
 

 
1

1 INTRODUCTION  
 

Several recent research RFCS projects and published 
results in Karlström P. (2004), Ng & Gardner 
(2006), have shown that stainless steel performs bet-
ter than carbon steel at elevated temperatures. The 
improved behaviour is mainly explained by the en-
hanced material properties and a favourable relation-
ship between strength and stiffness that makes 
stainless steel less prone to buckling in fire. For 
flexural buckling this behaviour is taken into ac-
count in EN 1993-1-2 (2005) but not for local buck-
ling. This makes the Eurocode treatment inconsistent 
and it leads to conservative results especially for 
slender cross-sections.  

Ng & Gardner (2006) have presented recommen-
dations for design guidance that include the relation-
ship between strength and E-modulus for both local 
and global slenderness as well as for the cross-
section classification. All available test results have 
than been used to propose a revised semi-empirical 
buckling curve.  

2 EXPERIMENTS 
Four cold rolled stainless steel stub columns, 

0.1λ < , with cross-section class 4 were tested at the 
ambient temperature, Ala-Outinen (2005). Four 
strain-gauges were used to measure stresses at mid-
column. The material properties were determined 
from tensile coupon tests of the flat faces of the col-
umns. The geometry of the columns and local imper-
fections were measured. The material used in the 
columns was EN 1.4301. Fully restrained ends were 
achieved in experiments. 

Table 1.  Results from tests at the ambient temperature.  
No. specimen   Cross-section   Length  Failure load                                                
              mm   kN  
1.       150x150x3    900   398 
2.       150x150x3    900   393 
3.       200x200x5    900   1129 
4.       200x200x5    900   1118  
 

Six unprotected columns were tested at elevated 
temperatures, Ala-Outinen (2005). The test set-up 
was equivalent to the ambient temperature tests. 
Hence, the same material and cross-section charac-
teristics were used. The temperatures were measured 
with twelve chromel-alumel thermocouples and the 
axial deformation was measured using transducers. 
The transient procedure was applied, meaning that 
the axial load was kept constant and the furnace 
temperature was raised in a controlled way, at the 
rate of 10°C/min. The columns were tested at three 
different load levels. 

The results from the tests at elevated temperature 
are presented in Table 2.  

 
Table 2.  Results from tests at elevated temperatures.  
No. specimen  Length Load  Load level  Failure temp.                                                           
Cross-section  mm  kN       °C    
1. 150x150x3  900  203  0.51    676  
2. 150x150x3  900  165  0.42    720 
3. 150x150x3  900  248  0.63    588 
4. 200x200x5  900  694  0.62    609 
5. 200x200x5  900  567  0.50    685 
6. 200x200x5  900  463  0.41    764    
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3 FE-MODEL 
There are several important aspects of FE-
modelling, addressed in the modelling of experimen-
tal results both at ambient and elevated temperature. 
A suitable element type and its size is analysed in so 
called, sensibility analysis. FEA capability to predict 
the failure mode, as well as, the maximum load and 
stiffness of the column are prerequisites for a reli-
able model. The input data are of great importance 
including the material properties. The influence of 
different parameters was studied and expected re-
sults were confirmed. The major findings were as 
follows. Increasing the slenderness of the cross-
section, the size of the local imperfections increases 
which affects the failure load and the critical tem-
perature significantly. The global imperfections play 
a more important role for slender columns. 

3.1 Elements 
A general-purpose shell element, called S4R, within 
Abaqus/Standard were used in order to avoid limita-
tions of plate thickness chosen for the modelling of 
the experiments. S4R is a 4-node element with 6 de-
grees of freedom per node and it is suitable for thick 
and thin shell element applications. An element size 
of b/6 was chosen based on the results from the sen-
sitivity study, Table 3. 

