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Abstract 

This work reports the latest results of an ongoing investigation on the post-buckling behavior, strength 

and design of cold-formed steel columns affected by local-distortional interaction, aimed at extending 

findings recently obtained for lipped channels to other cross-section shapes. Initially, the paper compares 

the elastic and elastic-plastic post-buckling and strength behaviors of hat-section, zed-section and lipped 

channel fixed-ended columns sharing cross-section dimensions (web, flange and lip widths) and lengths 

that lead to virtually identical local and distortional buckling loads, i.e., to a high susceptibility to local-

distortional mode interaction − note that the three columns exhibit the same local and distortional buckling 

behaviors. Then, the paper presents and discusses the results of an extensive parametric study, carried out 

by means of ABAQUS shell finite element analyses, aimed at determining the “exact” ultimate loads of 

210 pairs of initially imperfect hat-section and zed-section columns with various geometries, all of them 

associated with strong local-distortional interaction − the cross-section dimensions and lengths of these 

column pairs are those exhibited by fixed-ended lipped channel columns that were analyzed in previous 

investigations. Finally, the ultimate strength data gathered are used to assess the performance of a recent 

design approach, based on the Direct Strength Method (DSM) and developed/validated in the context of 

cold-formed steel fixed-ended lipped channel columns undergoing local-distortional interaction, in order to 

assess whether it can be successfully applied to hat and zed-section columns under the same conditions. 
 
 
1. Introduction 

Cold-formed steel members invariably display slender thin-walled open cross-sections, which makes 

highly prone to instability phenomena involving cross-section deformation, namely local and distortional 

buckling − Fig. 1 shows hat-section column cross-section buckled shapes corresponding to local, 

distortional and global (flexural-torsional and flexural) modes. Moreover, several commonly used 

member geometries (unrestrained length and cross-section shape/dimensions) are associated with similar 

local and distortional buckling stresses, which automatically implies that the corresponding post-buckling 

behaviors (elastic or elastic-plastic), ultimate strength and failure mechanism are influenced by 

the coupling effects between these two buckling modes. Indeed, this influence has already been well 

studied, characterized and quantified, both numerically and experimentally, for lipped channel columns 

(mostly) and beams (Dinis et al. 2007, 2009a, Young et al. 2009, 2012 and Dinis & Camotim 2010). 
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(a) (b) (c) (d) 
 

Figure 1: Hat-section column cross-section buckled shapes corresponding to (a) local, (b) distortional, (c) flexural-

torsional and (d) flexural buckling modes 
 
Since the structural behavior and strength of cold-formed steel members is complex and often not 

yet adequately reflected in most current design codes, a considerable amount of research work has 

been devoted to the development of efficient (safe and economic) design rules for such members. 

Undoubtedly the most relevant fruit of this intense research activity was the “Direct Strength Method” 

(DSM), which (i) has its roots in the work of Hancock et al. (1994), (ii) was originally proposed by 

Schafer & Peköz (1998) and (iii) has been continuously improved, mostly due to Schafer’s efforts 

(e.g., Schafer 2008). The DSM (i) is currently capable of predicting the strength of columns and beams 

failing in local, distortional, global and local-global interactive modes, (ii) does not require any 

“effective width” calculations and (iii) has already been incorporated in the current versions of the North 

American (AISI 2007) and Australian/New Zealand (AS/NZS 2005) cold-formed steel specifications. 

However, as pointed out by Schafer (2008), further research is needed before the DSM approach 

can be applied to members affected by mode interaction phenomena involving distortional buckling. In 

the particular case of lipped channel columns (either pin-ended or fixed-ended) exhibiting local-

distortional interaction, the first two authors have already conducted extensive numerical simulations 

that (i) provided clear evidence that the currently DSM local and distortional design curves cannot 

capture adequately the ultimate strength erosion stemming from interactive behavior and also (ii) enabled 

them to unveil key features that must appear in a novel DSM approach for such members − they were 

incorporated into proposals/guidelines for the development of a new DSM strength curve (Camotim et al. 

2008, Silvestre et al. 2009, 2012, Young et al. 2012). Moreover, the experimental results obtained from 

the column tests reported by Yang & Hancock (2004), Kwon et al. (2009), Young et al. (2009, 2012) and 

Yap & Hancock (2011) also confirmed the ultimate strength erosion due to local-distortional interaction. 
 
