50 mm and the wall thickness was 12 mm. The C 150 × 50 315 

× 12 and C 270 × 180 × 6 were Class 1 (stocky) and Class 4 (slender), respectively. For 316 

the load–end shortening curve of the C 150 × 60 × 12 without fire exposure (Fig. 9a), 317 

there was a platform segment after the initial segment. When the exposure temperatures 318 

were at 600 and 700 °C, the nonlinearity of load–end shortening curve was similar to 319 

that of the component without fire exposure, which was caused by the similar 320 

monotonic stress–strain curves in Fig. 1. When the exposure temperatures were at 800 321 

and 900 °C, there was a noteworthy increment in the load after the initial rising segment, 322 

because of the beneficial effects of the strain hardening in monotonic stress–strain 323 

curves in Fig. 1. In this regard, the nonlinearity of load–end shortening curve of the 324 

cold–formed Q960 UHSS channel section stub column with 800 and 900 °C exposure 325 

temperature was similar to that of cold–formed stainless steel column [39]. Considering 326 

the cross–section of C 150 × 60 × 12 which was Class 1 (stocky), adverse effects of 327 

buckling on load–bearing performance were relatively limited. Then, after the yield 328 

strength of material on cross–section of C 150 × 60 × 12 was achieved, the stress could 329 

continue to increase, which resulted in the increment in load resistance. Therefore, the 330 

strain hardening in monotonic stress–strain curves brought beneficial effects on the 331 

load–bearing performance of C 150 × 60 × 12 model. The nonlinearity of monotonic 332 

stress–strain curve could be reflected to the load–end shortening curve. The C 270 × 333 

180 × 6 was Class 4 (slender), which was more prone to buckling. For the C 270 × 180 334 

× 6 without the fire exposure, the descending segment was observed after the initial 335 

rising segment. The nonlinearity of load–end shortening curves with 600 and 700 °C 336 

was similar with that of the load–end shortening curve without fire exposure. When the 337 

exposure temperatures were at 800 and 900 °C, the increment in load after the initial 338 
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rising segment was also observed. However, the aforementioned increment in load after 339 

the initial rising segment of the C 270 × 180 × 6 was clearly smaller than that of the C 340 

150 × 50 × 12. The buckling in C 270 × 180 × 6 weakened the beneficial effect of the 341 

strain hardening on load–bearing performance. When the exposure temperatures were 342 

at 800 and 900 °C, the initial resistant stiffness of C 150 × 60 × 12 and C 270 × 180 × 343 

6 reduced, which was caused by the reductions in elastic modulus of the corner and flat 344 

Q960 UHSSs.  345 

In general, the geometric dimensions of cold–formed Q960 UHSS channel section stub 346 

columns changed the effects of the exposure temperature on the load–end shortening 347 

curves. The coupling effects of geometric dimensions and stress–strain properties on 348 

the load–bearing performance of the cold–formed Q960 UHSS channel section stub 349 

columns after fire exposure should be concerned. Failure modes corresponding to the 350 

ultimate limit state were collected, where Fig. 10a and b were obtained from C 150 × 351 

60 × 12 model and Fig. 10c and d were obtained from C 270 × 180 × 6 model. The unit 352 

of the deformation magnitude in Fig. 10 was mm. It is easy to see that even though the 353 

exposure temperatures were different, the deformation distribution form barley changed. 354 

Local buckling was also observed in the web and flange, which was similar to failure 355 

mode as described in Section 2.3 of this paper. This proved that numerical modelling 356 

method was appropriate for the cold–formed Q960 UHSS channel section stub column. 357 

It is believed that the effects of exposure temperature on the failure modes of the cold–358 

formed Q960 UHSS channel section stub columns could be ignored. The results could 359 

further confirm the similarity in numerical modelling method between the room 360 

temperature condition and post–fire condition.  361 
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(a) (b) 

Fig. 9. Load–end shortening curves of cold–formed Q960 UHSS channel section stub 362 

column: (a) C 150 × 50 × 12; (b) C 270 × 180 × 6. 363 

  
(a) (b) 

  
(c) (d) 

Fig. 10. Failure modes of cold–formed Q960 UHSS channel section stub column: (a) 364 

C 150 × 60 × 12 and 20 °C; (b) C 150 × 60 × 12 and 700 °C; (c) C 270 × 180 × 6 and 365 