 
Table 3. The model’s sensitivity to different element sizes. 
Analysis was performed at ambient temperature and on speci-
men No. 1.   
Element type   Element size  Element size*   Nu

**    CPU time                                                     
       mm               s    
S4R    25      ~b/6    396    127 
S4R    12.5     ~b/12   387    474  
S4R    6.125     ~b/24   385    2227  
*Relative to side length of the cross-section, b=side length. 
**Failure load from non-linear analysis 

3.2 Material 
It is well established that the mechanical properties 
of stainless steel are strongly influenced by the level 
of cold-work. This results in significantly higher 
0.2% proof strength in the corner regions compared 
to the flat faces. Ashraf et al. (2005) have proposed a 
formula, Eq. (1), to predict the strength of cold-
formed corner regions σ0.2,c. This equation is inde-
pendent of the production route, and it can be used 
both for roll-formed and press-breaked columns. 
Prediction is based on 0.2 % proof strength of virgin 
sheet, σ0.2,v, inner corner radius of the cross-section 
ri; and cross-section thickness, t  see also Figure 1. 
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The extent of the corner properties, in addition to 
the importance of the material properties in the cor-

ner regions, is essential for the FE models to predict 
the critical temperature. Gardner & Nethercot (2004) 
have found that extending the corner properties to 2t 
beyond the curved portions of the cross section, Fig-
ure 1, give the best agreement with test results. 

 
Figure 1. Corner regions 

 
Zhao & Blanguernon (2004) have defined reduc-

tion factors for cold worked material and concluded 
the following.  

For temperatures below 700°C the use of the re-
duction factors of the annealed material lead to con-
servative results. For instance, at 600°C the 0.2 % 
proof strength differs more than 20% for EN 1.4571 
C850 compared to the annealed grade. These large 
differences for cold-worked material indicate that 
cold-forming affects the material properties at ele-
vated temperatures.  

Ala-Outinen (1996) tested both virgin sheet and 
corner material from cold rolled square hollow sec-
tions made of EN 1.4301. It was concluded that the 
cold-formed material performs better at elevated 
temperatures compared to annealed material, Table 
4. A comparison of experimental results and results 
of FE predictions with different corner properties is 
presented in Table 5.  

For the FE-model the reduction factors from EN 
1993-1-2 (2005) were used for the material in the 
flat faces and the reduction factors derived from 
tests by Ala-Outinen (1996) were used for the corner 
regions.  
 
Table 4.  Comparison of reduction factors.                        
Temperature  k0.2,p,θ *   k0.2,p,θ 

**
   k0.2,p,θ

*** 

°C                           
20      1.00    1.00    1.00 
100     0.91    0.83    0.82 
200     0.88    0.74    0.68 
300     0.83    0.69    0.64 
400     0.80    0.66    0.60 
500     0.70    0.59    0.54 
600     0.64    0.52    0.49 
700     0.42    0.43    0.40 
800     0.28    0.30    0.27 
900     0.10    0.18    0.18                        
*Reduction factor for 0.2 % proof strength of cold-formed cor-
ner regions of EN 1.4301 according to Ala-Outinen (1996) 
**Reduction factor for 0.2 % proof strength of virgin sheet of 
EN 1.4301 according to Ala-Outinen (1996) 
***Reduction factor for 0.2 % proof strength of annealed mate-
rial according to EN 1993-1-2 (2005) 
 

Corner region 
2t
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Table 5.  Comparison between test and FEA with different as-
sumptions for material properties in the corner regions. Analy-
sis performed on specimen No. 5.                              
Section   Experiment  FE-Analysis                          
     Nfi   Temp. Temp.* Temp.** Temp.***                        
     kN  °C   °C   °C   °C                              
200x200x5  567  685  520  625  645                              
*No strength enhancement of corner regions. 
**Assumed corner material properties from cold forming, re-
duction factors the same as for annealed material according to 
EN1993-1-2 (2005) 
***Assumed corner material properties from cold forming, re-
duction factors for cold formed material according to Ala-
Outinen (1996) 
 

The temperature dependent thermal elongation 
given in Annex C in EN 1993-1-2 (2005) was im-
plemented in FE model. Engineering stresses and 
strains were used to calculate true stresses and loga-
rithmic strains necessary for ABAQUS input data. 

3.3 Imperfections 
The two types of geometrical imperfections that 
have to be considered are, global imperfections and 
local imperfections.  