The aim of this work is to extend the previous investigations carried out by the first two authors, in the 

context of fixed-ended cold-formed steel (E=210 GPa, ν=0.3) lipped channel columns (Dinis et al. 2009a), 

to hat and zed-section columns equally affected by strong local-distortional interaction − note that (i) 

columns with these three cross-sections (and the same dimensions) exhibit practically identical local and 

distortional buckling behaviors and (ii) some results concerning hat-section columns have already been 

reported (Dinis et al. 2011). The first part of the paper compares the (i) post-buckling behavior (elastic 

and elastic-plastic), (ii) ultimate strength and (iii) failure mode nature of the three column families under 

consideration − as logically anticipated, the identical cross-section dimensions and lengths, identified by 

means of trial-and error buckling analyses performed for the lipped channel columns (Silvestre et al. 

2009, 2012), lead to virtually coincident local (L) and distortional (D) buckling loads for each column 

trio. The results presented and discussed concern a large number of hat and zed-section columns differing 

only in the initial geometrical imperfection shape. The various imperfection shapes dealt with consist of 

different linear combinations of the competing L and D critical buckling mode shapes, all of them 

sharing a common amplitude equal to 10% of the wall thickness t, and a relevant outcome of this study is 

the identification of the most detrimental imperfection shapes, in the sense that they lead to lower column 

strengths. Next, the paper presents and discusses the results of a extensive parametric study, carried out by 

means of ABAQUS (Simulia 2008) shell finite element analyses (as all the numerical post-buckling results 
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reported in this work)
2
, aimed at obtaining “exact” ultimate loads for 210 pairs of fixed-ended hat and 

zed-section columns (i) with various geometries associated with strong local-distortional interaction 

(previously selected in the context of fixed-ended lipped channel columns − Silvestre et al. 2009, 2012) 

and (ii) containing the most detrimental initial imperfection shapes. Finally, the ultimate strength data 

gathered in the above parametric study are used to assess the performance of a novel DSM-based design 

approach that (i) is specifically intended to estimate column ultimate strengths corresponding to local-

distortional interactive failures, stemming from nearly coincident local and distortional critical buckling 

loads
3
, and (ii) was recently developed and validated in the context of lipped channel columns (Silvestre 

et al. 2012) − this approach adopts Winter-type curves and is based on the values of (i) the elastic critical 

(local and distortional) buckling stress, (ii) the critical half-wave length ratio LcrD /LcrL and (iii) the cross-

section elastic/plastic capacity. The aim is to find out whether the above novel DSM-based design 

approach can be successfully applied to hat and zed-section columns under the same circumstances. 

 

2. Local-Distortional Buckling Mode Interaction 

This section presents and discusses the main results of an investigation on the buckling, post-buckling 

(elastic and elastic-plastic) and strength behaviors of fixed-ended hat and zed-section columns strongly 

affected by strong local-distortional interaction (nearly coincident buckling loads) − moreover, these 

results are also compared with similar ones reported earlier for fixed-ended lipped channel columns 

(Silvestre et al. 2009, 2012). 
 
2.1 Buckling Behavior 

Trial-and-error buckling analyses, carried out for lipped channel columns, led to the identification of 

a common column geometry ensuring practically identical local and distortional critical buckling loads 

for the three cross-section shapes: bw=150 mm (web height), bf=140 mm (flange width), bs=10 mm (lip 

width), t=1.3 mm (wall thickness) and L=90 cm (length). Figs. 2(a)-(b) show (i) curves providing the 

variation of Pcr (critical buckling load) with the column length L (in logarithmic scale) for fixed-ended 

lipped channel (C curve), hat-section (H curve) and zed-section (Z curve) columns and (ii) hat and zed-

section LL/D=90 cm column “mixed” (L-D) critical buckling mode shapes, yielded by ABAQUS analyses. 

The observation of these buckling results prompts the following remarks: 

(i) The Pcr vs. L curves exhibit three distinct zones, corresponding to buckling in (i1) local (1-5 half-

waves), (i2) distortional (1-11 half-waves for H and C columns and 1-16 half-waves for Z columns) 

and (i3) flexural-torsional buckling (single half-wave) − moreover, note the fuzzy transition between 

the length intervals associated with L and D critical buckling, which typically occurs in fixed-

ended columns (unlike in their pin-ended counterparts, most of which exhibit a very clear transition). 