800 °C; (d) C 270 × 180 × 6 and 900 °C. 366 

3.2. Ultimate capacity 367 

After the FE parametric study, the ultimate resistance of cold–formed Q960 UHSS 368 

channel section stub columns with different geometric dimensions and exposure 369 

temperatures were obtained, as shown in Fig. 11. The length of the cold–formed corner 370 
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was controlled by wall thickness, where the inner corner radius to wall thickness ratio 371 

was fixed at 1.6. Hence, considering the structural form of the channel section stub 372 

columns, the length to thickness ratio of cross–section (2c+d)/t was selected to quantify 373 

the cross–section slenderness. In general, with increment in (2c+d)/t, the Nu/A 374 

decreased gradually. The Nu and A denoted the ultimate load from parametric study and 375 

gross cross–section area. The effects of exposure temperature on the ultimate resistance 376 

changed, with increment in (2c+d)/t. When the (2c+d)/t was relatively small, the stub 377 

columns with 700 °C exposure temperature performed the lowest Nu/A. The reason was 378 

that when the (2c+d)/t was relatively small, adverse effects from buckling were limited. 379 

The strain hardening in the corner and flat Q960 UHSSs brought beneficial effects on 380 

the Nu/A. The smaller (2c+d)/t, the higher the utilization rate of material strength 381 

property by the cold–formed Q960 UHSS channel section stub columns. Then, the Nu/A 382 

was controlled by the fu of the corner and flat Q960 UHSSs to a certain extent. fu denoted 383 

the ultimate strength. The corner and flat Q960 UHSSs with the 700 °C exposure 384 

temperature performed the lowest fu, which reduced the Nu/A correspondingly. With 385 

increment in (2c+d)/t, adverse effects of the buckling became severer. Therefore, 386 

beneficial effects of strain hardening in the corner and flat Q960 UHSSs disappeared 387 

gradually. The Nu/A was mainly influenced by the fy of the corner and flat Q960 UHSSs. 388 

fy denoted the yield strength. When the exposure temperature was 800 °C, the lowest fy 389 

was observed. Hence, the stub columns with 800 °C exposure temperature performed 390 

the lowest Nu/A. When the (2c+d)/t was larger than 20, the cold–formed Q960 UHSS 391 

channel section stub column with 800 °C performed the lowest Nu/A. For cold–formed 392 

Q960 UHSS channel section stub column with 700 and 900 °C, the turning point of 393 

(2c+d)/t was about 35.  394 
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 395 
Fig. 11. Nu/A variation trends of cold–formed Q960 UHSS channel section stub 396 

columns after different exposure temperatures. 397 

4. Evaluation and design recommendation 398 

4.1. Evaluation of current design approaches 399 

4.1.1. European design code 400 

In EN 1993-1-12 [29], the design approaches of components with steel grades ranging 401 

from S460 to S700 were introduced. For the stub column, the cross–sections were 402 

divided into four classes, which was determined by the c/tε of most slender plate 403 

element. The material coefficient ε = (235/fy)0.5. For the channel section, the c was the 404 

width of flat element excluding the corner radius. For the Class 1, 2 and 3, the yield 405 

loads Afy could be achieved. The Class 4 failed before the yield loads Afy because of the 406 

local buckling. Considering that the fu was not included in the design approach, the 407 

beneficial effects of strain hardening on the load–bearing capacity of the stub columns 408 

were not included in EN 1993-1-12 [29]. For the structural steel with the clear yield 409 

plateau, the above design approach was appropriate. However, the above design 410 

approach might be not appropriate when there was no yield plateau in the stress–strain 411 

curve but obvious strain hardening existed. The Class 3 slenderness limit in EC3 was 412 
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assessed in this study. Aspect ratio of the cold–formed Q960 UHSS channel section 413 

stub columns was controlled between 1 and 3 in this study. Then, compared with the 414 

internal web, the outstand flange performed the worse buckling resistance. The overall 415 

class of cross–section was determined by the outstand flange class. The slenderness 416 

limit of Class 3 in EC3 was shown in Fig. 12, where c/tε = 14. The c/tε of the outstand 417 

flange was used to conduct the assessment. For the Nu/Afy, the mechanical properties of 418 

the flat Q960 UHSS with different exposure temperatures were selected. For the virgin 419 

cold–formed Q960 UHSS channel section stub columns without fire exposure, the c/tε 420 

could basically meet the requirement in EC3 for the slenderness limit of Class 3. When 421 

the exposure temperature was 600 °C, the scatter distribution was similar to that of stub 422 

columns without fire exposure. When the exposure temperatures were at 700, 800 and 423 