The most common way to model geometrical im-
perfections is by using a shape obtained from eigen-
value buckling analysis adjusting the amplitude of 
the relevant imperfection and implementing it in 
non-linear analysis. The eigenvalue analysis gives a 
shape corresponding to global and local instability 
mode. It is assumed that combination of eigenmodes 
to model the imperfections will lead to conservative 
results of non-linear analysis.  

A sensitivity analysis was performed in order to 
evaluate the influence of geometrical imperfections 
on the maximum load. The magnitudes of both the 
local and global imperfections were varied. Table 6 
and 7 presents the results of the sensitivity analysis.  

 
Table 6. Sensitivity analysis of different imperfections at ambi-
ent temperature. Analysis performed on specimen No. 1 from 
Table 1.                        
Local imperfection  Global imperfection                     
        L/500  L/1000  None                        
b/100          382 kN  382 kN 
b/200      398 kN  401 kN  401 kN 
None       486 kN  489 kN  610 kN                        

 
Table 7. Sensitivity analysis of different imperfections at 
800°C. Analysis performed on specimen No. 4 from Table 2.                        
Local imperfection  Global imperfection                     
        L/500  L/1000  None                        
b/100          114 kN  114 kN 
b/200      125 kN  126 kN  126 kN 
None       151 kN  156 kN  172 kN                        

 
The level of the global imperfections on the 

maximum load is negligible because of the small 
differences in maximum load computed as long as 

the magnitudes of the local imperfections exist. Jo-
hansson & Veljkovic (2004) have shown that by us-
ing the lowest eigenmode and the measured magni-
tude of the local imperfections for the modelling of 
carbon steel plates in fire give a good prediction of 
the failure load. The small variations in failure load 
with different magnitudes of imperfections seen in 
Table 7 imply that this conclusion also holds for 
stainless steel at the elevated temperature.  

For the modelling of the tested stub columns the 
measured local imperfections were used and no 
global imperfections were introduced. 

3.4 Residual stresses 
Gardner & Nethercot (2004) concluded that residual 
stresses causes a small reduction in stiffness but 
have little influence on the overall behaviour or on 
the ultimate load carrying capacity for stub columns. 
Therefore, no residual stresses were introduced in 
the modelling of the tested columns. 

 

3.5 Validation 
Results obtained from FE predictions were com-
pared to the results from the experiments, Table 8. 

 
Table 8.  Validation of the FE-model  
No. specimen   Experiment FEA   TempFEA/Tempexp                                 
Cross-section   Temp.   Temp.        
       °C     °C   
1. 150x150x3   676     716   1.06 
2. 150x150x3   720     758   1.05 
3. 150x150x3   588     593   1.01 
4. 200x200x5   609     482   0.79 
5. 200x200x5   685     645   0.94 
6. 200x200x5   764     732   0.96  

 
It is concluded that the FE-model predicts the 

failure temperatures with good accuracy for all tests 
but specimen No. 4 and the general conclusion is 
that the model is reliable for parametric study. 

4 PARAMETRIC STUDY 
More general behaviour of thin walled stainless steel 
columns was further investigated performing a pa-
rametric study. The applied load levels, as well as, 
the global and local slenderness were varied and the 
results were compared to the predicted strengths ac-
cording to the EN 1993-1-2 (2005) design model. 

To investigate a possible practical application of 
class 4 stainless steel columns the parametric study 
was extended to include the length L=3100mm for 
all cross-sections and load levels.  

4.1 FE-model 
The validated FE-model was used for the parametric 
study. However, due to the greater slendernesses 
simulated than in the experiments the global imper-
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fections has to be taken into account. The local im-
perfections were taken as b/200 and the global im-
perfection were taken as L/1000 in accordance with 
the allowed tolerances in prEN1090-2 (2005). With 
nominal material properties, including the corner 
properties, and cross-sectional dimensions the fail-
ure loads from the FE-simulations at room tempera-
ture were compared to the ultimate loads calculated 
in accordance with EN1993-1-4 (2006), see Table 9.  