(ii) The C, H and Z column critical buckling curves only differ in the length corresponding to the 

transition between distortional and global (flexural-torsional) buckling − it occurs for LD/FT=950 cm 

(H columns), LD/FT=1000 cm (C columns) and LD/FT=1350 cm (Z columns). Taking the C columns as 
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column ultimate strength erosion may also occur when the local critical buckling is well below its distortional 
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specific issue already began to be investigated by the first two authors (Dinis et al. 2009b) and constitutes a topic of current 

research − additional results will most likely be reported in the near future. 
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Figure 2: (a) C, H and Z column critical buckling curves and (b) H and Z column “mixed” L-D critical buckling modes (for LL/D) 
 
 reference, the flexural-torsional buckling loads (ii1) considerably increase in the Z columns, due to the 

much higher (almost double) major-axis inertia, (ii2) slightly decrease in the H columns, due to the 

lower (by about 10%) warping constant, which outshines the marginally higher major-axis inertia. 

(iii) For columns shorter than the H column transition length (L<950 cm), all the local and distortional 

critical buckling loads virtually identical, even if the H column distortional values are a tiny bit (less 

than 0.5%) above their C and Z column counterparts. 

(iv) The LL/D=90 cm C, H and Z columns buckles for Pcr=37.3 kN (fcr=63.8 MPa) in a mode combining 

arbitrarily (iv1) a single distortional half-wave and (iv2) 5 local half-waves − the last two column 

critical buckling modes shapes are depicted in Fig. 2(b). Obviously, the post-buckling behaviors and 

ultimate strengths of these three columns will be strongly affected by local-distortional interaction. 
 
2.2 Initial Geometrical Imperfections 

The initial geometrical imperfection shape always plays a crucial role in mode interaction investigations, 

since its choice may alter considerably the post-buckling behavior and strength of the structural system 

under consideration. Therefore, it is necessary to study and compare the post-buckling behaviors of 

otherwise identical members containing various critical-mode initial imperfection shapes, combining 

differently the two competing L and D buckling modes and sharing the same overall amplitude (Dinis 

et al. 2007). In this study, the H and Z column initial imperfection shapes are similar to those considered 

earlier for the lipped channel columns (Dinis et al. 2009a) and consist of linear combinations of (i) five 

half-wave local and (ii) a single half-wave distortional buckling modes, both normalized to exhibit 
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Figure 3: (a) Initial imperfection representation in the CD.0 -CL.0 plane (H columns) and (b) initial imperfection shapes 

for θ=0º, 90º, 180º and 270º (H and Z columns) 
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amplitudes equal to 10% of the wall thickness t (0.1 t=0.13  mm). The combination coefficients, CL.0 and 

CD.0, satisfy the condition (CL.0)
2
+(CD.0)

2
=1, and each initial imperfection shape is defined by an angle θ, 

such that CL.0=sinθ and CD.0=cosθ, as illustrated in Fig. 3(a) for the H columns. Fig. 3(b) displays 

the pure local (θ=90º or 270º − outward/inward mid-span web bending) and distortional (θ=0º or 180º − 

inward/outward mid-span top flange-lip transverse motions) imperfections for the H and Z columns. 
 
2.3 Elastic Post-Buckling Behavior 

This section addresses the elastic post-buckling behavior of the fixed-ended hat and zed-section columns 

previously identified (in 2.1). In order to assess how the initial geometrical imperfection shape influences 

the post-buckling behavior under strong L-D interaction in the column post-buckling, numerical results 

concerning (i) H columns with imperfection shapes defined by θ=0º, 45º, 90º, 135º, 180º, 225º, 270º, 315º, 

and (ii) Z columns with imperfection shapes defined by θ=0º, 45º, 90º
4
 are presented and discussed − for 

clarification purposes, Z columns with θ =5º, 10º, 25º, 30º, 180º initial imperfections have also been 

analyzed and the corresponding post-buckling results are presented. 
 
Figs. 4(a)-(b) show the upper portions (P/Pcr >0.6) of the elastic equilibrium paths (i) P/Pcr vs. 

v/t, where v is the mid-span top flange-lip corner vertical displacement
5
, and (ii) P/Pcr vs. w/t, 

where w is the mid-span mid-web flexural displacement, for the H (Figs. 4(a1)-(b1)) and Z (Figs. 

4(a2)-(b2)) columns analyzed. As for Figs. 4(c1)-(c2), they show the deformed configurations of six 

columns at advanced post-buckling stages, namely (i) θ=0º, 90º, 225º H and (ii) θ=0º, 25º, 90º Z 

columns. The observation of all these post-buckling results leads to the following conclusions: 

(i) The column deformed configurations associated with all equilibrium paths shown in Fig. 4(a)-(b) 

combine (i1) predominant single half-wave distortional deformations, which are responsible for the 

whole v values and also part of the w values, with (i2) less relevant five half-wave local deformations, 

responsible for the remaining part of the w values − Fig. 4(c) displays six column deformed 

configurations exhibiting these combined features. Moreover, note that the emergence (i1) of local 

deformations in the θ=0º and θ=180º columns (CL.0=0), and (i2) of distortional deformations in the 

θ=90º and θ=270º columns (CD.0=0) provides clear evidence of the occurrence of L-D interaction. 

