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1. Introduction 
 
If the reduction of the plate width is the fundamental concept behind the effective width 
method, then accurate member stability is the fundamental idea behind the Direct Strength 
Method. The Direct Strength Method  (Schafer, 2008) is predicated upon the idea that if an 
engineer determines all the elastic instabilities for the gross section (local, distortional and 
global buckling) and also determines the moment that causes the section to yield, then the 
strength can be directly determined. 
 
The method is essentially an extension of the use of column curves for global buckling, but 
with application to local and distortional buckling instabilities and appropriate consideration of 
post-buckling reserve and interaction in the modes.  This method has been pioneered by Dr. 
Schafer and his co-workers from John Hopkins University in the United States. It has been 
somewhat inspired by outstanding research performed by Dr. Hancock into distortional 
buckling of rack-post sections. The Direct Strength Method can be alternatively used in the 
calculation of cold-formed sections in the specifications from the United States, Australia and 
New Zealand. It has an empirical basis, which is proven straightforward and reliable enough 
compared to the effective width method.  
 

The method is applicable to the following calculations: 
 Column and beam design 
 Flexural, torsional, or torsional-flexural buckling when applicable 
 Local buckling 
 Distortional buckling 

 

Empirically-based, the method consists of defining a non-dimensional slenderness, which is a 
function of the critical buckling force and the yield moment. It is worth pointing out that the 
relevant buckling load should be obtained by numerical calculations.  
 
Attempts for using the Direct Strength Method in stainless steel design are less frequent 
though.  The  empirical  basis  of  the  formulation  avoids  a  direct  transition  from  carbon  to  
stainless steel without performing new regression analysis. Some attempts for obtaining 
equations for distortional-buckling related formulae for stainless steel cross-sections have 
been proposed by Lecce and Rasmussen (2006) and Becque et al. (2008).  

 
1.1 Target 
 
The study of local buckling phenomenon using cross-section classification involves the 
assessment of class 3 limit, which defines the boundary between slender sections, that are 
those susceptible to local buckling (class 4), and stocky sections. And the cross-section 
resistance is determined by the concept of effective widths. 
 
This study will be tackled as a continuation of the one presented in WP2.4 Parametric study 
and recommendations for local buckling (Bock et al., 2013), were a comparison between the 
use of EN1993-1-4 (2006) for stainless steel, EN1993-1-1 (2005) for carbon steel and the 
Gardner and Theofanous (2008) proposals and CSM for determining the cross section 
resistance in fully compressed internal element was presented. 
 
The  main  objective  is  to  study  the  applicability  of  the  Direct  Strength  Method  to  the  same  
cross-sections and the same materials and compare the ultimate resistance obtained with 
different methods. 

5 (104)



    
 5 (45) 

 

5 
 

2. The Direct Strength Method 
 
2.1 Carbon steel 
 
The Direct Strength Method was initially designed for carbon steel members; its formulation 
shall be used as a reference for the purpose of this project. It can be found at the Appendix 1 
of  the  “Specifications  for  the  Design  of  Cold-Formed  Steel  Structural  Members”  by  the  AISI  
(2007). This report is focused only on the cross-section resistance. 
 
Equations 1 to 3 are the ones applied to the specimens to obtain their strength as defined in 
the Direct Strength Method Design Guide, AISI (2006). 
 
for 0.776 

         (1) 
 
for > 0.776 

= 0.15       (2) 

 
Where   =         (3) 
 
  Pnl=nominal axial strength 
  Py=AgFy 
  Pcr is the critical elastic buckling load 
 
 
2.2 Stainless steel 
 
The formulation used for stainless steel is the one proposed in Beque et al. (2008) (Equations 4 
and 5).  

=
0.55

> 0.55  (4) 

Where: 

=      (5) 

 
 

2.3 CUFSM  
 
2.3.1 Introduction 
 
The DSM focuses on the correct determination of elastic buckling behavior instead of building 
an artificial concept as an effective cross-section, and requires the computation of the elastic 
local buckling stress. 
 
Elastic buckling analysis of any sections geometry can be performed on CUFSM (Cornell 
University Finite Strip Method) which delivers the cross-section instabilities. Mechanics 
employed by the CUFSM are identical to the mechanics used to derive the plate bucking 
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coefficient “k” values in current use. A brief insight into the program is worth towards getting 
an overall idea of the direct strength method (Schafer, 2006). 
 
The finite strip method is a variant of the finite element method which instead of modeling the 
member  in  a  number  of  square  elements  it  uses  strips  from  side  to  side  of  the  element  as  
shown in figure 2.1. 

 
Figure 2.1: C section discretised in FEM and in FSM respectively. (Beregszaszi, 2011) 

 
Nodal displacements employ sinusoidal functions characterized by a half-wavelength 
parameter initially undefined, that parameter governs the mode shapes and so it is crucial 
towards determining the elastic bucking instabilities.  
 
A  typical  CUFSM  analysis  would  provide  a  graphic  like  the  one  shown  in  figure  2.2.  In  the  
horizontal axis the half-wave length which governs the mode shape are presented and at the 
vertical axis we’ve got the load factor. 
 
 

 
Figure 2.2: Semi-analytical finite strip solution of a C-section with lips in bending showing local, distortional and 

lateral-torsional buckling as well as the moment that causes first yield. (Schafer, 2008).  
 
The curve is characterized by three minima, each of them corresponding to a different mode of 
instability (local bucking, distortional bucking and LTB).  
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2.3.2 Section modeling and features 
 
The first step in determining the local instabilities is to build a proper strip model of the RHS, 
SHS sections, Channels and I sections with round corners. As suggested in (Beregszaszi, 2011) 
90 degrees round corners have been approximated as 4 narrow strips. 4 strips will be used too 
for the webs.  
 
To ensure that section modelling is refined enough to deliver feasible solutions several 
sections with double the previous number of elements defined have been analysed. The 
conclusions are that for very stocky cross-sections results of load factor vary by at most 0.03 
units, for slender sections results do not change at all.  Even more, those very stocky sections 
would all fail by strength criteria instead of instability. Therefore it can be concluded that the 
model of 32 elements has enough precision. Note that this model has been found to have a 
relative  error  characterized  over  all  SHS  and  RHS  specimens  analysed  by  a  mean  0.48  %  
underestimation of the actual gross section and a standard deviation of 0.0025. The error of 
Channels is characterized by a mean of 3.4% overestimation and a standard deviation of 
0.0161 and the one of I sections has a mean of 1.6% overestimation and 0.0033 standard 
deviation. It is worth mentioning that errors grow slightly as slenderness decreases, specially 
for low values of slenderness that lead to section squashing instead of buckling, hence not 
relevant  to  our  analysis.  Figure  2.3  shows  how  a  model  of  a  SHS  100x100x2x4  looks  like  on  
CUFSM. 

 
Figure 2.3: Model on CUFSM of a SHS 100x100x2x4 

 
All the sections analysed have been found to have two minima corresponding to local and 
global buckling. Sections analysed do not suffer torsional buckling under axial or pure bending. 
Other types of sections such as Channels with lips do suffer from distortional buckling. 
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Figure 2.4: Load factor – half-wavelength graph obtained through CUFSM of a 100x100x2 mm SHS. Half-wavelength 

in mm. 
 

Through many analyses it has been found that the half-wavelength at which members suffer 
local buckling is close to its largest dimension. For the 100X100X2mm SHS (figures 2.3 and 2.4) 
the member suffers local buckling at a half-wavelength of 100 mm. Figure 2.5 shows an overall 
view of a SHS local buckling. 

 
Figure 2.5: 3D figure of the local buckling of a 140x140x2 SHS, deformations exaggerated 40 times 

 
 

2.4 Cross section resistance by EN 1993 
 
As  it  has  been  said  before,  the  results  of  the  resistance  obtained  by  using  the  DSM  will  be  
compared with the ones obtained using the cross-section classification and the effective with 
concept for class 4 sections (see (Bock et al., 2013)). 
 
Elements in compression might be calculated as follows: 
 

, = .  For class 1, 2 and 3 sections (6) 
, = . = .  For class 4 sections (7) 

 
Where Ag is the gross-cross section and Aeff is the effective-cross section.  
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It is important to point out that the gradually strain hardening of stainless steel is not 
considered in this method which never assumes stresses above the proof stress. In addition, 
class 1 to 3 sections fully compressed, as well as class 1 and 2 subjected to bending, are 
treated equally providing a clear underprediction of their cross-section resistance. 
 
Different proposals are presented for the class section limits in EN1993-1-4 (2006) for stainless 
steel, EN1993-1-1 (2005) for carbon steel and the Gardner and Theofanous (2008) proposal 
also for stainless steel for members in compression, and also, different expressions for the 
reduction function . The three expressions will be compared with the DSM results. 
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3. Parametric study database 
 
3.1 Cross sections 
 
The study will be focused on SHS, RHS, I-sections and Channels (without lips) subjected to 
uniform compression and therefore, the results from WP2.4 Parametric study and 
recommendations for local buckling (Bock et al., 2013) could be compared. 
 
 

  
RHS and SHS sections Channels I-sections 

Figure 3.1 Definition of symbols for considered cross-sections 
 
 
The cross-section dimensions considered are specified as follows according to nomenclature 
defined in figure 3.1: 
 

SHS:  hxbxtxri 
(S1): 40x40x2x4 

 (S2): 40x40x3x4* 
 (S4): 40x40x3x6 
 (S5): 55x55x1.5x3.5 
 (S6): 65x65x1.5x3.5 
 (S7): 65x65x1.75x3.5 
 (S8): 70x70x1.5x3.5 
 (S9): 70x70x1.75x3.5 
 (S10): 90x90x1.75x3.5 

(S11): 90x90x2x4 
(S12): 100x100x2x4 
(S13): 100x100x2.25x4.5 
(S14): 100x100x2.5x5 
(S15): 100x100x3x4* 
(S16): 100x100x3x6 
(S17): 110x110x2x4 
(S18): 120x120x2x4 
(S19): 130x130x2x4 
(S19):140x140x2x4 

*ri<2t 
 
 

RHS: (R1): 80x60x1.75x3.5 
 (R2): 80x60x2x4 
 (R3): 80x60x2.25x4.5 

(R4): 80x60x3x4 
(R5): 80x60x3x 

 
 
 

I-sections: bfxhwxtfxtw 
  (I1): 100x50x3x3 
  (I2): 100x50x2.5x3 
  (I3): 100x50x2x3 
  (I4): 80x40x3x3 
  (I5): 80x40x2.75x3 

(I6): 80x40x3.25x3 

(I7): 80x40x3.5x3.5 
(I8): 70x40x3.25x3.5 
(I9): 70x40x3x3.5 
(I10): 70x40x3.75x4 
(I11): 100x80x5.5x4 
(I12): 100x80x6x4 
 

H tw 
hw 

bf 

a 

tf 

b 

rm 

ri 

R 

tw 

B 

H 

tf 

h h 

b 

R 

t 
H 

B 

ri 

rm 
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Channels: hwxbfxtxri 
  (C1): 40x30x2x4 
  (C2): 40x30x3x6 
  (C3): 60x30x3x6 
  (C4): 60x35x3x6 
  (C5): 80x40x3.25x6.5 
  (C6): 80x40x3x6 
 

(C7): 100x50x3x6 
(C8): 100x50x4x8 
(C9): 120x60x3x6 
(C10): 140x60x5x10 
(C11): 160x70x5x10 
 

The length of all the specimens have been set to keep three times the largest plate that makes 
up the cross-section. 
 

Total of numerical models: (19SHS + 5RHS + 12I-section + 11Channels) x 12materials = 564 
 
 
3.2 Materials 
 
The materials analyzed in this study are austenitics and ferritics stainless steels and carbon 
steel. Specimens with different material properties have been analyzed for each type of steel. 
All specimens have the same yield strength but different ultimate tensile strength. The Young 
modulus is taken as 200,000 N/mm2 for all specimens and the yield stress is taken as the stress 
at which the member suffers a proof strain of 0.2. The key parameters of the materials 
considered in this parametric study are presented in Table 3.1 
 

Label E0 0.2 1.0 u u n m u / 0.2 Assumed type of steel 
M1 200 250 256 275 0.4 5 3 1.1 Austenitic 
M3 200 250 262.2 300 0.4 5 3 1.2 Austenitic 
M5 200 250 275 350 0.4 5 3 1.4 Austenitic 
M7 200 250 300 450 0.4 5 3 1.8 Austenitic 
M2 200 250 256 275 0.4 10 3 1.1 Ferritic 
M4 200 250 262.2 300 0.4 10 3 1.2 Ferritic 
M6 200 250 275 350 0.4 10 3 1.4 Ferritic 
M8 200 250 300 450 0.4 10 3 1.8 Ferritic 
C1 200 250 256 275 0.4 100 3 1.1 Carbon 
C2 200 250 262.2 300 0.4 100 3 1.2 Carbon 
C3 200 250 275 350 0.4 100 3 1.4 Carbon 
C4 200 250 300 450 0.4 100 3 1.8 Carbon 

Table 3.1 Material parameters considered in the parametric study 
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4. Parametric study. Results from stub column tests 
 
The  results  from  the  parametric  study  are  shown  in  this  section  where  the  results  for  the  3  
different cross-sections are presented separately. 
 
The numerical values of ultimate resistances calculated according different methods and 
numerical results are presented in Annex A-C. 
 
4.1 Hollow sections (SHS and RHS) 
 
The results obtained in the parametric study are shown in figure 4.1 where the sectional 
ultimate response (Nu,num/A· 0.2) is plotted against the slenderness of the section calculated 
with the CUFSM. These results are compared with the proposed curves for the Direct Strength 
Method for carbon steel (eq. 1-3) and the ones for the Direct Strength Method for stainless 
steel (eq. 4,5). 
 