 
Table 9.  Results from FEA at ambient temperature compared 
to predicted failure loads according to EN 1993-1-4 (2006)  
Cross-section   Failure load                       

EN 1993/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    1.06     1.06     0.96  
200x200x5    1.05     1.10     1.00  
300x300x5    1.08     1.04     0.95  

 
It can be seen that the FE-model gives good 

agreement with the design method in EN1993-1-4 
(2006) for class 4 sections at room temperature. Ng 
& Gardner (2006) have shown that using a global 
imperfection of L/2000 in FE-analysis give the best 
prediction of all available test results. However, the 
use of a smaller imperfection than the allowed toler-
ances in prEN 1090-2 (2005) seems unjustified for a 
parametric study.  

The end constraints were pinned for all columns, 
both at ambient temperature and at elevated tem-
perature. It was assumed that the temperature distri-
bution was uniform across and along the column. 
The failure loads from the FE-simulations at ambient 
temperature were used to calculate the appropriate 
loads for each load level, cross-section and slender-
ness used in the simulations at elevated tempera-
tures. 

4.2 Results 
The results from the parametric study were com-
pared to the design model in EN 1993-1-2 (2005), 
Table 10, as well as the design model proposed by 
Ng & Gardner (2006), Table 11.  

 
Table 10.  Results from FEA compared to predicted failure 
loads according to EN 1993-1-2 (2005) for different slender-
nesses. Load level 30% of ultimate load at the ambient tem-
perature.   
Cross-section   Failure load                       

EN 1993/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    0.76     0.74     0.73   
200x200x5    0.81     0.82     0.79   
300x300x5    0.71     0.69     0.67   

Table 11. Results from FEA compared to predicted failure 
loads according to the design model proposed by Ng & Gard-
ner (2006) for different slendernesses. Load level 30% of ulti-
mate load at the ambient temperature.   
Cross-section   Failure load                             

Ng & Gardner (2006)/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    1,02     1,02     1,02  
200x200x5    1,00     1,03     1,01   
300x300x5    0.97     0.96     0.96   

 
It is clear that the design model according to the 

EN 1993-1-2 (2005) predicts the failure load at ele-
vated temperature with varying results depending on 
the cross-section slenderness. Greater local slender-
ness leads to more conservative results. This is fully 
consistent with the conclusion by Ng & Gardner 
(2006) and is a result of the Eurocode method ne-
glecting the more favourable relationship between 
strength and stiffness at elevated temperatures for 
local buckling. When applying the Ng & Gardner 
(2006) approach the results show that this model 
predicts the failure load much less dependent on the 
local slenderness. When comparing the results from 
different load levels it is clear that it is important to 
account on this influence, Table 12.  

 
Table 12.  Influence of load level on results for cross-section 
300x300x5 for the Ng & Gardner (2006) approach.  
Load level    Failure load                             

Ng & Gardner (2006)/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
30%      0.97     0.96     0.96   
40%      0.93     0.91     0.91   
50%      0.91     0.88     0.88    

 
A higher load level gives lower critical tempera-

tures. From Table 12 it is obvious that the results ob-
tained by the Ng-Gardner (2006) design model scat-
ter more from the FE results as the load level 
increases.  

Furthermore, FEA of the columns with 
L=3100mm were considered due to practical reasons 
and results are shown in Table 13. 

 
Table 13.  Failure temperature from FEA with load level equal 
to 0.3 and failure times calculated with the standard fire curve 
(ISO 834)  
Cross-section   Failure temperature   Failure time                 
200x200x4    810°C       28.1 min 
200x200x5    790°C       27.0 min 
300x300x5    816°C       30.5 min 

 
It is clear that it is possible to use unprotected 

stainless steel columns for fire resistance class R30. 
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5 DEVELOPMENT OF IMPROVED DESIGN 
MODEL FOR CLASS 4 CROSS-SECTIONS 

The intention of the design model proposed for ele-
vated temperatures is that it is valid even for the am-
bient temperature. Therefore the buckling curve with 
imperfection factor, α, and the limiting slenderness, 

0λ , are taken as 0.49 and 0.4 respectively as it is 
given in EN 1993-1-4 (2006). The results from the 
parametric study clearly indicated the importance of 
taking the temperature dependent relationship be-
tween strength and stiffness into account for local 
buckling as well as for global buckling.  