(ii) It is clear that the P/Pcr vs. w/t equilibrium paths are much more “irregular” than their P/Pcr vs. v/t 

counterparts, which is due to the fact that they “mix” distortional and local deformations with quite 

different half-wave numbers. Thus, H and Z column post-buckling behaviors will be assessed next 

exclusively through the analysis of the P/Pcr vs. w/t equilibrium paths − the (difficult) interpretation 

of the P/Pcr vs. w/t equilibrium paths will be specifically addressed a bit further ahead in the paper 

− see Figs. 5(a)-(b) and the corresponding comments. 

(iii) The equilibrium paths concerning the (iii1) θ=0º-270º-315º and (ii2) θ=45º-90º-135º-180º H columns 

merge into common curves. Since the θ=225º column equilibrium path remains a single curve, it 

may be said that the 8 hat-section column equilibrium paths “evolve” towards one of 3 curves, 

associated with inward (one of them) or outward (the other two) mid-span flange-lip motions.  

(iv) The existence of more then two “merging curves”, described in the previous item, was also reported 

in the fixed-ended H columns affected by L-D interaction analyzed by Dinis et al. (2011). However, 

this does not occur in fixed-ended lipped channel columns, as all equilibrium paths merge into just 2 

curves, involving inward or outward mid-span flange-lip motions (Dinis et al. 2009a). 

                                                 
4
 Since the Z column local and distortional post-buckling behaviors are both symmetric, there is no need to present post-buckling 

results concerning the θ > 90º columns (i.e., only the first CD.0 -CL.0 plane quadrant needs to be considered). 
5
 The distinction between the top and bottom flange-lip corner is relevant only for the Z columns − indeed, both flange-lip 

corners move identically in the H columns. 
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Figure 4: (a) P/Pcr vs. v/t and (b) P/Pcr vs. w/t equilibrium paths, and (c) three deformed configurations at advanced post-

buckling stages for the (1) H and (2) Z columns 
 
(v) For H columns, the pure distortional initial imperfections with inward mid-span flange-lip motions 

(θ=0º) are the most detrimental, in the sense that the associated equilibrium path lies below all the 

others (i.e., exhibit lower strengths) − the same occurred in the H columns recently analyzed by 

Dinis et al. (2011). Note that pure distortional initial imperfections with outward mid-span flange-lip 

motions are the most detrimental in fixed-ended lipped channel (C) columns (Dinis et al. 2009a). 

(vi) Finally, the Z columns also exhibit three “merging curves” (two of them very close), concerning 

columns exhibiting initial imperfections defined by 0º ≤θ ≤ 25º (inward mid-span top flange-lip 

motions) and 30º ≤θ ≤ 180º (outward mid-span top flange-lip motions), respectively − note that the 

θ=180º column has exactly the same post-buckling behavior and strength of the θ=0º one, as they 

only differ in the role reversal exhibited by the top and bottom flange-lip assemblies. Moreover, the 

pure distortional (θ=0º or θ=180º) initial imperfections are again the most detrimental ones in the 

fixed-ended Z columns (like in the H and C columns, as seen just before). 
 
In order to explain why the H and Z (and C) columns exhibit more then two “merging curves”, Figs. 

5(a)-(b) provide, for six different columns (θ=0º, 90º, 225º H and θ=0º, 25º, 90º Z columns), the web 

deformed configurations (w/t) at three equilibrium states, corresponding to increasing P/Pcr values. It is 

worth noting that (i) each web deformed configuration concerns a column whose behavior is described by 

one of the “merging curves”, (ii) positive w correspond to outward web bending (to the top flange left), 

and (iii) the horizontal coordinate is normalized with respect to the column length − x3 /L. The analysis of 

these web deformed configuration evolutions prompts the following remarks: 

(i) For P/Pcr< 0.8, the θ=0º, 90º column web deformed configurations are akin to the initial imperfection 

shape, i.e., exhibit 1 (θ=0º) or 5 (θ=90º) half-waves, respectively. For higher P/Pcr values, 

these configurations change and become a combination of the two above components, thus 

providing clear evidence of the occurrence of L-D interaction. 