900 °C, the slenderness limit of Class 3 in EC3 became unsuitable.  424 

 425 

 
(a) 
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(b) 

Fig. 12. Assessment of Class 3 slenderness limit in EC3 of channel sections in 426 

compression: (a) for 20 and 600 °C and (b) for 700, 800 and 900 °C. 427 

 428 

For the design approach in EC3 [29], the ultimate resistance of Class 4 was Aefffy, where 429 

the Aeff was the effective cross–section area. The Eqs. (1) and (2) were used to determine 430 

the effective width ceff of the Class 4 cross–section for the outstand and internal plate 431 

elements respectively. The Eq. (3) was used to determine the local slenderness λ
—

p of 432 

plate element. For the outstand and internal plate elements of uniformly compressed 433 

component, the values of buckling factor kσ were 0.43 and 4.0 respectively. The end 434 

stress ratio ψ was 1 for the uniformly compressed condition. Then, the comparison in 435 

the ultimate resistance between the numerical results and results from design approach 436 

in EC3 was conducted (Fig. 13). For the virgin cold–formed Q960 UHSS channel 437 

section stub columns without fire exposure, the numerical results Nu were basically 438 

larger than those from EC3 design approach NEC3. The mean value and COV of the 439 

Nu/NEC3 for the virgin cold–formed Q960 UHSS channel section stub columns without 440 

fire exposure were 1.11 and 0.05 respectively. To quantify the accuracy of EC3 design 441 

approach, the mean value and COV of Nu/NEC3 of the cold–formed Q960 UHSS channel 442 

section stub columns with different exposure temperatures were collected, as shown in 443 
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Table 4. When the exposure temperatures were at 800 and 900 °C, the accuracy of 444 

design approach in EC3 on the ultimate resistance of cold–formed Q960 UHSS channel 445 

section stub columns was reduced. When the exposure temperatures were at 600 and 446 

700 °C, the distribution form of the Nu/NEC3 scatter points was similar to that of 447 

condition without elevated temperature exposure. When the exposure temperatures 448 

were at 800 and 900 °C, the values of Nu/NEC3 were significantly larger than 1.00, when 449 

the c/t was smaller than 7.50. The above differences for the 800 and 900 °C exposure 450 

temperatures were caused by the strain hardening in the stress–strain curves. Based on 451 

the stress–strain properties in Section 2.1, the noteworthy strain hardening was 452 

observed in the Q960 UHSS after exposure to 800 and 900 °C. Furthermore, there was 453 

no yield plateau in the stress–strain curves of the Q960 UHSS after exposure to 800 and 454 

900 °C. Therefore, the stress of the cold–formed Q960 UHSS channel section stub 455 

columns with Class 1, 2 and 3 could continue to increase from fy to fu, when the exposure 456 

temperatures were at 800 and 900 °C. The above increment in stress brought beneficial 457 

effects on the Nu. However, the beneficial effects from the strain hardening on the Nu 458 

were not included in EC3 [29]. Then, the EC3 design approach was significantly 459 

conservative, when the c/t was relatively small. After that, with increment in the c/t, the 460 

accuracy of the EC3 design approach on the Nu of the cold–formed Q960 UHSS channel 461 

section stub columns with 800 and 900 °C exposure temperatures was improved. For 462 

the cold–formed Q960 UHSS channel section stub columns with Class 4, the buckling 463 

prevented the increment in stress from fy to fu. Therefore, even though the beneficial 464 

effects from the strain hardening on the Nu were not included in EC3 [29], the design 465 

approach still performed the good accuracy, when the c/t was larger than 7.50.  466 

 467 
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 468 

 469 

Fig. 13. Comparisons between the FE results and results from EC3 design approach.  470 

Table 4 471 

Comparisons between FE and predicted results from different design approaches. 472 