The figure highlights the different response of the three materials studied: austenitics (n=5), 
ferritics (n=10) and carbon (n=100) with strain hardening. The main conclusions that can be 
drawn from figure 4.1 are: 

 The DSM curve proposed for carbon steels fits very well the results for specimens with 
n=100 (carbon steels). 

 For austenitics stainless steels (n=5), the curve proposed in the DSM is quite 
conservative  for  not  very  slender  elements,  and  the  limit  of  p=0.55 seams also 
conservative. 

 Ferritic stainless steels behave between carbon steels and austenitic stainless steels, 
so the curve for the DSM for stainless steels gives conservative results and could be 
improved for ferritics. 

 

Figure 4.1 Assessment of the application of the DSM for fully compressed hollow sections (internal elements) 
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Figures 4.2-4.4 are presented with the aim of evaluating the differences when determining the 
ultimate theoretical load (Nu,Rk) according to different formulations. 
 
These figures compare current EN1993-1-4, G&T proposal and DSM for stainless steels and 
EN1993-1-5 and DSM for carbon steels. In these cases, the slenderness in the X-axis is the one 
obtained for the overall section by using the CUFSM for all the cases, in order to have a good 
comparison.  Althougth, the slenderness used to calculate the ultimate load with the EN 1993-
1-4, G&T and the EN 1993-1-5 methods was the one determined with the flat part of the most 
slender part of the section sections ( b =c).  
 
The following conclusions are worth to be mentioned: 

 Current EN1993-1-4 provides safe results for all the materials but is more conservative 
for high n values. 

 G&T proposal provids a good evaluation for the ultimate capacity but there are some 
values  in  slender  sections  with  a  ratio  Nu,num/Nu,Rk below the unity. The maximum 
overprediction has been up to a 4%. The proposed curve by G&T is not a suitable 
reduction factor for the austenitics considered in this parametric study (n=5). 
However, it is important to mention that this proposal was calibrated considering 
experimental results in which the average n value material was about 6. (see WP2.4) 

 The DSM for stainless steels provides good results for austenitc and ferritic stainless 
steels (n=5, n=10) but is quite conservative for carbon steel (n=100) where the DSM 
proposed for carbon steel is better. 

 The two analyzed methods for carbon steel, EN 1993-1-5 and DSM for carbon steels, 
do not provide good results for austenitics and ferritics and will over predict their 
ultimate capacity, so cannot be used when designing stainless steel, but are good for 
carbon steels. 
 

 

 
Figure 4.2 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-

1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Austenitic stainless steel. 
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Figure 4.3 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-

1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Ferritic stainless steel. 
 
 

 
Figure 4.4 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-

1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Carbon steel. 
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4.2 I-sections 
 
The results obtained in the parametric study for I-sections are presented in figures 4.5 to 4.8 
and similar conclusions to the SHS/RHS can be drawn. 
 

Figure 4.5 Assessment of the application of the DSM for fully compressed hollow sections (internal elements) 

Figure 4.6 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-
1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Austenitic stainless steel. 
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Figure 4.7 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-
1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Ferritic stainless steel. 

 

Figure 4.8 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of EN1993-
1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Carbon steel. 
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4.3 Channels 
 
The results obtained in the parametric study for Channels are presented in figures 4.9 to 4.12 
and similar conclusions to the SHS/RHS and I-sections can be drawn. 
 

 
Figure 4.9 Assessment of the application of the DSM for fully compressed hollow sections (internal elements) 

 
Figure 4.10 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of 

EN1993-1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Austenitic stainless 
steel. 
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Figure 4.11 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of 

EN1993-1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Ferritic stainless 
steel. 

 

 
Figure 4.12 Comparison of analytical ultimate loads obtained according to the limits and reduction factors of 
EN1993-1-4, EN1993-1-5, G&T proposal and DSM for carbon steel and DSM for stainless steel. Carbon steel. 
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5. Conclusions 
 
The applicability of the DSM to stainless steels has been studied in this task. The analysis has 
been performed in the same materials and cross-sections studied in previous tasks in order to 
compare the ultimate resistance obtained by a numerical analysis with the one obtained using 
different methods. 
 
The first analysis related to the results obtained from the numerical analysis compared to the 
numerical ones allows concluding that: 
 

 The DSM curve proposed for carbon steels fits very well the results for specimens with 
n=100 (carbon steels). 

 For Austenitics stainless steels (n=5), the curve proposed in the DSM for stainless 
steels  is  quite  conservative  for  not  very  slender  elements,  and  the  limit  of  p=0.55 
seams also conservative. 

 Ferritic stainless steels behaves between carbon steels and austenitic stainless steels, 
so the curve for the DSM for stainless steels gives conservative results and could be 
improved for ferritics. 

 
The results comparison using different methods to determine the ultimate resistance allows 
concluding that:  
 

 Current EN1993-1-4 provides safe results for all the materials but is more conservative 
for high n values. 

 G&T proposal provide a good evaluation for the ultimate capacity but there are some 
values in slender sections with a ratio Nu,num/Nu,Rk below the unity. The maximum over 
prediction has been up to a 4%. The proposed curve by G&T is not a suitable reduction 
factor for the austenitics considered in this parametric study (n=5). However, it is 
important to mention that this proposal was calibrated considering experimental 
results in which the average n value material was about 6. (see WP2.4) 

 The DSM for stainless steels provides good results for austenitc and ferritic stainless 
steels (n=5, n=10) but is quite conservative for carbon steel (n=100) where the DSM 
proposed for carbon steel is better. 

 The two analyzed methods for carbon steel, EN 1993-1-5 and DSM for carbon steels, 
do not provide good results for austenitics and ferritics and will over predict their 
ultimate capacity, so cannot be used when designing stainless steel, but are good for 
carbon steels. 

 
Finally, a wide analysis should be done with more slenderness sections, especially for Channels 
and I-sections and the interaction between local and global instabilities is also needed. 
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Annex A. SHS/RHS sections results 
 