 7 

w /t 
 

H
 C

o
lu

m
n

s
 

(a) 

P/Pcr 
1.07 
0.99 
0.78  P/Pcr 

  0.80 
  1.00 
  1.10 
 

w /t 

0      0.25    0.5    0.75      1       0      0.25    0.5    0.75      1          0      0.25    0.5    0.75      1 

θ=225 

 

θ=0 

 

x3 /L                                   x3 /L                                           x3 /L 

  2.0 
 

  1.0 

 
  0.0 

 
 -1.0 

  1.0 
 

  0.0 

 
 -1.0 

 
 -2.0 

θ=90 

 

P/Pcr 
  0.80 
  1.00 
  1.10 

w /t 
 

Z
 C

o
lu

m
n

s
 

(b) 

P/Pcr 
1.09 
0.99 
0.77  P/Pcr 

  0.75 
  0.96 
  1.10 

w /t 

0      0.25    0.5    0.75      1       0      0.25    0.5    0.75      1     0      0.25    0.5    0.75      1 

θ=90 

 

θ=0 

 

x3 /L                                   x3 /L                                      x3 /L 

  2.0 
 

  1.0 

 
  0.0 

 
 -1.0 

  1.0 
 

  0.0 

 
 -1.0 

 
 -2.0 

θ=25 

  P/Pcr 
  1.11 
  0.99 
  0.80 
 

 

Figure 5 Web deformed configuration evolutions (three load values) for the (a) H and (b) Z columns 
 
(ii) In the θ=0º columns, the web configurations change mentioned in the previous item leads to a 

decrease (and subsequent reversal) of the mid-span w value. In the θ=90º columns, on the other 

hand, this change causes a mid-span w increase. This reflects the fact that the mid-span web flexural 

displacement stemming from the local deformations either opposes (θ=0º) or reinforces (θ=90º) 

its distortional counterpart. 

(iii) The θ=225º H and θ=25º Z columns exhibit an additional behavioral feature in the advanced post-

buckling stages (P/Pcr ≥ 1.1): the development of higher “localized” deformations in the mid-span 

region (central half-wave), due to a stronger mutual interaction/reinforcement of the distortional and 

local deformations − in the θ=0º and θ=90º columns such deformation “localization” occurs in 

the two half-waves adjacent to the central one and involve deformed configuration distortional 

components with opposite signs. Although the mechanical explanation for the singular behaviors of 

these two columns is not yet completely clear for the authors, it is worth noting that the above initial 

imperfection shapes are associated with sudden “sign transitions” of the deformed configuration 

distortional component (see Figs. 4(a1) and 4(b1)) − somehow these “transitions” seem to favour the 

occurrence of the web deformation “localization” in the central half-wave. 
 
The common post-buckling equilibrium paths plotted in Figs. 4(a)-(b), (e.g., those concerning H columns 

with initial imperfections defined by 0º <θ ≤ 180º) correspond to column deformed configurations that 

may be deemed to define, approximately, “coupled buckling mode shapes”. In order to quantify the 

amount of “coupling” and, at the same time, provide a better visualization of this concept, a “mode 

coupling ratio” CL /CD is defined − it relates the amplitudes of the column deformed configuration local 

and distortional components. These amplitudes are obtained on the basis of the mid-span (i) web mid-

point flexural displacement w and (ii) top flange-lip corner displacement v, by adopting the following 

assumptions and methodology: 
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(i) The column deformed configuration can be completely expressed as a linear combination of the 

local and distortional critical buckling mode shapes, normalized with respect to wL.0=vD.0=1 mm. 

(ii) The v and w values associated with a given deformed configuration stem exclusively from its 

distortional and local components.  

(iii) The value of w comprises two parts, due to the local (wL) and distortional (wD) components. The 

second one can be readily determined by using the fact that the distortional buckling mode shape is 

characterized by the ratio w≈0.216 v (H columns) or w≈0.242 v (Z columns). 

(iv) In view of the above assumptions, the values of CD and CL are given by the expressions 
 

  CD=v/vD.0 (1) 
 

 CL=(w − 0.216 v)/wL.0   (H columns) CL=(w − 0.242 v)/wL.0   (Z columns) .   (2) 
 
Figs. 6(a)-(b) provide the evolution, along the post-buckling equilibrium paths, of the “mode coupling 

ratio” CL /CD, for columns containing initial imperfection defined by (i) 0º ≤θ ≤ 180º + 270º ≤θ ≤ 360º (H 

columns − θ=15º intervals) and (ii) 0º ≤θ ≤ 5º + 30º ≤θ ≤ 180º (Z columns − θ=15º intervals) − the 

selected θ values correspond to columns whose deformed configuration evolution may rightly be deemed 

expressed as a linear combination of the competing L and D critical buckling modes. The curves in Figs. 