Exposure temperatures Nu/NEC3 Nu/NDSM Nu/NAISI 
Mean COV Mean COV Mean COV 

20 °C 1.11 0.05 1.12 0.08 1.15 0.04 
600 °C 1.10 0.04 1.12 0.09 1.15 0.04 
700 °C 1.09 0.05 1.10 0.08 1.13 0.04 
800 °C 1.30 0.19 1.33 0.17 1.36 0.17 
900 °C 1.16 0.13 1.22 0.11 1.26 0.10 

 473 

4.1.2. North American specification and Australian/New Zealand standard 474 

The assessment on the North American Specification AISI S100 [30] and 475 

Australian/New Zealand standard AS/NZS 4600 [31] was conducted in this section. The 476 

nominal axial strengths Nnl of the channel section stub column under concentrical 477 

compressive loading was determined by the Eq. (4). The design failure stresses fn was 478 

determined by the Eq. (5), which considered the coupling effects of global and local 479 

buckling. The slenderness factor λc= (fy/fcre)0.5, where the fcre was the lowest results of 480 
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the elastic flexural, torsional and flexural–torsional buckling stresses of the components. 481 

The effective width ceff of the outstand and internal plate elements was calculated by 482 

the Eq. (6), where the λ=(fy/fcr)0.5. For the channel section stub column, the c was the 483 

flat element width excluding the corner radius. Based on the above statement, the 484 

beneficial effects of strain hardening on the load–bearing capacity of the stub columns 485 

were not included in the design approach in AISI S100 [30] and AS/NZS 4600 [31], 486 

which was similar to the design approach in EN 1993-1-12 [29]. When there was a yield 487 

plateau in the stress–strain curve of the structural steel, the above design approaches 488 

could be accurate. However, for the Q960 UHSS after exposure to 800 and 900 °C, the 489 

obvious strain hardening was observed. The beneficial effects from the strain hardening 490 

on ultimate resistance of the cold–formed Q960 UHSS channel section stub columns 491 

were not considered in the design approach in AISI S100 [30] and AS/NZS 4600 [31]. 492 

Hence, the applicability of the design approach in AISI S100 [30] and AS/NZS 4600 493 

[31] to Nu of the cold–formed Q960 UHSS channel section stub columns after exposure 494 

to 800 and 900 °C was still worth the further evaluation. The comparisons in ultimate 495 

resistance between FE results and results from AISI S100 were shown in Fig. 14. When 496 

no exposure temperature was applied, the ultimate resistance could be predicted by AISI 497 

S100 accurately. The mean value and COV of Nu/NAISI for the cold–formed Q960 UHSS 498 

channel section stub columns with different exposure temperatures were shown in Table 499 

4. When the exposure temperatures were at 600 and 700 °C, the predictions of ultimate 500 

resistance from AISI S100 [30] and AS/NZS 4600 [31] were basically accurate, which 501 

were similar to those of virgin cold–formed Q960 UHSS channel section stub columns 502 

without fire exposure. When the exposure temperatures were at 800 and 900 °C, the 503 

design approaches in AISI S100 [30] and AS/NZS 4600 [31] were too conservative to 504 

be directly used in the prediction of ultimate resistance of cold–formed Q960 UHSS 505 

channel section stub columns after fire exposure. It is clear to see when the c/t was 506 

smaller than 10.00, the ultimate resistance of cold–formed Q960 UHSS channel section 507 

stub columns with 800 and 900 °C exposure temperatures were obviously 508 
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underestimated by the AISI S100 [30] and AS/NZS 4600 [31]. After that, when the c/t 509 

was larger than 10.00, the relatively good accuracy was observed in the ultimate 510 

resistance prediction of design approaches in the AISI S100 [30] and AS/NZS 4600 511 

[31]. The above phenomenon of AISI S100 [30] and AS/NZS 4600 [31] was similar to 512 

that of EC3 [29]. 513 
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 514 

 515 
Fig. 14. Comparisons between the FE results and results from AISI S100. 516 

4.1.3. Direct strength method 517 

The DSM was proposed to overcome the complex calculation process in effective width 518 

method, especially for the cold–formed steel components with complex cross–sectional 519 

form [40]. The design equation of DSM was shown as Eq. (7). The slenderness factor 520 

of local buckling λl= (fy/fcrl)0.5, where fcrl was the smallest local buckling stress of plate 521 

elements in cross–section. The DSM in AISI S100 [30] was applicable to the cold–522 

formed steel components with material yield strength lower than 655 MPa. Then, the 523 
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applicability of the DSM on the ultimate resistance of the cold–formed Q960 UHSS 524 

channel section stub columns after exposure to different exposure temperatures was 525 

evaluated in this study. For the prediction on the ultimate resistance of the cold–formed 526 