Specimen 

Cross-section properties Material 
Numerical 

Results CUFSM Analytical resistance Nu,Rk  

h b t rm ri Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

S1M1 40 40 2 5 4 302.8 275 5 81.17 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M3 40 40 2 5 4 302.8 300 5 83.79 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M5 40 40 2 5 4 302.8 350 5 89.46 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M7 40 40 2 5 4 302.8 450 5 99.65 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S2M1 40 40 3 5.5 4 451.7 275 5 123.33 4307.67 4397.5 0.238 112.9 112.9 112.9 112.9 112.9 
S2M3 40 40 3 5.5 4 451.7 300 5 128.12 4307.67 4397.5 0.238 112.9 112.9 112.9 112.9 112.9 
S2M5 40 40 3 5.5 4 451.7 350 5 138.88 4307.67 4397.5 0.238 112.9 112.9 112.9 112.9 112.9 
S2M7 40 40 3 5.5 4 451.7 450 5 161.35 4307.67 4397.5 0.238 112.9 112.9 112.9 112.9 112.9 
S3M1 40 40 3 7.5 6 441.4 275 5 120.56 4656.33 4977.5 0.224 110.3 110.3 110.3 110.3 110.3 
S3M3 40 40 3 7.5 6 441.4 300 5 125.24 4656.33 4977.5 0.224 110.3 110.3 110.3 110.3 110.3 
S3M5 40 40 3 7.5 6 441.4 350 5 135.89 4656.33 4977.5 0.224 110.3 110.3 110.3 110.3 110.3 
S3M7 40 40 3 7.5 6 441.4 450 5 158.37 4656.33 4977.5 0.224 110.3 110.3 110.3 110.3 110.3 
S4M1 55 55 1.5 4.25 3.5 319.1 275 5 82.77 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M3 55 55 1.5 4.25 3.5 319.1 300 5 82.88 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M5 55 55 1.5 4.25 3.5 319.1 350 5 83.92 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M7 55 55 1.5 4.25 3.5 319.1 450 5 85.69 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S5M1 65 65 1.5 4.25 3.5 379.1 275 5 85.9 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M3 65 65 1.5 4.25 3.5 379.1 300 5 86.21 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M5 65 65 1.5 4.25 3.5 379.1 350 5 87.36 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M7 65 65 1.5 4.25 3.5 379.1 450 5 86.11 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
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S6M1 65 65 1.75 4.38 3.5 441.9 275 5 114.64 571.86 535 0.684 110.5 101.7 110.5 110.5 101.5 
S6M3 65 65 1.75 4.38 3.5 441.9 300 5 114.64 571.86 535 0.684 110.5 101.7 110.5 110.5 101.5 
S6M5 65 65 1.75 4.38 3.5 441.9 350 5 114.85 571.86 535 0.684 110.5 101.7 110.5 110.5 101.5 
S6M7 65 65 1.75 4.38 3.5 441.9 450 5 115.58 571.86 535 0.684 110.5 101.7 110.5 110.5 101.5 
S7M1 70 70 1.5 4.25 3.5 409.1 275 5 89.76 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M3 70 70 1.5 4.25 3.5 409.1 300 5 90.49 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M5 70 70 1.5 4.25 3.5 409.1 350 5 91.32 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M7 70 70 1.5 4.25 3.5 409.1 450 5 89.13 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S8M1 70 70 1.75 4.38 3.5 476.9 275 5 120.08 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M3 70 70 1.75 4.38 3.5 476.9 300 5 120.19 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M5 70 70 1.75 4.38 3.5 476.9 350 5 120.29 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M7 70 70 1.75 4.38 3.5 476.9 450 5 115.9 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S9M1 90 90 1.75 4.38 3.5 616.9 275 5 121.34 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M3 90 90 1.75 4.38 3.5 616.9 300 5 120.19 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M5 90 90 1.75 4.38 3.5 616.9 350 5 120.08 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M7 90 90 1.75 4.38 3.5 616.9 450 5 120.29 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S10M1 90 90 2 5 4 702.8 275 5 158.76 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M3 90 90 2 5 4 702.8 300 5 158.13 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M5 90 90 2 5 4 702.8 350 5 158.34 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M7 90 90 2 5 4 702.8 450 5 161.07 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S11M1 100 100 2 5 4 782.8 275 5 161.81 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M3 100 100 2 5 4 782.8 300 5 161.81 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M5 100 100 2 5 4 782.8 350 5 161.81 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M7 100 100 2 5 4 782.8 450 5 161.81 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S12M1 100 100 2.25 5.63 4.5 878.3 275 5 199.42 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12M3 100 100 2.25 5.63 4.5 878.3 300 5 199.31 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12M5 100 100 2.25 5.63 4.5 878.3 350 5 200.05 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
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S12M7 100 100 2.25 5.63 4.5 878.3 450 5 199.1 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S13M1 100 100 2.5 6.25 5 973.2 275 5 245.77 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M3 100 100 2.5 6.25 5 973.2 300 5 241.44 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M5 100 100 2.5 6.25 5 973.2 350 5 237.2 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M7 100 100 2.5 6.25 5 973.2 450 5 245.14 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S14M1 100 100 3 5.5 4 1172 275 5 311.41 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M3 100 100 3 5.5 4 1172 300 5 313.54 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M5 100 100 3 5.5 4 1172 350 5 322.06 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M7 100 100 3 5.5 4 1172 450 5 333.98 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S15M1 100 100 3 7.5 6 1161 275 5 309.6 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15M3 100 100 3 7.5 6 1161 300 5 311.83 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15M5 100 100 3 7.5 6 1161 350 5 320.25 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15M7 100 100 3 7.5 6 1161 450 5 332.92 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S16M1 110 110 2 5 4 862.8 275 5 161.18 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M3 110 110 2 5 4 862.8 300 5 160.86 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M5 110 110 2 5 4 862.8 350 5 160.34 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M7 110 110 2 5 4 862.8 450 5 160.02 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S17M1 120 120 2 5 4 942.8 275 5 160.91 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M3 120 120 2 5 4 942.8 300 5 160.38 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M5 120 120 2 5 4 942.8 350 5 160.91 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M7 120 120 2 5 4 942.8 450 5 160.27 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S18M1 130 130 2 5 4 1023 275 5 160.71 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M3 130 130 2 5 4 1023 300 5 160.61 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M5 130 130 2 5 4 1023 350 5 160.18 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M7 130 130 2 5 4 1023 450 5 160.29 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S19M1 140 140 2 5 4 1103 275 5 161.87 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19M3 140 140 2 5 4 1103 300 5 161.87 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
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S19M5 140 140 2 5 4 1103 350 5 161.87 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19M7 140 140 2 5 4 1103 450 5 161.54 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
R1M1 80 60 1.75 4.38 3.5 476.9 275 5 116 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M3 80 60 1.75 4.38 3.5 476.9 300 5 116.32 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M5 80 60 1.75 4.38 3.5 476.9 350 5 116.52 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M7 80 60 1.75 4.38 3.5 476.9 450 5 116.63 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R2M1 80 60 2 5 4 542.8 275 5 140.49 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M3 80 60 2 5 4 542.8 300 5 141.75 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M5 80 60 2 5 4 542.8 350 5 143.12 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M7 80 60 2 5 4 542.8 450 5 147 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R3M1 80 60 2.25 5.63 4.5 608.3 275 5 161.68 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3M3 80 60 2.25 5.63 4.5 608.3 300 5 163.05 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3M5 80 60 2.25 5.63 4.5 608.3 350 5 167.69 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3M7 80 60 2.25 5.63 4.5 608.3 450 5 172.86 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R4M1 80 60 3 5.5 4 811.7 275 5 219.07 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M3 80 60 3 5.5 4 811.7 300 5 224.5 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M5 80 60 3 5.5 4 811.7 350 5 234.19 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M7 80 60 3 5.5 4 811.7 450 5 253.36 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R5M1 80 60 3 7.5 6 801.4 275 5 216.62 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M3 80 60 3 7.5 6 801.4 300 5 221.63 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M5 80 60 3 7.5 6 801.4 350 5 233.02 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M7 80 60 3 7.5 6 801.4 450 5 253.04 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
S1M2 40 40 2 5 4 302.8 275 10 81.06 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M4 40 40 2 5 4 302.8 300 10 83.69 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M6 40 40 2 5 4 302.8 350 10 88.73 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S1M8 40 40 2 5 4 302.8 450 10 98.81 2015.87 1960 0.357 75.7 75.7 75.7 75.7 75.7 
S2M2 40 40 3 5.5 4 451.7 275 10 123.22 4307.67 4187.5 0.244 112.9 112.9 112.9 112.9 112.9 
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S2M4 40 40 3 5.5 4 451.7 300 10 128.01 4307.67 4187.5 0.244 112.9 112.9 112.9 112.9 112.9 
S2M6 40 40 3 5.5 4 451.7 350 10 138.66 4307.67 4187.5 0.244 112.9 112.9 112.9 112.9 112.9 
S2M8 40 40 3 5.5 4 451.7 450 10 161.03 4307.67 4187.5 0.244 112.9 112.9 112.9 112.9 112.9 
S3M2 40 40 3 7.5 6 441.4 275 10 120.56 4656.33 4750 0.229 110.3 110.3 110.3 110.3 110.3 
S3M4 40 40 3 7.5 6 441.4 300 10 125.14 4656.33 4750 0.229 110.3 110.3 110.3 110.3 110.3 
S3M6 40 40 3 7.5 6 441.4 350 10 135.57 4656.33 4750 0.229 110.3 110.3 110.3 110.3 110.3 
S3M8 40 40 3 7.5 6 441.4 450 10 157.51 4656.33 4750 0.229 110.3 110.3 110.3 110.3 110.3 
S4M2 55 55 1.5 4.25 3.5 319.1 275 10 82.15 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M4 55 55 1.5 4.25 3.5 319.1 300 10 81.52 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M6 55 55 1.5 4.25 3.5 319.1 350 10 82.04 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4M8 55 55 1.5 4.25 3.5 319.1 450 10 82.04 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S5M2 65 65 1.5 4.25 3.5 379.1 275 10 91.22 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M4 65 65 1.5 4.25 3.5 379.1 300 10 91.22 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M6 65 65 1.5 4.25 3.5 379.1 350 10 90.49 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5M8 65 65 1.5 4.25 3.5 379.1 450 10 91.01 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S6M2 65 65 1.75 4.38 3.5 441.9 275 10 113.91 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6M4 65 65 1.75 4.38 3.5 441.9 300 10 114.22 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6M6 65 65 1.75 4.38 3.5 441.9 350 10 114.01 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6M8 65 65 1.75 4.38 3.5 441.9 450 10 114.85 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S7M2 70 70 1.5 4.25 3.5 409.1 275 10 94.03 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M4 70 70 1.5 4.25 3.5 409.1 300 10 93.93 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M6 70 70 1.5 4.25 3.5 409.1 350 10 93.93 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S7M8 70 70 1.5 4.25 3.5 409.1 450 10 93.41 363.96 340 0.857 94.0 82.0 88.4 96.1 82.7 
S8M2 70 70 1.75 4.38 3.5 476.9 275 10 119.03 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M4 70 70 1.75 4.38 3.5 476.9 300 10 117.68 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M6 70 70 1.75 4.38 3.5 476.9 350 10 118.2 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8M8 70 70 1.75 4.38 3.5 476.9 450 10 117.57 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
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S9M2 90 90 1.75 4.38 3.5 616.9 275 10 131.69 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M4 90 90 1.75 4.38 3.5 616.9 300 10 131.69 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M6 90 90 1.75 4.38 3.5 616.9 350 10 131.48 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9M8 90 90 1.75 4.38 3.5 616.9 450 10 131.69 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S10M2 90 90 2 5 4 702.8 275 10 164.01 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M4 90 90 2 5 4 702.8 300 10 164.12 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M6 90 90 2 5 4 702.8 350 10 164.22 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10M8 90 90 2 5 4 702.8 450 10 161.81 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S11M2 100 100 2 5 4 782.8 275 10 167.79 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M4 100 100 2 5 4 782.8 300 10 167.9 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M6 100 100 2 5 4 782.8 350 10 167.79 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11M8 100 100 2 5 4 782.8 450 10 169.05 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S12M2 100 100 2.25 5.63 4.5 878.3 275 10 208.38 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12M4 100 100 2.25 5.63 4.5 878.3 300 10 208.27 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12M6 100 100 2.25 5.63 4.5 878.3 350 10 208.27 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12M8 100 100 2.25 5.63 4.5 878.3 450 10 208.27 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S13M2 100 100 2.5 6.25 5 973.2 275 10 240.8 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M4 100 100 2.5 6.25 5 973.2 300 10 240.7 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M6 100 100 2.5 6.25 5 973.2 350 10 241.65 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13M8 100 100 2.5 6.25 5 973.2 450 10 247.04 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S14M2 100 100 3 5.5 4 1172 275 10 308.74 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M4 100 100 3 5.5 4 1172 300 10 310.77 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M6 100 100 3 5.5 4 1172 350 10 317.8 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14M8 100 100 3 5.5 4 1172 450 10 325.89 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S15M2 100 100 3 7.5 6 1161 275 10 307.68 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15M4 100 100 3 7.5 6 1161 300 10 309.6 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15M6 100 100 3 7.5 6 1161 350 10 316.41 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
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S15M8 100 100 3 7.5 6 1161 450 10 322.48 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S16M2 110 110 2 5 4 862.8 275 10 173.15 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M4 110 110 2 5 4 862.8 300 10 173.78 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M6 110 110 2 5 4 862.8 350 10 173.25 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16M8 110 110 2 5 4 862.8 450 10 172.52 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S17M2 120 120 2 5 4 942.8 275 10 176.6 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M4 120 120 2 5 4 942.8 300 10 176.6 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M6 120 120 2 5 4 942.8 350 10 176.28 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17M8 120 120 2 5 4 942.8 450 10 175.64 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S18M2 130 130 2 5 4 1023 275 10 176.76 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M4 130 130 2 5 4 1023 300 10 176.66 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M6 130 130 2 5 4 1023 350 10 176.66 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18M8 130 130 2 5 4 1023 450 10 175.8 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S19M2 140 140 2 5 4 1103 275 10 178.65 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19M4 140 140 2 5 4 1103 300 10 178.54 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19M6 140 140 2 5 4 1103 350 10 178.32 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19M8 140 140 2 5 4 1103 450 10 177.56 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
R1M2 80 60 1.75 4.38 3.5 476.9 275 10 115.58 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M4 80 60 1.75 4.38 3.5 476.9 300 10 115.69 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M6 80 60 1.75 4.38 3.5 476.9 350 10 115.69 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1M8 80 60 1.75 4.38 3.5 476.9 450 10 115.79 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R2M2 80 60 2 5 4 542.8 275 10 140.18 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M4 80 60 2 5 4 542.8 300 10 138.81 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M6 80 60 2 5 4 542.8 350 10 138.39 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2M8 80 60 2 5 4 542.8 450 10 142.91 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R3M2 80 60 2.25 5.63 4.5 608.3 275 10 160.74 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3M4 80 60 2.25 5.63 4.5 608.3 300 10 160.74 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
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R3M6 80 60 2.25 5.63 4.5 608.3 350 10 165.79 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3M8 80 60 2.25 5.63 4.5 608.3 450 10 168.53 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R4M2 80 60 3 5.5 4 811.7 275 10 219.28 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M4 80 60 3 5.5 4 811.7 300 10 224.18 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M6 80 60 3 5.5 4 811.7 350 10 231.32 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4M8 80 60 3 5.5 4 811.7 450 10 252.72 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R5M2 80 60 3 7.5 6 801.4 275 10 216.41 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M4 80 60 3 7.5 6 801.4 300 10 221.2 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M6 80 60 3 7.5 6 801.4 350 10 231 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5M8 80 60 3 7.5 6 801.4 450 10 250.49 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
S1C1 40 40 2 5 4 302.8 275 100 80.85 2015.87 1955 0.358 75.7 75.7 75.7 75.7 75.7 
S1C2 40 40 2 5 4 302.8 300 100 82.53 2015.87 1955 0.358 75.7 75.7 75.7 75.7 75.7 
S1C3 40 40 2 5 4 302.8 350 100 84.21 2015.87 1955 0.358 75.7 75.7 75.7 75.7 75.7 
S1C4 40 40 2 5 4 302.8 450 100 86.31 2015.87 1955 0.358 75.7 75.7 75.7 75.7 75.7 
S2C1 40 40 3 5.5 4 451.7 275 100 123.01 4307.67 4195 0.244 112.9 112.9 112.9 112.9 112.9 
S2C2 40 40 3 5.5 4 451.7 300 100 126.52 4307.67 4195 0.244 112.9 112.9 112.9 112.9 112.9 
S2C3 40 40 3 5.5 4 451.7 350 100 133.87 4307.67 4195 0.244 112.9 112.9 112.9 112.9 112.9 
S2C4 40 40 3 5.5 4 451.7 450 100 143.03 4307.67 4195 0.244 112.9 112.9 112.9 112.9 112.9 
S3C1 40 40 3 7.5 6 441.4 275 100 120.24 4656.33 4725 0.230 110.3 110.3 110.3 110.3 110.3 
S3C2 40 40 3 7.5 6 441.4 300 100 123.97 4656.33 4725 0.230 110.3 110.3 110.3 110.3 110.3 
S3C3 40 40 3 7.5 6 441.4 350 100 131.31 4656.33 4725 0.230 110.3 110.3 110.3 110.3 110.3 
S3C4 40 40 3 7.5 6 441.4 450 100 142.28 4656.33 4725 0.230 110.3 110.3 110.3 110.3 110.3 
S4C1 55 55 1.5 4.25 3.5 319.1 275 100 82.57 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4C2 55 55 1.5 4.25 3.5 319.1 300 100 82.36 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4C3 55 55 1.5 4.25 3.5 319.1 350 100 81.73 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S4C4 55 55 1.5 4.25 3.5 319.1 450 100 79.65 594.52 562.5 0.667 79.8 74.9 79.8 79.8 74.2 
S5C1 65 65 1.5 4.25 3.5 379.1 275 100 96.54 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
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S5C2 65 65 1.5 4.25 3.5 379.1 300 100 96.33 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5C3 65 65 1.5 4.25 3.5 379.1 350 100 94.97 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S5C4 65 65 1.5 4.25 3.5 379.1 450 100 92.89 423.04 397.5 0.793 94.8 80.0 86.8 93.5 80.4 
S6C1 65 65 1.75 4.38 3.5 441.9 275 100 114.43 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6C2 65 65 1.75 4.38 3.5 441.9 300 100 114.33 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6C3 65 65 1.75 4.38 3.5 441.9 350 100 113.39 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S6C4 65 65 1.75 4.38 3.5 441.9 450 100 110.25 571.86 537.5 0.682 110.5 101.7 110.5 110.5 101.5 
S7C1 70 70 1.5 4.25 3.5 409.1 275 100 102.79 363.96 342.5 0.854 94.0 82.0 88.4 96.3 82.7 
S7C2 70 70 1.5 4.25 3.5 409.1 300 100 102.79 363.96 342.5 0.854 94.0 82.0 88.4 96.3 82.7 
S7C3 70 70 1.5 4.25 3.5 409.1 350 100 101.85 363.96 342.5 0.854 94.0 82.0 88.4 96.3 82.7 
S7C4 70 70 1.5 4.25 3.5 409.1 450 100 99.66 363.96 342.5 0.854 94.0 82.0 88.4 96.3 82.7 
S8C1 70 70 1.75 4.38 3.5 476.9 275 100 122.8 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8C2 70 70 1.75 4.38 3.5 476.9 300 100 122.28 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8C3 70 70 1.75 4.38 3.5 476.9 350 100 120.81 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S8C4 70 70 1.75 4.38 3.5 476.9 450 100 117.99 492.4 460 0.737 119.2 104.8 119.2 119.2 105.4 
S9C1 90 90 1.75 4.38 3.5 616.9 275 100 150.41 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9C2 90 90 1.75 4.38 3.5 616.9 300 100 148.95 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9C3 90 90 1.75 4.38 3.5 616.9 350 100 142.67 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S9C4 90 90 1.75 4.38 3.5 616.9 450 100 147.28 296.87 275 0.953 132.3 113.8 121.5 135.2 116.3 
S10C1 90 90 2 5 4 702.8 275 100 178.71 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10C2 90 90 2 5 4 702.8 300 100 178.92 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10C3 90 90 2 5 4 702.8 350 100 176.72 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S10C4 90 90 2 5 4 702.8 450 100 172.94 388.37 362.5 0.830 163.5 142.8 154.2 168.4 144.9 
S11C1 100 100 2 5 4 782.8 275 100 194.15 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11C2 100 100 2 5 4 782.8 300 100 193.62 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11C3 100 100 2 5 4 782.8 350 100 192.78 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
S11C4 100 100 2 5 4 782.8 450 100 189.63 314.21 292.5 0.925 170.9 147.4 157.8 175.1 150.7 
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S12C1 100 100 2.25 5.63 4.5 878.3 275 100 225.24 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12C2 100 100 2.25 5.63 4.5 878.3 300 100 224.92 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12C3 100 100 2.25 5.63 4.5 878.3 350 100 221.87 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S12C4 100 100 2.25 5.63 4.5 878.3 450 100 217.23 398.19 370 0.822 219.6 179.9 194.6 211.8 182.3 
S13C1 100 100 2.5 6.25 5 973.2 275 100 252.23 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13C2 100 100 2.5 6.25 5 973.2 300 100 250.01 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13C3 100 100 2.5 6.25 5 973.2 350 100 247.78 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S13C4 100 100 2.5 6.25 5 973.2 450 100 243.45 492.37 460 0.737 243.3 213.9 243.3 243.3 215.0 
S14C1 100 100 3 5.5 4 1172 275 100 311.3 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14C2 100 100 3 5.5 4 1172 300 100 311.51 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14C3 100 100 3 5.5 4 1172 350 100 309.49 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S14C4 100 100 3 5.5 4 1172 450 100 302.25 699.57 650 0.620 292.9 280.5 292.9 292.9 281.1 
S15C1 100 100 3 7.5 6 1161 275 100 308.96 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15C2 100 100 3 7.5 6 1161 300 100 308.64 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15C3 100 100 3 7.5 6 1161 350 100 308.1 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S15C4 100 100 3 7.5 6 1161 450 100 300.44 711.65 670 0.611 290.3 290.3 290.3 290.3 280.3 
S16C1 110 110 2 5 4 862.8 275 100 201.81 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16C2 110 110 2 5 4 862.8 300 100 191 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16C3 110 110 2 5 4 862.8 350 100 200.45 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S16C4 110 110 2 5 4 862.8 450 100 198.35 259.47 240 1.021 177.0 151.3 160.7 180.9 155.2 
S17C1 120 120 2 5 4 942.8 275 100 201.29 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17C2 120 120 2 5 4 942.8 300 100 200.98 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17C2 120 120 2 5 4 942.8 350 100 199.92 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S17C4 120 120 2 5 4 942.8 450 100 199.28 217.9 202.5 1.111 182.1 154.5 163.1 186.8 159.5 
S18C1 130 130 2 5 4 1023 275 100 198.7 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18C2 130 130 2 5 4 1023 300 100 198.38 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S18C3 130 130 2 5 4 1023 350 100 197.2 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
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S18C4 130 130 2 5 4 1023 450 100 195.6 185.59 172.5 1.204 186.5 157.2 165.2 191.9 163.0 
S19C1 140 140 2 5 4 1103 275 100 198.27 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19C2 140 140 2 5 4 1103 300 100 198.16 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19C3 140 140 2 5 4 1103 350 100 197.73 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
S19C4 140 140 2 5 4 1103 450 100 196.85 159.98 147.5 1.302 190.2 159.5 166.9 196.1 165.4 
R1C1 80 60 1.75 4.38 3.5 476.9 275 100 122.07 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1C2 80 60 1.75 4.38 3.5 476.9 300 100 121.65 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1C3 80 60 1.75 4.38 3.5 476.9 350 100 120.08 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R1C4 80 60 1.75 4.38 3.5 476.9 450 100 117.99 441.83 422.5 0.769 113.9 104.0 110.1 119.2 102.9 
R2C1 80 60 2 5 4 542.8 275 100 140.18 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2C2 80 60 2 5 4 542.8 300 100 140.91 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2C3 80 60 2 5 4 542.8 350 100 139.55 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R2C4 80 60 2 5 4 542.8 450 100 135.98 578.7 555 0.671 135.7 126.3 135.7 135.7 125.8 
R3C1 80 60 2.25 5.63 4.5 608.3 275 100 160.1 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3C2 80 60 2.25 5.63 4.5 608.3 300 100 160.21 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3C3 80 60 2.25 5.63 4.5 608.3 350 100 160.31 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R3C4 80 60 2.25 5.63 4.5 608.3 450 100 157.05 734.77 710 0.593 152.1 147.3 152.1 152.1 148.5 
R4C1 80 60 3 5.5 4 811.7 275 100 218.33 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4C2 80 60 3 5.5 4 811.7 300 100 220.35 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4C3 80 60 3 5.5 4 811.7 350 100 221.52 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R4C4 80 60 3 5.5 4 811.7 450 100 222.16 1281.3 1230 0.451 202.9 202.9 202.9 202.9 202.9 
R5C1 80 60 3 7.5 6 801.4 275 100 215.98 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5C2 80 60 3 7.5 6 801.4 300 100 218.11 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5C3 80 60 3 7.5 6 801.4 350 100 218.86 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
R5C4 80 60 3 7.5 6 801.4 450 100 219.18 1320.22 1295 0.439 200.3 200.3 200.3 200.3 200.3 
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Annex B . Channel sections results 
 

Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C1M1 40 30 2 2 5 183.4 275 5 50.71 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M3 40 30 2 2 5 183.4 300 5 51.04 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M5 40 30 2 2 5 183.4 350 5 52.36 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M7 40 30 2 2 5 183.4 450 5 54.89 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C2M1 40 30 3 3 7.5 262.7 275 5 73.81 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M3 40 30 3 3 7.5 262.7 300 5 75.79 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M5 40 30 3 3 7.5 262.7 350 5 79.75 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M7 40 30 3 3 7.5 262.7 450 5 88.22 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C3M1 60 30 3 3 7.5 322.7 275 5 89.87 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M3 60 30 3 3 7.5 322.7 300 5 91.85 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M5 60 30 3 3 7.5 322.7 350 5 96.69 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M7 60 30 3 3 7.5 322.7 450 5 101.53 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C4M1 60 35 3 3 7.5 352.7 275 5 98.12 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M3 60 35 3 3 7.5 352.7 300 5 99.88 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M5 60 35 3 3 7.5 352.7 350 5 103.07 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M7 60 35 3 3 7.5 352.7 450 5 110.44 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C5M1 80 40 3.25 3.25 8.125 476.2 275 5 132.33 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M3 80 40 3.25 3.25 8.125 476.2 300 5 134.53 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M5 80 40 3.25 3.25 8.125 476.2 350 5 137.39 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M7 80 40 3.25 3.25 8.125 476.2 450 5 146.74 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C6M1 80 40 3 3 7.5 442.7 275 5 122.65 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M3 80 40 3 3 7.5 442.7 300 5 124.08 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M5 80 40 3 3 7.5 442.7 350 5 127.27 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M7 80 40 3 3 7.5 442.7 450 5 131.45 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C7M1 100 50 3 3 7.5 562.7 275 5 149.38 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M3 100 50 3 3 7.5 562.7 300 5 148.17 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M5 100 50 3 3 7.5 562.7 350 5 149.27 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M7 100 50 3 3 7.5 562.7 450 5 150.59 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C8M1 100 50 4 4 10 733.7 275 5 203.61 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M3 100 50 4 4 10 733.7 300 5 206.8 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M5 100 50 4 4 10 733.7 350 5 213.62 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M7 100 50 4 4 10 733.7 450 5 219.01 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C9M1 120 60 3 3 7.5 682.7 275 5 158.62 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M3 120 60 3 3 7.5 682.7 300 5 158.62 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M5 120 60 3 3 7.5 682.7 350 5 159.39 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M7 120 60 3 3 7.5 682.7 450 5 158.51 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C10M1 140 60 5 5 12.5 1196 275 5 331.87 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M3 140 60 5 5 12.5 1196 300 5 335.06 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M5 140 60 5 5 12.5 1196 350 5 346.28 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M7 140 60 5 5 12.5 1196 450 5 367.18 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C11M1 160 70 5 5 12.5 1396 275 5 384.34 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11M3 160 70 5 5 12.5 1396 300 5 382.58 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C11M5 160 70 5 5 12.5 1396 350 5 392.26 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11M7 160 70 5 5 12.5 1396 450 5 402.16 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C1M2 40 30 2 2 5 183.4 275 10 50.6 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M4 40 30 2 2 5 183.4 300 10 50.93 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M6 40 30 2 2 5 183.4 350 10 51.92 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1M8 40 30 2 2 5 183.4 450 10 53.57 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C2M2 40 30 3 3 7.5 262.7 275 10 73.7 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M4 40 30 3 3 7.5 262.7 300 10 75.68 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M6 40 30 3 3 7.5 262.7 350 10 79.2 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2M8 40 30 3 3 7.5 262.7 450 10 87.34 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C3M2 60 30 3 3 7.5 322.7 275 10 89.87 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M4 60 30 3 3 7.5 322.7 300 10 91.85 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M6 60 30 3 3 7.5 322.7 350 10 96.25 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3M8 60 30 3 3 7.5 322.7 450 10 102.3 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C4M2 60 35 3 3 7.5 352.7 275 10 98.01 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M4 60 35 3 3 7.5 352.7 300 10 99.88 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M6 60 35 3 3 7.5 352.7 350 10 102.3 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4M8 60 35 3 3 7.5 352.7 450 10 108.13 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C5M2 80 40 3.25 3.25 8.125 476.2 275 10 132.22 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M4 80 40 3.25 3.25 8.125 476.2 300 10 133.87 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M6 80 40 3.25 3.25 8.125 476.2 350 10 136.62 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5M8 80 40 3.25 3.25 8.125 476.2 450 10 143.66 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C6M2 80 40 3 3 7.5 442.7 275 10 122.43 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M4 80 40 3 3 7.5 442.7 300 10 123.53 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M6 80 40 3 3 7.5 442.7 350 10 125.95 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6M8 80 40 3 3 7.5 442.7 450 10 127.93 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C7M2 100 50 3 3 7.5 562.7 275 10 147.62 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M4 100 50 3 3 7.5 562.7 300 10 148.94 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M6 100 50 3 3 7.5 562.7 350 10 149.38 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7M8 100 50 3 3 7.5 562.7 450 10 147.95 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C8M2 100 50 4 4 10 733.7 275 10 203.61 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M4 100 50 4 4 10 733.7 300 10 206.25 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M6 100 50 4 4 10 733.7 350 10 211.31 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8M8 100 50 4 4 10 733.7 450 10 217.03 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C9M2 120 60 3 3 7.5 682.7 275 10 164.12 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M4 120 60 3 3 7.5 682.7 300 10 164.12 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M6 120 60 3 3 7.5 682.7 350 10 164.01 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9M8 120 60 3 3 7.5 682.7 450 10 163.13 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C10M2 140 60 5 5 12.5 1196 275 10 331.43 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M4 140 60 5 5 12.5 1196 300 10 333.85 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M6 140 60 5 5 12.5 1196 350 10 344.74 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10M8 140 60 5 5 12.5 1196 450 10 360.36 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C11M2 160 70 5 5 12.5 1396 275 10 383.46 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11M4 160 70 5 5 12.5 1396 300 10 381.59 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 

36 (104)



    
 36 (45) 

 

36 
 

Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C11M6 160 70 5 5 12.5 1396 350 10 385.22 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11M8 160 70 5 5 12.5 1396 450 10 391.27 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C1C1 40 30 2 2 5 183.4 275 100 49.83 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1C2 40 30 2 2 5 183.4 300 100 50.38 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1C3 40 30 2 2 5 183.4 350 100 50.49 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C1C4 40 30 2 2 5 183.4 450 100 49.17 945.44 705 0.595 43.8 42.4 43.8 45.9 44.7 
C2C1 40 30 3 3 7.5 262.7 275 100 73.48 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2C2 40 30 3 3 7.5 262.7 300 100 74.47 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2C3 40 30 3 3 7.5 262.7 350 100 75.35 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C2C4 40 30 3 3 7.5 262.7 450 100 76.12 2243.1 1640 0.390 65.7 65.7 65.7 65.7 65.7 
C3C1 60 30 3 3 7.5 322.7 275 100 88.99 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3C2 60 30 3 3 7.5 322.7 300 100 89.76 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3C3 60 30 3 3 7.5 322.7 350 100 90.64 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C3C4 60 30 3 3 7.5 322.7 450 100 91.41 1637.75 1378 0.426 80.7 80.7 80.7 80.7 80.7 
C4C1 60 35 3 3 7.5 352.7 275 100 97.46 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4C2 60 35 3 3 7.5 352.7 300 100 97.9 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4C3 60 35 3 3 7.5 352.7 350 100 97.79 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C4C4 60 35 3 3 7.5 352.7 450 100 97.57 1331.13 1088 0.479 88.2 87.5 88.2 88.2 88.2 
C5C1 80 40 3.25 3.25 8.125 476.2 275 100 130.9 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5C2 80 40 3.25 3.25 8.125 476.2 300 100 131.45 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5C3 80 40 3.25 3.25 8.125 476.2 350 100 131.56 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
C5C4 80 40 3.25 3.25 8.125 476.2 450 100 129.47 1054.7 900 0.527 119.1 117.0 119.1 119.1 119.1 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C6C1 80 40 3 3 7.5 442.7 275 100 121.33 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6C2 80 40 3 3 7.5 442.7 300 100 121.55 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6C3 80 40 3 3 7.5 442.7 350 100 121.44 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C6C4 80 40 3 3 7.5 442.7 450 100 118.58 890.37 762.5 0.573 110.4 106.9 110.4 110.7 109.4 
C7C1 100 50 3 3 7.5 562.7 275 100 152.02 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7C2 100 50 3 3 7.5 562.7 300 100 151.25 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7C3 100 50 3 3 7.5 562.7 350 100 149.38 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C7C4 100 50 3 3 7.5 562.7 450 100 145.86 559.31 480 0.722 131.3 128.3 131.3 140.7 125.8 
C8C1 100 50 4 4 10 733.7 275 100 201.74 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8C2 100 50 4 4 10 733.7 300 100 202.18 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8C3 100 50 4 4 10 733.7 350 100 201.96 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C8C4 100 50 4 4 10 733.7 450 100 199.1 1020.76 867.5 0.537 183.4 179.7 183.4 183.4 183.4 
C9C1 120 60 3 3 7.5 682.7 275 100 180.73 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9C2 120 60 3 3 7.5 682.7 300 100 180.4 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9C3 120 60 3 3 7.5 682.7 350 100 177.65 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C9C4 120 60 3 3 7.5 682.7 450 100 175.23 383.82 332.5 0.867 150.4 140.8 150.4 159.2 137.1 
C10C1 140 60 5 5 12.5 1196 275 100 327.69 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10C2 140 60 5 5 12.5 1196 300 100 328.13 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10C3 140 60 5 5 12.5 1196 350 100 328.9 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C10C4 140 60 5 5 12.5 1196 450 100 324.39 958.25 830 0.549 299.1 295.7 299.1 299.1 299.1 
C11C1 160 70 5 5 12.5 1396 275 100 380.82 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11C2 160 70 5 5 12.5 1396 300 100 380.49 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