6(a)-(b) provide valuable information about the H and Z column local-distortional interactive behavior: 

(i) All curves (i1) start at different points on a unit radius circle centered at the origin and (i2) have 

initial slopes given by the corresponding initial imperfection shapes – see the details in Figs. 6(a)-(b). 

(ii) The various CL /CD curves converge to practically straight lines with different slopes, namely (ii1) 

∆CL ≈−0.36∆CD (CD >0 − inward flange-lip motions) and ∆CL ≈−0.28∆CD (CD <0 − outward flange-

lip motions), for H columns, and (ii2) ∆CL ≈±0.33∆CD, for Z columns. It seems realistic to argue that 

such straight lines define the (predominantly distortional) column “coupled buckling modes”. 
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Figure 6: Evolution of the mode coupling ratio CL /CD along the equilibrium paths of the (a) H and (b) Z columns 
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Figure 7: Evolution of the mode coupling ratio CL /CD along the equilibrium paths of the lipped channel columns 

 
(iii) The different slopes of the lines associated with inward or outward H column flange-lip motions are 

due to the non-negligible asymmetry characterizing their distortional post-buckling behavior 

(e.g., Dinis et al. 2011). Obviously, the Z column lines share exactly the same slope, thus reflecting 

the symmetric distortional post-buckling behavior of these columns (one flange-lip assembly moves 

inward and the other outward). 

(iv) For both column geometries, the two “coupled mode” straight lines correspond to CD and CL values 

with opposite signs. This indicates that the corresponding column deformed configurations combine 

local and distortional mid-web flexural displacements opposing each other at the mid-span region 

(see Figs. 5(a)-(b)) − since the distortional and local buckling mode exhibits a single and five half-

waves, respectively, this also means that these flexural displacements reinforce each other in other 

regions of the column. 

(v) The characteristics described in the previous items (specially for the H columns) are similar to those 

unveiled for lipped channel (C) columns with the same geometry (also strongly affected by local-

distortional interaction), as shown Fig. 7. Indeed, the various CL /CD curves converged to two 

straight lines with slopes ∆CL ≈−0.35∆CD (CD >0 − inward flange-lip motions) and ∆CL ≈−0.31∆CD 

(CD <0 − outward flange-lip motions). These values are perfectly in line with those obtained in this 

work for the H and Z columns. 

(vi) The C and H column mode coupling ratio diagram exhibit “missing portions” (columns with initial 

imperfections not leading to the “coupled buckling mode” deformed configurations) corresponding 

to 0º <θ < 90º and 180º <θ < 270º, respectively. Since the stiffer distortional post-buckling behavior 

corresponds to (vi1) inward top flange-lip motions in the C columns (θ=0º) and (vi2) outward 

flange-lip motions in the H columns (θ=180º), the two θ ranges are indeed associated with the same 

initial imperfection characteristics: local flexural displacements reinforcing those stemming from the 

stiffer distortional component in the mid-span region. 

 

2.4 Elastic-Plastic Post-Buckling Behavior 

Next, the elastic/perfectly-plastic post-buckling behavior of fixed ended hat and zed-section columns 

undergoing L-D interaction is investigated − due to space limitations, only a few of the most relevant 

results obtained are presented and discussed. They concern H and Z columns (i) containing initial θ =0º 

initial imperfections shapes (the most detrimental for both column types, as found from the elastic 

post-buckling analyses) and (ii) exhibiting three yield-to-critical stress ratios, namely fy /fcr≈1.2, 2.4, 3.9, 

corresponding to yield stresses equal to fy=75, 150, 250 MPa − recall that fcr=fL=fD≈63.5 MPa. For 

comparative purposes, some elastic results presented earlier are shown again − they may be viewed as 

associated with an infinite yield stress (i.e., fy=fy /fcr=∞). 
 
Fig. 8(a) shows the upper portions (P/Pcr>0.6) of four equilibrium paths P/Pcr vs. v/t corresponding to the 

H columns exhibiting the four different yield-to-critical stress ratios. As for Fig. 8(b), it concerns the 
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column with fy /fcr≈2.4 and displays three plastic strain diagrams, corresponding to the equilibrium state 

locations indicated on its equilibrium path, in Fig. 8(a), and including the collapse mechanism. 