Q960 UHSS channel section stub columns, the fy was used in the DSM, rather than the 527 

fu. Hence, the beneficial effects from the strain hardening on ultimate resistance of the 528 

cold–formed Q960 UHSS channel section stub columns were ignored. Therefore, the 529 

Nu of the cold–formed Q960 UHSS channel section stub columns after exposure to 800 530 

and 900 °C might be underestimated by DSM, when the c/t was relatively small. The 531 

comparisons in ultimate resistance between FE results and results from DSM were 532 

shown in Fig. 15. The mean value and COV of Nu/NDSM for the cold–formed Q960 533 

UHSS channel section stub columns with different exposure temperatures were shown 534 

in Table 4. When the c/t was relatively small, the DSM could be used to predict the 535 

ultimate resistance of the virgin cold–formed Q960 UHSS channel section stub columns 536 

without fire exposure. With increment in c/t, the accuracy of DSM on ultimate 537 

resistance of the virgin cold–formed Q960 UHSS channel section stub columns was 538 

reduced. When the exposure temperatures were at 600 and 700 °C, the distribution form 539 

of Nu/NDSM scatter points was similar to that of condition without elevated temperature 540 

exposure. When the exposure temperatures were at 800 and 900 °C, the DSM 541 

performed the obvious reduction in accuracy on the residual ultimate resistance of the 542 

cold–formed Q960 UHSS channel section stub columns, especially when the c/t was 543 

smaller than 10.00.  544 

 545 
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 547 
Fig. 15. Comparisons between the FE results and results from DSM. 548 

4.2. Modification design method  549 

Changes in stress-strain properties of the Q960 UHSS after exposure to elevated 550 

temperatures were observed in the Refs. [27,28]. The changes in stress-strain properties 551 

brought noteworthy effects on the resistant performance of the cold–formed Q960 552 

UHSS channel section stub columns. To evaluate the residual resistant performance of 553 

the cold–formed Q960 UHSS structures, it is necessary to predict the post–fire ultimate 554 

resistance of the cold–formed Q960 UHSS channel section stub columns. Based on the 555 

discussion in section 4.1 of this paper, the design approach in EN 1993-1-12 [29] could 556 

accurately predict the ultimate resistance of the virgin cold–formed Q960 UHSS 557 

channel section stub columns without fire exposure. However, the prediction accuracy 558 

of design approach in EC3 [29] on the cold–formed Q960 UHSS channel section stub 559 

columns after different exposure temperatures could be improved. Hence, the EC3 560 

design approach was selected for modification in this study. Two proposals were 561 

introduced in this subsection. It is worth noting that the resistant mechanism of cold–562 

formed Q960 UHSS channel section stub columns after elevated temperature was not 563 

changed. The reduction in accuracy was caused by the changes in stress–strain 564 

properties of the Q960 UHSS after exposure to elevated temperature. To determine the 565 

post-fire mechanical properties of structural steels, the curve fitting method was used 566 
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in many Refs. [41–43]. Hence, for the modification proposal I, to quantify the effects 567 

of post–fire mechanical properties of the Q960 UHSS on the ultimate resistance of the 568 

cold–formed Q960 UHSS channel section stub columns, the curve fitting method was 569 

also selected in this study. For the modification proposal II, the negative relations 570 

between the Nu/NEC3 and (2c+d)/t were observed through the graphic evaluation. The 571 

above negative relation was selected to improve the accuracy of the design approach in 572 

EC3 [29] on the ultimate resistance of the cold–formed Q960 UHSS channel section 573 

stub columns after exposure to elevated temperatures.  574 

4.2.1. Modification proposal I 575 

A correction factor η= Nu, T/NEC3,20 for the design approach in EC3 [29] was proposed, 576 

where the Nu, T was the ultimate resistance after exposure to T °C from the numerical 577 

analysis and the NEC3,20 was the ultimate resistance without the fire exposure calculated 578 

by the design approach in EC3 [29]. Based on the numerical results in subsection 3.2 579 

of this paper and the EC3 design approaches in subsection 4.1.1, the values of η for 580 

cold–formed Q960 UHSS channel section stub columns with different exposure 581 

temperatures could be obtained. Then, after the numerical fitting, the Eq. (8) was 582 

suggested to predict the η of the cold–formed Q960 UHSS channel section stub columns 583 

with different exposure temperatures, where the coefficients were shown in Table 5. 584 