H B tw tf rm Ag u  
n 

Nu,num cr,num  crl p 
EC 1-1 EC 1-4 G&T DSM 

(Carbon) 
DSM 

(Stainless) 
(mm) (mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 

C11C3 160 70 5 5 12.5 1396 350 100 377.96 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
C11C4 160 70 5 5 12.5 1396 450 100 368.83 709.91 617.5 0.636 343.7 334.3 343.7 349.1 331.5 
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Annex C. I-sections results 
 
 

Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I1M1 100 50 3 3 741 275 5 180.97 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M3 100 50 3 3 741 300 5 181.89 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M5 100 50 3 3 741 350 5 182.6 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M7 100 50 3 3 741 450 5 185.14 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I2M1 100 50 2.5 3 642.5 275 5 145.15 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M3 100 50 2.5 3 642.5 300 5 144.94 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M5 100 50 2.5 3 642.5 350 5 145.15 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M7 100 50 2.5 3 642.5 450 5 145.25 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I3M1 100 50 2 3 544 275 5 108.69 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M3 100 50 2 3 544 300 5 109.3 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M5 100 50 2 3 544 350 5 110.61 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M7 100 50 2 3 544 450 5 111.93 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I4M1 80 40 3 3 591 275 5 152.86 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4M3 80 40 3 3 591 300 5 154.38 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4M5 80 40 3 3 591 350 5 158.24 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4M7 80 40 3 3 591 450 5 162.2 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I5M1 80 40 2.75 3 551.8 275 5 141.69 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5M3 80 40 2.75 3 551.8 300 5 142.91 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5M5 80 40 2.75 3 551.8 350 5 145.65 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I5M7 80 40 2.75 3 551.8 450 5 150.93 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I6M1 80 40 3.25 3 630.3 275 5 164.63 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M3 80 40 3.25 3 630.3 300 5 165.44 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M5 80 40 3.25 3 630.3 350 5 169.93 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M7 80 40 3.25 3 630.3 450 5 179.32 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I7M1 80 40 3.5 3.5 687.8 275 5 180.85 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M3 80 40 3.5 3.5 687.8 300 5 183.8 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M5 80 40 3.5 3.5 687.8 350 5 190.54 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M7 80 40 3.5 3.5 687.8 450 5 204.82 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I8M1 70 40 3.25 3.5 583.6 275 5 153.82 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M3 70 40 3.25 3.5 583.6 300 5 156.98 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M5 70 40 3.25 3.5 583.6 350 5 163.91 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M7 70 40 3.25 3.5 583.6 450 5 177.48 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I9M1 70 40 3 3.5 549.5 275 5 143.52 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M3 70 40 3 3.5 549.5 300 5 145.55 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M5 70 40 3 3.5 549.5 350 5 151.95 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M7 70 40 3 3.5 549.5 450 5 162.4 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I10M1 70 40 3.75 4 670 275 5 178.81 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10M3 70 40 3.75 4 670 300 5 183.8 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10M5 70 40 3.75 4 670 350 5 194.41 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10M7 70 40 3.75 4 670 450 5 213.08 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I11M1 100 80 5.5 4 1398 275 5 372.9 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I11M3 100 80 5.5 4 1398 300 5 382.35 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11M5 100 80 5.5 4 1398 350 5 396.83 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11M7 100 80 5.5 4 1398 450 5 429.8 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I12M1 100 80 6 4 1496 275 5 402.22 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M3 100 80 6 4 1496 300 5 413.55 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M5 100 80 6 4 1496 350 5 439.3 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M7 100 80 6 4 1496 450 5 487.19 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I1M2 100 50 3 3 741 275 10 180.37 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M4 100 50 3 3 741 300 10 180.67 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M6 100 50 3 3 741 350 10 180.06 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1M8 100 50 3 3 741 450 10 179.96 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I2M2 100 50 2.5 3 642.5 275 10 147.07 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M4 100 50 2.5 3 642.5 300 10 147.28 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M6 100 50 2.5 3 642.5 350 10 147.07 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2M8 100 50 2.5 3 642.5 450 10 146.87 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I3M2 100 50 2 3 544 275 10 111.93 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M4 100 50 2 3 544 300 10 111.72 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M6 100 50 2 3 544 350 10 111.62 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3M8 100 50 2 3 544 450 10 111.12 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I4M2 80 40 3 3 591 275 10 152.45 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4M4 80 40 3 3 591 300 10 153.87 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4M6 80 40 3 3 591 350 10 153.57 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I4M8 80 40 3 3 591 450 10 157.63 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I5M2 80 40 2.75 3 551.8 275 10 137.94 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5M4 80 40 2.75 3 551.8 300 10 142 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5M6 80 40 2.75 3 551.8 350 10 143.22 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5M8 80 40 2.75 3 551.8 450 10 142.51 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I6M2 80 40 3.25 3 630.3 275 10 162.79 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M4 80 40 3.25 3 630.3 300 10 164.93 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M6 80 40 3.25 3 630.3 350 10 168.81 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6M8 80 40 3.25 3 630.3 450 10 175.44 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I7M2 80 40 3.5 3.5 687.8 275 10 180.03 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M4 80 40 3.5 3.5 687.8 300 10 183.4 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M6 80 40 3.5 3.5 687.8 350 10 189.72 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7M8 80 40 3.5 3.5 687.8 450 10 192.98 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I8M2 70 40 3.25 3.5 583.6 275 10 153.71 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M4 70 40 3.25 3.5 583.6 300 10 157.28 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M6 70 40 3.25 3.5 583.6 350 10 163.1 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8M8 70 40 3.25 3.5 583.6 450 10 172.69 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I9M2 70 40 3 3.5 549.5 275 10 143.22 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M4 70 40 3 3.5 549.5 300 10 146.06 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M6 70 40 3 3.5 549.5 350 10 151.13 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9M8 70 40 3 3.5 549.5 450 10 158.64 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I10M2 70 40 3.75 4 670 275 10 179.01 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I10M4 70 40 3.75 4 670 300 10 183.5 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10M6 70 40 3.75 4 670 350 10 193.7 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10M8 70 40 3.75 4 670 450 10 211.34 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I11M2 100 80 5.5 4 1398 275 10 372.7 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11M4 100 80 5.5 4 1398 300 10 382.15 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11M6 100 80 5.5 4 1398 350 10 394.88 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11M4 100 80 5.5 4 1398 450 10 426.1 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I12M2 100 80 6 4 1496 275 10 402.32 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M4 100 80 6 4 1496 300 10 412.21 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M6 100 80 6 4 1496 350 10 438.16 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12M8 100 80 6 4 1496 450 10 482.25 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I1C1 100 50 3 3 741 275 100 185.44 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1C2 100 50 3 3 741 300 100 184.63 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1C3 100 50 3 3 741 350 100 182.29 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I1C4 100 50 3 3 741 450 100 178.03 556.72 505 0.704 160.3 156.5 165.8 185.3 167.8 
I2C1 100 50 2.5 3 642.5 275 100 158.44 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2C2 100 50 2.5 3 642.5 300 100 158.04 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2C3 100 50 2.5 3 642.5 350 100 156.31 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I2C4 100 50 2.5 3 642.5 450 100 152.55 433.92 392.5 0.798 125.7 125.3 130.7 157.8 135.7 
I3C1 100 50 2 3 544 275 100 127.82 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3C2 100 50 2 3 544 300 100 127.51 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I3C3 100 50 2 3 544 350 100 126.6 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I3C4 100 50 2 3 544 450 100 124.98 312.99 325 0.877 95.4 97.1 99.9 125.9 108.4 
I4C1 80 40 3 3 591 275 100 150.93 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4C2 80 40 3 3 591 300 100 151.34 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4C3 80 40 3 3 591 350 100 151.54 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I4C4 80 40 3 3 591 450 100 147.89 867.02 787.5 0.563 125.0 137.9 147.5 147.8 146.8 
I5C1 80 40 2.75 3 551.8 275 100 140.17 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5C2 80 40 2.75 3 551.8 300 100 140.48 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5C3 80 40 2.75 3 551.8 350 100 139.87 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I5C4 80 40 2.75 3 551.8 450 100 136.21 769.15 700 0.598 111.6 124.7 133.8 137.9 134.3 
I6C1 80 40 3.25 3 630.3 275 100 162.69 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6C2 80 40 3.25 3 630.3 300 100 163 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6C3 80 40 3.25 3 630.3 350 100 163.1 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I6C4 80 40 3.25 3 630.3 450 100 160.65 970.98 880 0.533 134.2 151.0 157.0 157.6 157.6 
I7C1 80 40 3.5 3.5 687.8 275 100 179.01 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7C2 80 40 3.5 3.5 687.8 300 100 179.62 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7C3 80 40 3.5 3.5 687.8 350 100 180.85 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I7C4 80 40 3.5 3.5 687.8 450 100 181.15 1176.5 1073 0.483 118.0 158.8 161.0 171.9 171.9 
I8C1 70 40 3.25 3.5 583.6 275 100 152.9 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8C2 70 40 3.25 3.5 583.6 300 100 153.31 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8C3 70 40 3.25 3.5 583.6 350 100 154.22 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I8C4 70 40 3.25 3.5 583.6 450 100 155.24 1350.99 1243 0.449 93.0 135.5 135.5 145.9 145.9 
I9C1 70 40 3 3.5 549.5 275 100 142.51 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
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Specimen 

Cross-section properties (mm) Material Numerical 
Results CUFSM Analyitical resistance Nu,Rk  

bf hw tf tw Ag u 
n 

Nu,num cr,num  crl p 
EC 1-

1 
EC 1-

4 G&T DSM 
(Carbon) 

DSM 
(Stainless) 

(mm) (mm) (mm) (mm) (mm2) (MPa) (kN) (MPa) (Mpa) (kN) (kN) (kN) (kN) (kN) 
I9C2 70 40 3 3.5 549.5 300 100 143.12 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9C3 70 40 3 3.5 549.5 350 100 143.72 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I9C4 70 40 3 3.5 549.5 450 100 143.93 1212.57 1113 0.474 85.5 125.3 127.5 137.4 137.4 
I10C1 70 40 3.75 4 670 275 100 177.58 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10C2 70 40 3.75 4 670 300 100 180.85 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10C3 70 40 3.75 4 670 350 100 181.66 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I10C4 70 40 3.75 4 670 450 100 183.4 1780.27 1640 0.390 65.8 137.9 137.9 167.5 167.5 
I11C1 100 80 5.5 4 1398 275 100 369.51 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11C2 100 80 5.5 4 1398 300 100 373.83 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11C3 100 80 5.5 4 1398 350 100 376.19 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I11C4 100 80 5.5 4 1398 450 100 377.94 1479.73 1280 0.442 349.5 349.5 349.5 349.5 349.5 
I12C1 100 80 6 4 1496 275 100 398.92 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12C2 100 80 6 4 1496 300 100 407.26 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12C3 100 80 6 4 1496 350 100 413.55 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
I12C4 100 80 6 4 1496 450 100 419.11 1691.33 1460 0.414 374.0 374.0 374.0 374.0 374.0 
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Preface 
Direct Strength Method (DSM) is a modern simulation-based method developed 
specially for the design of thin-walled steel members, not yet included in the 
Eurocodes, but implemented in US and Australian design codes. The method is 
predicated upon the idea that if an engineer determines all of the elastic 
instabilities for the member and its gross section (i.e. local, distortional, and 
global buckling) and the load (or moment) that causes the section to yield, then 
the strength can be directly determined. A geometrically and materially non-linear 
with imperfections analysis (GMNIA) is used to provide data for comparison with 
the current methods and DSM calculations. 
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1 Introduction 
The Direct Strength Method (DSM), an alternative calculation of cold-formed 
steel resistance of members, taking into account the interactions of local, 
distortional and overall buckling. It has been introduced in American and 
Australian/New Zealand standards AISI S100 and AS/NZS 4600 based on [1–4]. 

The detailed overview of design methods used in current standards that are 
proposed for the use in evaluation of cross-section and member resistance is 
presented in the “Review of available data” report [5]. The background for the 
local buckling calculation is included in Appendix C of this report. This section 
will mostly focus on the description of DSM and methods connected to DSM. 

The calculation methods presented below are deliberately written in the form of 
design rules in EN 1993. Therefore the nominal buckling resistance Nb is used 
instead of axial strength Pn from ASCE 8-02 and AISI S100 specification or 
nominal member capacity Nc from AS/NZS 4600 and 4673. The critical buckling 
length Lcr equals to the KL term in AISI/ASCE specification and kl term in 
AS/NZS. The nondimensional slenderness λ and the radius of gyration r from 
AISI/ASCE specification and AS/NZS are written as λ  and i respectively 
according to the form used in EN. 