Finally, Figs. 9(a)-(b) show similar elastic-plastic results for Z columns also containing pure distortional 

initial imperfections − in order to clarify the plastic strain evolution in these columns, two views are 

shown for each equilibrium state. The observation of all these results makes it possible to conclude that: 

(i) The nature and characteristics of the H and Z column elastic-plastic post-buckling behavior and 

collapse mechanism are clearly dependent on the values of the fy /fcr ratio. 

(ii) In the columns with a fy /fcr close to 1.0 (e.g., fy /fcr≈1.2), first yielding occurs when the column normal 

stress distribution is still “fairly uniform” and, therefore, precipitates a rather “abrupt” collapse − 

yielding occurs in a significant portion of the “most deformed (critical) cross-section”, whose 

location depends on the initial imperfection shape (mid-span, for the θ=0º columns considered here). 

(iii) In the columns with a higher fy /fcr value (e.g., fy /fcr=2.4, 3.9), first yielding occurs when the column 

normal stress distribution is already “heavily non-uniform” and, therefore, does not lead to an 

immediate collapse − instead, collapse occurs after a mild “snap-through” phenomenon, followed by 

a subsequent strength increase up to a limit point, as illustrated in Figs. 8(a) and 9(a). 

(iv) The yielding pattern and the failure mechanism of the θ=0º H and Z columns are quite different: 

while the former exhibit symmetry (both flange-lip assemblies are involved), the latter are clearly 

asymmetric (mostly the bottom flange-lip assembly, which moves outward, is involved). Indeed, for 

the H columns, (iv1) yielding begins at both lip free end zones, in the vicinity of the column mid-span 

(diagram I in Fig. 8(b)), and (iv2) collapse occurs after the full yielding of the web-flange corners at 
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Figure 8: H column (a) elastic-plastic P/Pcr vs. v/t equilibrium paths (θ =0º + fy /fcr≈1.2, 2.4, 3.9, ∞) and (b) deformed 

configurations and plastic strain evolutions at three equilibrium states (θ =0º + fy /fcr≈2.4) 
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Figure 9: Z column (a) elastic-plastic P/Pcr vs. v/t equilibrium paths (θ =0º + fy /fcr≈1.2, 2.4, 3.9, ∞) and (b) deformed 

configurations and plastic strain evolutions at three equilibrium states (θ =0º + fy /fcr≈2.4) 
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 the column central region − the failure mechanism corresponds to the formation of a “distortional 

plastic hinge” at mid-span (diagram III in Fig. 8(b)). For the Z columns, however, the onset of 

yielding and failure mechanism involve mostly the column mid-span bottom lip, flange and web-

flange corner, as depicted in diagrams I and III of Fig. 9(b) − note, however, that yielding also 

progresses along the column top lip regions near the column supports prior to collapse (this does 

not happen in the H columns, where yielding is restricted to the mid-span region). 

 

3. Parametric Study: Scope and Numerical Results 

The first step of this parametric study consisted of identifying several column geometries (cross-section 

dimensions and lengths) associated with practically identical local and distortional critical buckling 

loads/stresses. Taking advantage of the fact, illustrated in Fig. 2(a), that C, H and Z and columns sharing 

the same geometry have identical local and distortional (not global) buckling stresses, this identification is 

a straightforward matter: the 14 geometries identified in the context of lipped channel columns (Silvestre 

et al. 2012) as having fcr.L≈fcr.D are now used in the present parametric study, dealing with hat and zed-

section columns. These geometries are used as reference cases and slight variations in the flange (bf), 

web (bw) or lip/stiffener (bs) width generate additional column geometries that exhibit distinct, but fairly 

close, fcr.L and fcr.D values (0.90≤ fcr.L /fcr.D≤ 1.10), just as was done for the lipped channel columns − a total of 