The comparison in correction factor η between FE results and results from Eq. (8) was 585 

shown in Fig. 16. The mean value and COV of η/ηpredicted for the cold–formed Q960 586 

UHSS channel section stub columns with 600, 700, 800 and 900 °C were shown in 587 

Table 6. It is clear to see that the Eq. (8) could be used to predict the correction factor η 588 

of the cold–formed Q960 UHSS channel section stub columns with different exposure 589 

temperatures accurately. The comparisons between numerical results and results 590 

calculated by Eq. (8) and EC3 design approaches were shown in Fig. 17. Compared 591 

with the current design approaches introduced in subsection 4.1, the correction factor 592 

proposed for the design approach in EC3 [29] performed the better accuracy on the 593 
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prediction of the ultimate resistance of the cold–formed Q960 UHSS channel section 594 

stub columns after fire exposure, especially when the exposure temperatures were at 595 

800 and 900 °C. 596 

 597 

 𝜂𝜂=
A1-A2

1+e
[(2c+d) t-A3⁄ ]

A4

+A4 (8) 

 598 
Fig. 16. Comparison in correction factor η between FE results and results from Eq. 599 

(8). 600 

 601 
Fig. 17. Comparison in ultimate resistance between FE and predicted results.   602 

Table 5 603 

Coefficients in the proposed Eq. (8). 604 



32 

Exposure temperatures A1 A2 A3 A4 
600 °C 1.00 1.16 42.77 68.99 
700 °C 0.73 0.90 39.81 7.86 
800 °C 0.96 0.65 16.24 4.69 
900 °C 1.08 0.78 16.46 5.88 

Table 6 605 

Quantitatively discussion on η/ηpredicted. 606 

Exposure temperatures 600 °C 700 °C 800 °C 900 °C 
Mean 0.99 1.00 1.00 1.00 

COV (Coefficient of Variation) 0.043 0.043 0.044 0.041 

 607 

4.2.2. Modification proposal II 608 

Based on the discussion in the subsection 4.1.1 of this paper, for the cold–formed Q960 609 

UHSS channel section stub columns without fire exposure and with 600 and 700 °C 610 

exposure temperatures, the EC3 design approach [29] performed the good accuracy on 611 

the ultimate resistance. However, when c/t was smaller than 10.00, the accuracy of the 612 

EC3 design approach [29] on the ultimate resistance of the cold–formed Q960 UHSS 613 

channel section stub columns after 800 and 900 °C exposure temperatures was 614 

significantly reduced, which was caused by the strain hardening of the Q960 UHSS. 615 

With increment in (2c+d)/t, the cross–section became slenderer. The buckling 616 

weakened the beneficial effects of strain hardening on the load–bearing capacity of the 617 

cold–formed Q960 UHSS channel section stub columns after exposure to 800 and 618 

900 °C. Then, with the reduction in beneficial effects of strain hardening, the accuracy 619 

of EC3 design approach [29] on the Nu was improved. The ratio Nu/NEC3 gradually 620 

approached 1. Based on the graphic evaluation, there were negative relations between 621 

the Nu/NEC3 and (2c+d)/t. To clarify the above negative relations, the variation trends of 622 

the Nu/NEC3 with different (2c+d)/t were shown in Fig. 18. The negative nonlinear 623 

relations between Nu/NEC3 and (2c+d)/t could be quantified trough the quadratic 624 

polynomial Eq. (9). The coefficients in the proposed Eq. (9) were determined based on 625 

the numerical results, which were shown in Table 7. The comparison in Fig. 18 stated 626 
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the effectiveness of the proposed Eq. (9). When the exposure temperatures were at 800 627 

and 900 °C and the (2c+d)/t was less than 40, the ultimate resistance of cold–formed 628 

Q960 UHSS channel section stub columns could be quantified by ξNEC3. The 629 

comparisons between the numerical results and the results from modified EC3 design 630 

approach were shown in Fig. 19. Based on the modification proposed in this study, the 631 

accuracy of EC3 design approach [29] on the ultimate resistance of cold–formed Q960 632 