2 Member resistance 
The nominal member resistances of columns and beams in Eq. (1) are reduced 
cross-sectional resistances Afy and Wfy respectively. 

yb AfN χ=  for columns 

yb WfM χ=  for beams. 
(1) 

The reduction factors χ are not used in ASCE and AS/NZS standards, where the 
reduced member strength is calculated directly. 

2.1 Ayrton-Perry formula 

The buckling strength reduction χ can be calculated by the formula proposed by 
Ayrton and Perry [6] that is represented in Eqs. (2) and (3) in a form used in EN 
1993 where Ncr and Mcr are the elastic buckling loads.  

( )
22

1 1χ
ϕ ϕ λ

= ≤
+ −

 (2) 

y

cr

Af
N

λ =  for columns and y

cr

Wf
M

λ = for beams. (3) 

The calculation of coefficient φ recommended by EN 1993 is based on two 
parameters α and 0λ  (Eq. (4)) that are calibrated by the experiments for different 
buckling modes and cross-sections. 
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( ) 2
00,5 1ϕ α λ λ λ = + − +  

 (4) 

Four parameters α, β, 0λ  and 1λ  are required by the alternative method of 
AS/NZS 4673 (see Eq. (5)), and therefore the buckling curve can describe more 
accurately materials with rounded stress-strain relationship. 

( )2
0,5 1ϕ η λ= + +  and ( )1 0

β
η α λ λ λ = − −  

. (5) 

2.2 Tangent modulus approach 

The tangent method in ASCE 8-02 specification and AS/NZS 4673 is based on 
the iterative calculation of critical buckling strength of materials with Ramberg-
Osgood constitutive model [7]. Here it is represented in the form compatible with 
EN 1993 in Eqs. (6) and (7) where n stands for the nonlinear factor from the 
Rambeg-Osgood model. 

( )2
1 1χ

λ
= ≤ . (6) 

11 0.002y n

cr y

Af En
N f

λ χ −= +  for columns 

11 0.002y n

cr y

Wf En
M f

λ χ −= + for beams. 

(7) 

2.3 Combined Ayrton-Perry formula and tangent modulus approach 

The use of nondimensional slenderness calculated by the tangent method in 
Eq. (7) in Ayrton-Perry formula (Eq. (2)) was proposed by Hradil et al. [8]. It 
accounts for the initial imperfections and gradual yielding at the same time. The 
method requires iterative calculations in the same way as the original tangent 
method. 

2.4 North American specification AISI S100-2007 

The AISI S100 specification for the design of cold-formed steel structural 
members provides rules generally applicable to carbon steels. The method is, 
however, noted herewith because the AISI specification includes also DSM 
curves for the interaction of local and overall buckling that are compatible with 
the Eq. (8). 

2

2

0,658 1,5
0,877 1,5

for

for

λ λ
χ

λ
λ

 ≤


= 
>



 for columns (8) 
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2

1 0,6

1,11 0,309 1,6 1,34
1 1,34

for

for

for

λ

χ λ λ

λ
λ


 ≤
= − > ≤

 >


 for beams. 

3 Cross-section resistance 

3.1 Effective cross-section 

The method for evaluation of local buckling used in current EN 1993 is based on 
reduction of the cross-sectional area of Class 4 cross-sections by omitting parts of 
the section that are subjected to local buckling and which are thus ineffective in 
overall member resistance. The effect of distortional buckling of stiffeners is 
accounted for by reducing the thickness of outstanding parts of the effective 
section. The resulting cross-section may have shift in centroid position leading to 
the combination of compression and bending. Iterative calculations are needed for 
the effective width of plates subjected to bending due to the shift of section 
centroid and also due to the reduced thickness of outstanding stiffeners of open 
sections. 

b eff yN A fχ=  for columns 

b eff yM W fχ=  for beams. 
(9) 

This effective cross-section approach is employed in EN 1993, AISI S100, ASCE 
8-02, AS/NZS 4600 and 4673. However, there are fundamental differences in the 
standards: 

(a) The effective section is independent on the overall buckling resistance and 
the plate slenderness is based on the yield strength fy and the critical stress σcr 
as in Eq. (10). Then the reduction  factor χ for member buckling is calculated 
from these effective section properties. This method is used in EN 1993. 

y
p

cr

f
λ

σ
= . (10) 

(b) The member buckling resistance for overall buckling is calculated using the 
full cross-section. Then the effective section is calculated using the member 
buckling stress χ fy (Eq. (11)). This method is employed in AISI/ASCE and 
AS/NZS standards. It was also recommended for the Eurocode by Talja and 
Salmi [9] already in 1994. 

y
p

cr

fχ
λ

σ
= . (11) 

3.2 Direct strength method 

The basics of the Direct Strength Method (DSM) are described in [5]. This 
method was recently included in the North American and Australian standards for 
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carbon steel cold formed members AISI S100 and AS/NZS 4600. Its modification 
for stainless steels was proposed by Becque et al. [10] in combination with all 
major stainless steel design standards including the Eurocode. In this method, the 
reduced member strength f is calculated directly from the strength curves. These 
curves are defined in AISI S100 and AS/NZS 4600 standards in a form similar to 
Equation (12). 

lim

3 4

1 2 lim

y

K K

cr cr
y

y y

f for

f
K K f for

f f

λ λ

σ σ λ λ

≤
    =  − >            

, where y

cr

f
λ

σ
= . (12) 

The Equation (12) can be written also as Equation (13) provided that C1 = K1, C2 
= K2, C3 = 2K4 and C4 = 2(K3 + K4). We will use Eq. (13) in this report, which is 
more consistent with the original theories. 

lim

1 2
lim3 4

y

yC C

f for
f C C f for

λ λ

λ λ
λ λ

≤
=   − > 
 

, where y

cr

f
λ

σ
= . (13) 

Currently, the method covers distortional buckling and local-overall buckling 
interaction in compression or bending. The interaction of local and distortional 
buckling and distortional and overall buckling is considered insignificant, and 
therefore is not included in the current DSM formulation [2]. The rules for shear 
buckling and combined shear and bending were recently proposed by Pham and 
Hancock [11]. 

The Direct Strength Method use is limited to pre-qualified column and beam 
cross-sections. They include lipped C-sections, lipped C-sections with web 
stiffener(s), Z-sections, hats, racks upright (only compression) and trapezoids 
(only bending). The geometric and material limits of those sections recommended 
by AISI S100 and AS/NZS 4600 are presented in Appendix A. Cold-formed 
sections that do not satisfy the limits can still be used with additional penalization 
presented in the codes. 

(a) Local and overall buckling interaction 

The interaction of local (plate) buckling and overall (member) buckling can be 
calculated by DSM as the reduction of member strength in Eq. (14). The reduction 
factor of member buckling χ is discussed in previous chapters. 

b lN Afχ=  for columns 

b lM Wfχ=  for beams. 
(14) 

The calculation in Eq. (15) is based on the knowledge of the overall buckling 
reduction factor χ and the critical local buckling stress σcr,l that can be obtained 
for instance by the Finite Strip Method (FSM) or manually by Eq. (16), as 
recommended by AISI S100. The manual method is, however, providing poor 
prediction since it does not account for the interaction between elements. 
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,lim

1 2
,lim3 4

y l l

l
y l lC C

l l

f for
f C C f for

λ λ

λ λ
λ λ

≤
=   − > 
 

, where 
,

y
l

cr l

fχ
λ

σ
= . (15) 

( )
22

, 212 1cr l
E tk

b
πσ

ν
 =  −  

 for each plate element.

 

(16) 

The parameters C1 to C4 and λb,l,lim, recommended by Becque et al. [10] and 
Bezkorovainy et al. [12], are presented in Table 1 to be used with different 
standardized overall buckling calculation methods. It should be noted that 
parameters by Bezkorovainy et al. [12] were obtained from the plate buckling 
analysis and have a poor match to the real cross-sectional behaviour because they 
do not account for the corner areas of cold-formed profiles. 

Table 1. DSM parameters for interaction of overall and local buckling of 
members. 

 C1 C2 C3 C4 λl,lim 
Johnson and Winter [13] 1.00 0.22 1.0 2.0 0.673 
Bezkorovainy et al. [12] 0.90 0.20 1.0 2.0 0.500 

Becque et al. (EN 1993-1-4) [10] 0.95 0.22 1.0 2.0 0.550 
Becque et al. (AS/NZS 4673) [10] 0.95 0.22 0.8 1.6 0.474 

Becque et al. (ASCE 8-02) [10] 0.90 0.20 0.9 1.8 0.463 
AISI S100, AS/NZS 4600 [14, 15] 1.00 0.15 0.8 1.6 0.776 
 

(b) Distortional buckling 

In AISI S100 and AS/NZS 4600, DSM also offers a method for calculation of 
distortional buckling resistance. It can be written as a reduction of member 
strength – so the Eq. (17) will be similar to the basic formula from EN 1993. 

b dN Af=  for columns 

b dM Wf=  for beams. 
(17) 

The calculation of reduced strength in Eq. (18) is based on the knowledge of the 
critical distortional buckling stress σcr,d that can be obtained for instance by the 
Finite Strip Method (FSM). 

,lim

1 2
,lim3 4

y d d

d
y d dC C

l l

f for
f C C f for

λ λ

λ λ
λ λ

≤
=   − > 
 

, where 
,

y
d

cr d

f
λ

σ
= . (18) 

The parameters C1 to C4 and λd,lim recommended by Becque et al. [10] are 
presented in Table 2 to be used with different stainless steel grades. The values 
used in AISI S100 are also included in the table. 
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Table 2. DSM parameters for distortional buckling. 

 C1 C2 C3 C4 λd,lim 
Austenitic steels [10] 0.80 0.15 1.1 2.2 0.533 

Ferritic steels [10] 0.90 0.20 1.1 2.2 0.533 
AISI S100 1.00 0.25 1.2 2.4 0.561 

AS/NZS 4600 1.00 0.22 1.0 2.0 0.673 
 

3.3 Modified Direct Strength Method 

The method by Becque et al. [10] was further improved for the low slenderness 
range by Rossi and Rasmussen [16]. 

(a) Local buckling 

The calculation of local buckling (without overall buckling interaction) in Eq. (19) 
is, however, valid only with the limit member slenderness of 0,474 for AS/NZS 
rules (Table 2). 

( ) ,lim1 2,11 1u
l l y l l

y

ff f for
f

λ λ λ
  

= − − ≤      
. (19) 

(b) Local-overall buckling interaction 

The modification of overall buckling reduction of AS/NZS rules (Eqs. (2), (3) and 
(5)) is recommended in the case of overall and local buckling interaction (see Eqs. 
(20) and (21)). No further modification is then needed and the Eq. (15) can be 
used in its original form. 

lim
lim

1 1 1u

y

f for
f

λχ λ λ
λ

  
= − − + ≤     

. (20) 

1
lim 0 1

β
λ λ λ= + . (21) 

(c) Distortional buckling 

The modified formula for distortional buckling (Eq. (18)) can be used for both, 
austenitic and ferritic steels (see Eq. (22)). 

( ) ,lim1 1,88 1u
d d y d d

y

ff f for
f

λ λ λ
  

= − − ≤      
. (22) 

4 Elastic buckling solutions 
Presented methods rely on the knowledge of elastic buckling critical stress or 
critical load. While manual methods for overall buckling of members are 
successfully used in member design for many decades, the elastic buckling 
solutions for local or distortional buckling of cross-sections are more complex 
phenomena and usually require numerical approach. 
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4.1 Finite Element Method 

Cold-formed members are usually modelled using finite shell elements that are 
supported by most of the commercial FE solvers. The finite element model has to 
be prepared carefully taking into account proper element type, its shape function, 
mesh size and element aspect ratio. The benchmark test with different settings is 
often recommended before the final FE analysis. 

The elastic buckling can be then solved by the linear eigenvalue analysis (LEA), 
searching for the elastic critical loads. This method, however, cannot distinguish 
between local, distortional and overall modes unless special constraints are 
included in the model. Moreover, the number of required eigenmodes is not 
known before the desired failure is reached. Designers usually have to calculate 
many values and then search manually for the first applicable buckling mode. 

It is possible to suppress local and distortional buckling modes in the buckling 
analysis by stiffening each cross section with membrane elements [17]. This 
function is not usually available in FE programs, but it was recently implemented 
in the Abaqus plug-in developed in VTT [18]. Multipoint constraints were used to 
prevent overall and distortional modes by Kumar and Kalyanaraman [19]. Such 
approaches can greatly help the designers with selection of the proper buckling 
mode because the desired eigenvalue is usually the first one calculated. 

In our study we used Abaqus solver [20] and S9R5 quadratic thin shell elements 
with reduced integration, which proved to provide acceptable results and their 
shape function is suitable also for modelling of cold-formed corners. 

4.2 Finite Strip Method 

The method particularly suitable for identifying cross-sectional critical loads is 
implemented in several commercial and open-source software products. It is very 
fast and it can generate so called signature curve, where the minimum critical 
loads for local or distortional buckling may be identified easily. There are several 
similarities with the FEM especially in the modelling phase. Cross-section has to 
be properly partitioned and at least two elements per face are recommended. The 
corner areas may require finer mesh as well as in FEM calculations. 

In our study we used open-source software CUFSM [21]. The handling of inputs 
and outputs was automated by the Python script using the Matlab import/export 
module. 

4.3 Generalized Beam Theory 

The GBT is relatively new method and only the limited selection of programs 
using GBT is available. One example is GBTUL software. Even though the 
method is not used in this report, we encourage readers to read additional 
information about this theory [22, 23]. 