The basic form of the buckling curve given in EN 
1993-1-4 (2006), Equation 2, is used to further im-
prove the design model. Apart from the local and 
global slenderness being temperature dependent as 
proposed by Ng & Gardner (2006), Equation 3-4, 
the limiting slenderness are suggested to depend on 
the strength – stiffness ratio according to Equation 5.  

( )0.52 2

1 1χ
φ φ λ

= ≤
+ −

 (2a) 

( )00.5 1φ α λ λ λ⎡ ⎤= + − +⎣ ⎦  (2b) 

where α is a imperfection factor; λ  is the non-
dimensional slenderness; and 0λ  is the non-
dimensional slenderness where the reduction of the 
strength starts due to the slenderness. 
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k
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where b  is the relevant width; t is the relevant 
thickness; and kσ is the buckling factor. 
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where ε is the material factor; kE,θ is the reduction 
factor for Young’s modulus; k0.2p,θ is the reduction 
factor for 0.2 proof stress. 
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The results for the proposed revised design model 
are given in Table 13-15 and in Figure 2. 
 
Table 13.  Results from FEA compared to the proposed design 
model at 30% load level.  
Cross-section   Failure load                             

Proposed/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    1.06     1.06     1.07   
200x200x5    1.04     1.08     1.06   
300x300x5    1.01     1.00     1.01   

 
 

Table 14.  Results from FEA compared to the proposed design 
model at 40% load level.  
Cross-section   Failure load                             

Proposed/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    1.01     1.01     1.00  
200x200x5    1.04     1.06     1.02  
300x300x5    0.98     0.95     0.96  

 
 

Table 15.  Results from FEA compared to the proposed design 
model at 50% load level.  
Cross-section   Failure load                             

Proposed/FEA                                                       
       0.5λ =     0.8λ =     1.2λ =    
200x200x4    1.00     1.00     0.94  
200x200x5    1.02     1.06     1.00  
300x300x5    0.97     0.94     0.93  
 

The results give a mean value of Proposed/FEA = 
1.01 with a coefficient of variation (COV) of 0.08. 
When comparing to the design model in EN 1993-1-
2 (2005) that give a mean of EN 1993/FEA = 0.73 
and COV=0.09. It is clear that the proposed design 
model gives improved predictions of the failure 
loads. 
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Figure 2. Comparison of proposed design model with FE-simulations 

 
6 CONCLUSIONS 
Comparison between experiments at the elevated 
temperature and results obtained from FEA indicates 
that  

- assumptions for influence of material proper-
ties in the corners according to Eq. (1) and 
Fig.1 are realistic and necessary for a reli-
able FE parametric study; 

- assumptions for the shape and level of the 
local buckling, b/200, and global imperfec-
tions, L/1000, are consistent with assump-
tions according to the established routines 
for non-linear analysis of columns at ambi-
ent temperature. 

 
The analysis of 3.1 m long pinned columns in a 

standard ISO834 fire shows that it is possible to use 
unprotected stainless steel columns and fulfil re-
quirement for resistance, R30. 

Design recommendations for class 4 cross sec-
tions made of austenitic stainless steel presented are 
fully coherent with EN 1993-1-2 and EN 1993-1-4. 
This means that:  

- the proposed model takes into account better 
retention of strength and stiffness of stainless 
steel than carbon steel, and  

- the same buckling curve used at ambient 
temperatures, with 0,49α =  and 0 0,4λ = , is 
used at elevated temperatures.  

Furthermore, the relationship between strength and 
stiffness in case of local buckling is taken into ac-
count by Eq. 3b. 

The proposed design model gives a consistent ap-
proach regarding buckling at ambient temperature. 
The failure loads are predicted with a mean value of 
1.01 with the coefficient of variation equal to 0.08. 
This is an improvement compared to the design 
model that is based on EN 1993-1-2 (2005) and EN 
1993-1-1 (2005) as it is proposed by Ng & Gardner 
(2006) where the mean value of the prediction ver-

sus test resistance was 0.96 and the same coefficient 
of variation 0.08 was obtained. 
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