UHSS channel section stub columns with different exposure temperature was improved.  633 

  ξ=B1 �
2c+d

t
�

2

+B2 �
2c+d

t
�+B3 (9) 

 634 

 635 

Fig. 18. Relations between Nu/NEC3 and (2c+d)/t 636 
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 637 

Fig. 19. Comparison between numerical results and the results from modified EC3 638 

design approach. 639 

Table 7 640 

Coefficients in the proposed Eq. (9). 641 

Exposure temperatures B1 B2 B3 
800 °C 5.32E-04 -0.0477 2.17 
900 °C 2.38E-04 -0.0251 1.65 

 642 

5. Conclusions 643 

A series of FE analyses were conducted to investigate the residual resistant performance 644 

of the cold–formed Q960 UHSS channel section stub columns after fire exposure. The 645 

main conclusions were listed as follows: 646 

1. The numerical modelling method proposed in this study was validated by the existing 647 

experimental results of the cold–formed EN 1.4420 austenitic stainless steel, S690 HSS 648 

and S960 UHSS channel section stub columns under room temperature and the hot-649 

rolled EN 1.4301 austenitic stainless steel channel section stub columns after exposure 650 

to fire. Numerical results stated the accuracy on the ultimate resistance, load–end 651 

shortening curve and failure mode. A parametric study consisting of 410 numerical 652 
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models was conducted, where the different geometric dimensions (Bw, Bf and t) and 653 

exposure temperatures were considered. 654 

2. Based on the parametric study results, the effects of exposure temperature on the 655 

load–end shortening curve and failure mode of the cold–formed Q960 UHSS channel 656 

section stub columns were investigated. The geometric dimensions of cold–formed 657 

Q960 UHSS channel section stub columns changed the effects of exposure temperature 658 

on the load–end shortening curves. For the load–end shortening curves of the stub 659 

columns with Class 1 to 3 (stocky) cross–sections, there was a noteworthy increment in 660 

load after the initial rising segment, because of the beneficial effects of the strain 661 

hardening in monotonic stress–strain curves. The stub columns with slender cross–662 

section were more prone to buckling. 663 

3. Effects of the exposure temperature and the geometric dimension on the ultimate 664 

resistance of the cold–formed Q960 UHSS channel section stub columns after fire 665 

exposure were also studied. The effects of exposure temperature on the ultimate 666 

resistance changed, with the increment in (2c+d)/t. The ultimate resistances obtained 667 

from the numerical analyses were used to assess the slenderness limit of Class 3 in EC3 668 

[29]. For the condition at 600 °C exposure temperature and without fire exposure, the 669 

slenderness limit of Class 3 in EC3 [29] could be used on the cold–formed Q960 UHSS 670 

channel section stub columns. However, when the exposure temperatures were at 700, 671 

800 and 900 °C, the slenderness limit of Class 3 in EC3 became unsuitable. The 672 

accuracy of design approaches in EN 1993-1-12 [29], AISI S100 [30], AS/NZS 4600 673 

[31] and DSM was assessed.  674 

4. The ultimate resistance of the cold–formed Q960 UHSS channel section stub 675 

columns without fire exposure could be accurately predicted by the design approaches 676 

in EN 1993-1-12 [29], AISI S100 [30] and AS/NZS 4600 [31]. When the exposure 677 

temperatures were at 800 and 900 °C, there were noteworthy differences between the 678 

FE results and the results calculated from EN 1993-1-12 [29], AISI S100 [30], AS/NZS 679 

4600 [31] and DSM. The modification methods considering effects of the exposure 680 
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temperature and the geometric dimension were proposed for the design approach in EN 681 

1993-1-12 [29] to quantify the residual ultimate resistance of the cold–formed Q960 682 

UHSS channel section stub columns after different exposure temperatures.  683 

This study only revealed on the residual ultimate resistance of the cold–formed Q960 684 

UHSS channel section stub columns after fire exposure. To achieve a comprehensive 685 

evaluation on the residual resistant performance of cold–formed Q960 UHSS structures 686 

after fire, more investigations should be conducted on cold–formed UHSS sections with 687 

different steel strength grades, cross–section shapes, loading conditions, and boundary 688 

conditions.  689 
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