4.4 Manual methods 

The closed-form solutions are usually very efficient and simple to use. They do 
not require special software and even though these methods provide conservative 
results they are very popular in engineering community and form the basic 
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structure of current design codes. The manual methods are discussed in more 
detail in Appendix B. 

5 Virtual buckling tests 
Finite element models were used to simulate the buckling experiments on cold-
formed lipped channels. The problem of additional bending effect due to the shift 
of effective centroid in singly symmetric sections was solved by fixing the model 
ends as recommended in [24]. Therefore the real length L of tested columns was 
always two times higher than the critical buckling length in flexural and torsional 
buckling (Lcr = Lcr,x = Lcr,y = Lcr,T = ½ L). 

5.1 Cross-sections and material 

The cross-sectional shapes were designed to fail in overall torsional-flexural 
buckling (Section A) and flexural buckling (Section B) as in Figure 1 and Table 4. 
Section B was also designed to slightly violate DSM limits of the pre-qualified 
sections (Table 4 and Appendix A) to study the effect of long and slender element 
(the lip) on the critical section load. The average corner radius is 3 mm. 

                       
Figure 1. Studied cross-sections: Section A (left) and Section B (right). 

Table 3. Cross-sectional parameters. 

 0h  0b  D  θ  t  
Section A 72 mm 36 mm 15 mm 90° 0.5 to 1.5 mm 
Section B 72 mm 24 mm 15 mm 90° 0.5 to 1.5 mm 

 

The finite element method was using Ramberg-Osgood material model [7] with 
the n factor equal to 10, yield strength fy = 250 MPa and the initial modulus of 
elasticity E0 = 200 GPa. 
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Table 4. Geometric and material limits for the use with AISI, ASCE and AS/NZS 
standards. 

 Section A Pre-qualified Section B Pre-qualified 
 column beam column beam 
th0  48 to 144 OK OK 48 to 144 OK OK 
tb0  24 to 72 OK OK 16 to 48 OK OK 
tD  10 to 30 OK OK 10 to 30 OK OK 
00 bh  2 OK OK 3 OK OK 
0bD  0.41 OK OK 0.62 - OK 

θ  90° OK OK 90° OK OK 
yfE  800 OK OK 800 OK OK 

 

5.2 Initial imperfections 

The ultimate loads recorded in Table 5 and Table 6 are produced by the virtual 
testing tool [18], where the initial imperfections were combined from the overall 
and local component. The distribution of overall and local imperfection was 
provided by the tool automatically from the linear eigenvalue analysis. The 
magnitude of overall imperfections was L/1500 in case of columns failing in 
overall buckling or local-overall interaction. In the case of local imperfections, we 
used Dawson and Walker’s formula [25] in Equation (23), where t is the plate 
thickness, σcr is the plate critical stress and σ02 is the 0,2% offset yield strength of 
the material. 

( )0 020,023 crw t σ σ=  (23) 

It should be noted that the amplitude of overall imperfections may be 
unproportionally higher than of local imperfections even for short columns where 
the local buckling is clearly dominating. However, the design codes do not 
provide guidance about the limit column lengths for local-overall interaction.  
Therefore we have reduced the overall amplitude proportionally to the critical 
stress ratio σcr/ σcr,l of the member and the cross-section in the case of short 
columns. 

5.3 Ultimate loads 

(a) columns failing in overall torsional-flexural buckling 

Table 5. Ultimate loads (in kN) of FEM Section A in compression. 
Lcr 

(mm) 
t (mm) 

0.5 0.75 1.0 1.25 1.5 
125 9.692 20.455 33.452 43.821 59.494 
250 9.409 20.319 30.794 43.730 59.118 
500 9.673 18.498 29.609 43.266 52.642 
750 9.394 19.458 29.097 39.928 48.085 
1000 9.525 18.313 27.757 35.018 42.340 
1250 8.811 16.131 23.328 29.507 35.996 
1500 7.573 13.541 18.509 23.918 29.736 
2000 4.699 8.399 11.780 15.538 19.777 
3000 2.718 4.963 6.984 9.265 10.801 
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(b) columns failing in overall flexural buckling 

Table 6. Ultimate loads (in kN) of FEM Section B in compression. 
Lcr 

(mm) 
t (mm) 

0.5 0.75 1.0 1.25 1.5 
125 9.393 17.991 26.771 35.845 50.860 
250 9.136 17.392 25.578 34.487 48.640 
500 9.009 15.932 24.470 32.706 42.902 
750 8.230 14.267 23.060 30.158 36.800 
1000 7.001 12.474 19.030 24.888 30.299 
1250 4.600 n/a 14.362 n/a 23.586 
1500 4.389 n/a 10.636 n/a 16.357 
2000 2.719 n/a 6.492 n/a 9.767 
3000 1.244 n/a 2.992 n/a 4.497 

 

6 Comparison of the design methods 
The following four methods are compared in this document: 

CSM The continuous strength method in its latest form [26] 
is used only for section resistance calculations since it 
does not cover overall buckling. 

EN 1993-1-1 The calculation of resistance of carbon steel members 
resistance. It is also based on EN 1993-1-3 and EN 
1993-1-5. 

EN 1993-1-4 The standard procedure for calculation of stainless steel 
member resistance is the modification of the EN 
19993-1-1 method. It uses specific member buckling 
curves, section classification limits and reduction factor 
for local buckling. 

EN Talja and Salmi The calculation of local-overall buckling interaction 
according to EN 1993-1-4 method is modified so that  
the full section area is used in the member buckling 
reduction and real stress is used in the effective section 
calculation as recommended by Talja and Salmi [9].  

DSM-EN Direct strength method recommended by Becque et al. 
(for ferritic stainless steels) combined with EN 1993-1-
4 member buckling curves. The critical stress of the 
cross-section is calculated manually. 

DSM-EN-FSM Direct strength method recommended by Becque et al. 
combined with EN 1993-1-4 overall buckling curves. 
The critical stress for local and distortional buckling is 
obtained from CUFSM software [27]. This method was 
used only in member resistance calculations for 
selected cross-sections and variable member length. 
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The design methods were compared with the results of the FEM study. Because of 
the relatively short calculation times, the member lengths and material thicknesses 
were varying continuously in small steps to achieve smooth curves as results. The 
lengths of studied columns were from 50 to 4000 mm and the material thicknesses 
were from 0.5 to 2.0 mm. The material model was assumed elastic-plastic with the 
n factor equal to 10. Modulus of elasticity of 200 GPa and yield strength of 
250 MPa were applied. For the CSM method, the material model was extended to 
a bi-linear form with the ultimate strength of 350 MPa. 

The following sections show the results of this parametric study as member 
resistances plotted against (a) critical length or (b) material thickness. The same 
graphs are also presented in the nondimensional form, where the resistances 
divided by cross-sectional resistance Afy are plotted against (a) member 
slenderness or (b) section slenderness. Design methods are compared to the FEM 
results (red markers in Figure 2 to Figure 11). The points named “local-overall 
interaction” indicate the critical length or the thickness, where the overall critical 
stress is equal to the local buckling critical stress. 

6.1 Section A results 

(a) Columns with variable length and fixed thickness to 0.5, 1.0 and 1.5 mm 

 
Figure 2. Compression resistance of Section A with variable length. 
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Figure 3. Nondimensional compression resistance of Section A with variable 
member slenderness. 

(b) Columns with variable thickness and fixed length to 0.5, 0.75 and 1.0 m 

 
Figure 4. Compression resistance of Section A with variable thickness. 
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Figure 5. Nondimensional compression resistance of Section A with variable 
section slenderness. 

(c) Comparison to FEM results 

 
Figure 6. Compression resistance normalized to FEM results with respect to the 
variable length. 
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Figure 7. Compression resistance normalized to FEM results with respect to the 
variable thickness. 

6.2 Section B results 

(a) Columns with variable length and fixed thickness to 0.5, 1.0 and 1.5 mm 

 
Figure 8. Compression resistance of Section B with variable length. 
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Figure 9. Nondimensional compression resistance of Section B with variable 
member slenderness. 

(b) Columns with variable thickness and fixed length to 0.5, 0.75 and 1.0 m 

 
Figure 10. Compression resistance of Section B with variable thickness. 
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Figure 11. Nondimensional compression resistance of Section B with variable 
section slenderness. 

(c) Comparison to FEM results 

 
Figure 12. Compression resistance normalized to FEM results with respect to the 
variable length. 
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Figure 13. Compression resistance normalized to FEM results with respect to the 
variable thickness. 

7 Discussion 
Results show that the DSM method did not show significantly better results in 
comparison to the existing effective width method (see Figure 6 and Figure 12). 
However, both seem to be slightly over-predicting the member capacity in very 
short columns and tend to be more conservative with the increasing length (see 
Figure 7 and Figure 13). This effect can be caused by unnecessary reduction of 
sections that fail in overall buckling at low stress levels in the case of the effective 
section calculation. It was partly eliminated by applying the approach from AISI 
and AS/NZS standards recommended by Talja and Salmi. Smaller thicknesses are 
somewhat more conservative compared to the FEM results. 

8 Conclusions 

8.1 Effective Width Method 

The plate slenderness calculation in EN 1993-1-4, Section 5.2.3 is based on stress 
equal to the material yield strength fy. We recommend that the modification of the 
calculation should be considered, which takes into account the overall buckling 
stress of the full cross section (as it is used in AISI, ASCE and AS/NZS standards 
and as it is recommended by Talja and Salmi). The modified formula is presented 
in Eq. (24). The full cross-section shall be used in overall buckling calculation of 
the reduction factor χ. 

28.4
p

b t
kσ

λ χ
ε

= . (24) 
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8.2 Direct Strength Method 

The application of DSM in the member design does not provide significant 
improvement in the accuracy of results, but it is easier and more straightforward 
than the effective width and effective thickness calculations which usually need 
several iterations and are limited to simple cross-sections. The use of DSM is also 
limited to certain sectional shapes and loading combinations but its range can be 
extended by calibration without the need of more complex design rules. 

DSM tends to be too conservative for sections with one part remarkably more 
slender than others (such as top hat sections with long unstiffened lips). 

The main drawback of DSM use is the need of FSM or FEM software providing 
the accurate prediction of critical stress of local or distortional buckling. In that 
sense, a proper FEM analysis will produce much more accurate resistance 
prediction directly without the need of any further calculations. 

Eurocode 3, Part 1-5 provides rules for calculation of local buckling elastic 
critical stress of plated elements, which can serve as a basis for manual calculation 
of cross-sectional local buckling critical stress. Moreover, the rules for distortional 
buckling critical stress of edge stiffeners are present in Eurocode 3, Part 1-3, and 
therefore the basic values of DSM are readily available in the code, so that the 
implementation of DSM method is possible. From the modified DSM rules 
recommended by Rossi and Rasmussen [16], only the distortional buckling 
calculation can be adapted into the Eurocode because the local and local-overall 
buckling resistances are related only to the AS/NZS rules in the presented form. 

9 Recommendations 
DSM stands between traditional design methods and more sophisticated 
numerical methods such as FEM, and it yields best results in its semi-numerical 
form, where critical stresses from FSM, FEM or other numerical simulations are 
used. Due to many limitations explained here or in the Design Guide [28], we do 
not recommend the method to be used in Eurocode since nowadays FEM 
calculations provide more realistic predictions with reasonable computational 
time. If the DSM is considered as appendix to EN 1993-1-4, the following issues 
should be taken into account: 

1) Eurocode provides closed-form solutions of elastic buckling of plates (local 
buckling) and stiffeners (distortional buckling) that may be linked to the 
DSM. 

2) If a numerical solution of elastic buckling is recommended, its algorithm 
should be reviewed. We recommend CUFSM, an open-source (Academic 
Free Licence) algorithm provided by Ben Schafer, which was used in this 
report. 

3) Parameters of DSM curves have to be calibrated. The work by Becque et al. 
[10] provides one recommendation that may be used if it satisfies the 
reliability criteria. 
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4) The applicability of pre-qualified cross-section limits should be checked, 
because of the Eurocode specific rules for local and distortional critical 
stresses and overall buckling reduction factors. 

References 
[1] Hancock, G.J., Kwon, Y.B. & Stefan Bernard, E. Strength design curves for 

thin-walled sections undergoing distortional buckling. Journal of 
Constructional Steel Research 1994, Vol. 31, No. 2-3, pp. 169–186. ISSN 
0143-974X. doi: DOI: 10.1016/0143-974X(94)90009-4. 

[2] Schafer, B.W. & Peköz, T. Direct strength prediction of cold-formed steel 
members using numerical elastic buckling solutions. 14th International 
Specialty Conference on Cold-Formed Steel Structures. St. Louis, Missouri 
U.S.A., October 15–16, 1998. 1998. 

[3] Schafer, B. Local, Distortional, and Euler Buckling of Thin-Walled 
Columns. Journal of Structural Engineering 2002, 03/01; 2013/03, Vol. 128, 
No. 3, pp. 289–299. ISSN 0733-9445. doi: 10.1061/(ASCE)0733-
9445(2002)128:3(289). http://dx.doi.org/10.1061/(ASCE)0733-
9445(2002)128:3(289). 

[4] Schafer, B.W. Review: The Direct Strength Method of cold-formed steel 
member design. Journal of Constructional Steel Research 2008, 8, Vol. 64, 
No. 7–8, pp. 766–778. ISSN 0143-974X. doi: DOI: 
10.1016/j.jcsr.2008.01.022. 

[5] VTT-R-04651-12. Hradil, P., Talja, A., Real, E. & Mirambell, E. SAFSS 
Work Package 2: Review of available data. Espoo, Finland: VTT Technical 
Research Centre of Finland, 2012. 

[6] Ayrton, W.E. & Perry, J. On struts. The Engineer 1886, Vol. 62, pp. 464–
465. 

[7] Technical Note No. 902. Ramberg, W. & Osgood, W.R. Description of 
stress-strain curves by three parameters. Washington, D.C., USA: National 
Advisory Committee for Aeronautics, 1943. 

[8] Hradil, P., Fülöp, L. & Talja, A. Global stability of thin-walled ferritic 
stainless steel members. Thin-Walled Structures 2012, 12, Vol. 61, No. 0, 
pp. 106–114. ISSN 0263-8231. doi: 10.1016/j.tws.2012.05.006. 

[9] VTT Publications 201. Talja, A. & Salmi, P. Simplified design expressions 
for cold-formed channel sections. Espoo, Finland: VTT Technical Research 
Centre of Finland, 1994. 

[10] Becque, J., Lecce, M. & Rasmussen, K.J.R. The direct strength method for 
stainless steel compression members. Journal of Constructional Steel 
Research 2008, 11, Vol. 64, No. 11, pp. 1231–1238. ISSN 0143-974X. doi: 
DOI: 10.1016/j.jcsr.2008.07.007. 

[11] Pham, C. & Hancock, G. Direct Strength Design of Cold-Formed C-
Sections for Shear and Combined Actions. Journal of Structural Engineering 

70 (104)

http://dx.doi.org/10.1061/(ASCE)0733-9445(2002)128:3(289)
http://dx.doi.org/10.1061/(ASCE)0733-9445(2002)128:3(289)


 

RESEARCH REPORT VTT-R-03253-13 

24 (57) 
 

 

 

2012, 06/01; 2013/03, Vol. 138, No. 6, pp. 759–768. ISSN 0733-9445. doi: 
10.1061/(ASCE)ST.1943-541X.0000510. 
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000510. 

[12] Research Report No R821. Bezkorovainy, P., Burns, T. & Rasmussen, 
K.J.R. Strength Curves for Metal Plates in Compression. Sydney, Australia: 
Centre for Advanced Structural Engineering, Department of Civil 
Engineering, The University of Sydney, 2002. 

[13] Johnson, A. & Winter, G. Behaviour of Stainless Steel Columns and Beams. 
Journal of Structural Engineering 1966, Vol. 92(ST5), pp. 97–118. 

[14] AISI S100-2007 North American Specification for the Design of Cold-
Formed Steel Structural Members. Washington DC: 2007. 

[15] AISI S100-2007-C Commentary on North American Specification for the 
Design of Cold-Formed Steel Structural Members. Washington DC: 2007. 

[16] Rossi, B. & Rasmussen, K. Carrying Capacity of Stainless Steel Columns in 
the Low Slenderness Range. Journal of Structural Engineering 2012, 05/28; 
2013/02, pp. 502. ISSN 0733-9445. doi: 10.1061/(ASCE)ST.1943-
541X.0000666. http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000666. 

[17] Zhang, L. & Tong, G.S. Lateral buckling of web-tapered I-beams: A new 
theory. Journal of Constructional Steel Research 2008, 12, Vol. 64, No. 12, 
pp. 1379–1393. ISSN 0143-974X. doi: DOI: 10.1016/j.jcsr.2008.01.014. 

[18] Hradil, P., Fülöp, L. & Talja, A. Virtual testing of cold-formed structural 
members. Rakenteiden Mekaniikka (Journal of Structural Mechanics) 2011, 
Vol. 44, No. 3, pp. 206–217. ISSN 0783-6104. 

[19] Kumar, M. & Kalyanaraman, V. Design Strength of Locally Buckling Stub-
Lipped Channel Columns. Journal of Structural Engineering 2012, 11/01; 
2013/03, Vol. 138, No. 11, pp. 1291-1299. ISSN 0733-9445. doi: 
10.1061/(ASCE)ST.1943-541X.0000575. 
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000575. 

[20] ABAQUS User Manual (version 6.11). Pawtucket, RI, USA: Hibbitt, 
Karlsson & Sorensen Inc., 2011. 

[21] Schafer, B.W., Li, Z. & Moen, C.D. Computational modeling of cold-
formed steel. Thin-Walled Structures 2010, 11, Vol. 48, No. 10–11, pp. 
752–762. ISSN 0263-8231. doi: DOI: 10.1016/j.tws.2010.04.008. 

[22] Silvestre, N. & Camotim, D. Distortional buckling formulae for cold-formed 
steel C and Z-section members: Part I – derivation. Thin-Walled Structures 
2004, 11, Vol. 42, No. 11, pp. 1567–1597. ISSN 0263-8231. doi: DOI: 
10.1016/j.tws.2004.05.001. 

[23] Dinis, P.B., Camotim, D. & Silvestre, N. GBT formulation to analyse the 
buckling behaviour of thin-walled members with arbitrarily ‘branched’ open 
cross-sections. Thin-Walled Structures 2006, 1, Vol. 44, No. 1, pp. 20–38. 
ISSN 0263-8231. doi: DOI: 10.1016/j.tws.2005.09.005. 

71 (104)

http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000510
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000666
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000575


 

RESEARCH REPORT VTT-R-03253-13 

25 (57) 
 

 

 

[24] Rasmussen, K.J.R. & Hancock, G.J. Design of Cold-Formed Stainless Steel 
Tubular Members. I: Columns. Journal of Structural Engineering 1993, 
August 1993, Vol. 119, No. 8, pp. 2349–2367. doi: 10.1061/(ASCE)0733-
9445(1993)119:8(2349). 

[25] Dawson, R.G. & Walker, A.C. Post-Buckling of Geometrically Imperfect 
Plates. Journal of the Structural Division ASCE 1972, Vol. 98, No. 1, pp. 
75–94. 

[26] Afshan, S. & Gardner, L. The continuous strength method for structural 
stainless steel. Stainless Steel in Structures, 4th International Experts 
Seminar. Ascot, UK, 6.–7.12.2012. 2012. 

[27] Li, Z. & Schafer, B.W. Buckling analysis of cold-formed steel members 
with general boundary conditions using CUFSM: conventional and 
constrained finite strip methods. Twentieth International Specialty 
Conference on Cold-Formed Steel Structures. Saint Louis, Missouri, USA, 
3–4 November 2010. 2010. 

[28] AISI(ed.). Direct Strength Method (DSM) Design Guide. Washington, DC: 
American Iron and Steel Institute, 2006. Design Guide CF06-1. 

  

72 (104)



 

RESEARCH REPORT VTT-R-03253-13 

26 (57) 
 

 

 

Appendix A: DSM limits for pre-qualified members 
The geometrical and material limits in both standards (AISI S100:2007 and 
AS/NZS 4600:2005) are generally very similar, only small differences are 
highlighted in Table 7, Table 8, Table 9 and Table 10. 

Table 7. Pre-qualified columns (Part 1/2). 

Sections 
in compression AISI S100 limits AS/NZS 4600 limits 

Lipped channels 

 

4720 <th  
1590 <tb  

334 << tD  
57,0 00 << bh  
41,005,0 0 << bD  

°= 90θ  
( )MPaffE yy 593340 <>  

Complex lips of 
lipped channels 

 

1
34

2
34

3

3

2

2

<
<

<
<

DD
tD
DD
tD

 not applicable 
 

Lipped channels with 
web stiffener(s) 

 

4890 <th  
1600 <tb  

336 << tD  
7,23,1 00 << bh  
41,005,0 0 << bD  

max. 2 stiffeners 
( )MPaffE yy 593340 <>  

Z-section 

 

1370 <th  
560 <tb  

360 << tD  
7,25,1 00 << bh  

73,00 0 << bD  
°= 50θ  

( )MPaffE yy 345590 <>  
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Table 8. Pre-qualified columns (Part 2/2). 

Sections 
in compression AISI S100 limits AS/NZS 4600 limits 

Rack upright 

 

See Lipped 
channel with 
complex lips 

510 <th  
220 <tb  

85 << tD  
9,21,2 00 << bh  
0,26,1 2 << Db  

3,002 =hD  
°= 50θ  

( )MPaffE yy 593340 <>  

Hat 

 

500 <th  
200 <tb  

64 << tD  
2,11 00 << bh  

13,00 =bD  
°= 50θ  

( )MPaffE yy 476428 <>  
 

Table 9. Pre-qualified beams (Part 1/2). 

Sections 
in bending AISI S100 limits AS/NZS 4600 limits 

Hats (decks) with stiffened 
flange in compression 

 

970 <th  
4670 <tb  

260 << tbt  
87,014.0 00 << bh  

4,588,0 0 << tbb            488,0 0 << tbb  
( )MPaffE yy 414492 <>  

Trapezoids (decks) with stiff. 
flange in compression 

 

2030 <th  
2310 <tb ( ) 91,1sin42 00 << bh θ  

38,31,1 0 << tbh  
max. 2 stiffeners per element 

°<<° 8452 θ  
( )MPaffE yy 655310 <>  
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Table 10. Pre-qualified beams (Part 2/2). 

Sections 
in bending AISI S100 limits AS/NZS 4600 limits 

Lipped channels 

 

3210 <th  
750 <tb  

340 << tD  
175,1 00 << bh  
7,00 0 << bD  
°<<° 9044 θ  

( )MPaffE yy 483421 <>  
Complex lips of 
lipped channels 

 

1
34

2
34

3

3

2

2

<
<

<
<

DD
tD
DD
tD

 not applicable 

Lipped channels with 
web stiffener(s) 

 

3580 <th  
580 <tb  

1714 << tD  
7,115,5 00 << bh  
56,027,0 0 << bD  

°= 90θ  
( )MPaffE yy 352578 <>  

Z-section 

 

1830 <th  
710 <tb  

1610 << tD  
1,45,2 00 << bh  
34,015,0 0 << bD  

°<<° 9036 θ  
( )MPaffE yy 462440 <>     ( )MPaffE yy 462400 <>  

Complex lips of  
Z-sections 

 

1
34

2
34

3

3

2

2

<
<

<
<

DD
tD
DD
tD

 not applicable 
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Appendix B: Closed-form elastic buckling solutions 

Local buckling 

(a) element method 

A conservative approach assumes that the critical elastic buckling load σcr,l is the 
smallest buckling load of the cross-section plate elements σcr,el (Eqs. (25) and 
(26)) with hinged corners. Alternatively, it can be calculated as the weighted 
average of plate critical loads which may results in higher prediction in some 
cases. The values tel and bel stand for the element thickness and width 
respectively. The factor k is usually 4 for intermediate and 0.425 for outstanding 
elements. This approach is discussed in more detail in Appendix C. 

( ), ,mincr l cr elσ σ=  or ,
,

cr el el
cr l

el

b
b

σ
σ = ∑

∑
. (25) 

( )
22

, 212 1
el

cr el
el

tEk
b

πσ
µ

 
=  

−  
. (26) 

(b) interaction method for lipped channels 

More accurate prediction can be achieved by taking into account the interaction 
between section elements. Such methods are, however, restricted to the certain 
cross sections. In this example the flage-lip (f-l) and flange-web (f-w) interaction 
of lipped channel is calculated [3]. 

( ), , ,min ,cr l cr f l cr f wσ σ σ− −= . (27) 

( )
22

, 2
012 1cr f l f l

E tk
b

πσ
µ− −

 
=  

−  
 

( )
22

, 2
012 1cr f w f w

E tk
b

πσ
µ− −

 
=  

−  
. 

(28) 

2

0 0 0

11,07 3,95 4 0,6f l
D D Dk
b b b−

     
= − + + <     

     
 

0,4 2

0 0 0

0 0 0

0,2

0

0

4 2 1

4 2

f w

b b hwhen
h h b

k
h else
b

−

         − ≥     
         = 

   
 −  
    

. 
(29) 
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Distortional buckling 

The manual calculation of distortional buckling in Eurocode is based on isolation 
of edge stiffeners that consists of section flange and lip and then calculation of 
their sectional properties (As and Is) and rotational spring stiffness K. 

,

2 s
cr s

s

KEI
A

σ = . (30) 

Similar methods are implemented in EN 1993-1-5, AS/NZS and AISI standards. 
The calculation of critical load of lipped C and Z sections is developed in [3]. The 
results can be used for DSM application or for the stiffener thickness reduction as 
in EN 1993. 

Overall buckling 

For columns subjected to overall buckling, the critical stress is always the smallest 
of critical stresses of all possible overall failure modes. Depending on the cross-
section shape, it could be flexural buckling to y or z axis σE,y(z), torsional buckling 
σT or torsional-flexural buckling σTF,y(z). The support conditions are taken into 
account by reducing or extending the critical length to y and z axis Lcr,y(z) and in 
torsion Lcr,T. 

( )
2

( ) 2

, ( ) ( )

Ey z

cr y z y z

E

L i

πσ = . (31) 

2

2 2
0 ,

1 w
T t

g cr T

EIGI
A i L

πσ
 

= +  
 

, where 2 2 2 2
0 0 0y zi i i y z= + + + . (32) 

( )2

( ) ( ) ( ) ( )
( )

1 4
2TFy z Ey z T y z Ey z T

y z

σ σ σ β σ σ
β

 = + −  
, where 

( )2
0 01y z iβ = −  and ( )2

001 iyz −=β . 
(33) 
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Appendix C: Example calculations of studied cross-sections 
The following calculation protocols were automatically generated by Python 
script producing TeX document and converted to pdf format. The idea was to 
provide a simple tool that is able to produce calculation protocols of most of the 
current design methods that can be easily applied to any cold-formed cross-
sections. The resistances of Section A and Section B are calculated with effective 
length 1.0 m and material thickness 1.0 mm. 
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