42 column geometries are included in the parametric study. In order to cover a wide distortional (and 

local) slenderness λ=(fy /fcr.D)
0.5

 range, 5 different yield stresses are considered for each of the 42 columns 

(fy=150, 250, 350, 550, 750 MPa), which implies that 210 H and Z column pairs were analyzed. The 

analyses are performed by means of ABAQUS elastic-perfectly plastic shell finite element analyses (SFEA) 

that neglect both the corner effects and residual stresses (the latter were shown to have little effect on the 

ultimate strength of cold-formed steel columns − e.g., Ellobody & Young 2005). Moreover, regardless of 

the critical stress ratio fcr.L /fcr.D, all columns contain critical-mode distortional initial imperfections with (i) 

inward top flange-lip motions of the central half-wave (buckling modes with odd distortional half-wave 

numbers)
6
 and (ii) small amplitude (maximum top flange-lip corner vertical displacement equal to 10% 

of the wall thickness t). All the column cross-section dimensions (bw, bf, bs, t), lengths (L), buckling 

stresses (fcr.L, fcr.D), yield stresses (fy) and SFEA ultimate stresses (fU) are given in Annexes A (H columns) 

and B (Z columns) − in order to enable a direct and easy comparison with the lipped channel column 

results obtained previously (Silvestre et al. 2012), they are included in Annex C. 

 

4. Direct Strength Method (DSM) Design −−−− Assessment of the Ultimate Strength Estimates 

The currently available DSM design curves for cold formed steel columns consist of “Winter-type” 

expressions that (i) were calibrated against fairly large numbers of experimental and/or numerical results 

and (ii) provide safe and accurate ultimate strength estimates associated with local, distortional or global 

(flexural or flexural-torsional) failures on the sole basis of elastic buckling and yield stresses − the DSM 

expressions prescribing the column nominal strengths against local (fNL), distortional (fND) and (fNE) 

collapses can be found in Schafer’s state-of-the-art report (2008). Moreover, in order to capture also local-

global interactive failures, the current DSM replaces fy by fNE in the fNL expressions, thus providing fNLE 

estimates. On the other hand, two distinct strategies were also proposed by Schafer (2002) to estimate 

the ultimate strength of columns experiencing L-D interaction: replacing fy either (i) by fND in the fNL 

equations (NLD approach − fNLD) or (ii) by fNL in the fND equations (NDL approach − fNDL) − soon after, 

Yang & Hancock (2004) adopted the NLD approach to investigate the L-D interaction in lipped channel 

                                                 
6
 Recall that (i) the distinction between top and bottom flange-lip assemblies only is needed in the Z columns and (ii) in columns 

buckling in modes with even distortional half-wave numbers, the flange-lip motion sense (inward or outward) is not relevant. 
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columns with “v-shape” web and flange intermediate stiffeners and found that the estimates obtained 

were always safe and reasonably accurate (differences within the 10-20% range). Later, Silvestre et al. 

(2009) assessed the performance of these two approaches in the context of plain lipped channel columns, 

and concluded that they yielded basically similar results, even if the “quality” of the fNDL estimates was 

marginally higher − this explains the use of the NDL approach in this work, which means that the column 

ultimate strength estimate is given by 
 

0.561      if      ff DLNLNDL ≤= λ    

 ,   (3) 
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where λDL=(fNL /fD)

0.5
 is the “distortional-local slenderness”. Quite recently, Silvestre et al. (2012) proposed 

a novel DSM approach to predict more accurately the ultimate strength of fixed lipped channel columns 

experiencing L-D interaction (f 

*
NDL). For columns with low-to-moderate D slenderness (λD <1.5), the f 

*
NDL 

values coincide with the fND ones, i.e., the current DSM distortional strength curve is retained. For the 

more slender columns (λD ≥1.5), the novel approach (i) defines a modified local strength f 

*
NL, which 

depends on the critical half-wave length ratio LcrD /LcrL, obtained from the simply supported column 

“signature curve”, and (ii) provides column ultimate strength estimates through the replacement of fNL by 

f 

*
NL in the NDL equations − the f 

*
NL values are given by 
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Note that these equations lead to fND and fNLD when LcrD /LcrL≤4 and LcrD /LcrL≥8, respectively. The tables 

included in Annexes A-C present the various DSM ultimate strength estimates (fNL, fND, fNE, fNLE, fNDL, f 

*
NDL) 

and relevant quantities involved in their calculation, namely the distortional slenderness λD and the simply 

supported column distortional and local critical half-wave lengths LcrD and LcrL (determined by means of 

GBT buckling analyses), for the H (Annex A), Z (Annex B) and C (Annex C) columns − in the latter 

case, the vast majority of the values presented have already been reported by Silvestre et al. 2012. 
 
Figs. 10(a)-(c) show the variation of fND/fU, fNLD/fU and f 

*
NDL/fU with λD for the H (Figs. 10(a1)-(c1)) and Z 

(Figs. 10(a2)-(c2)) columns − the corresponding averages and standard deviations are given in Table 1. The 

analysis of these results prompts the following comments
7
: 

(i) For 12 H and 9 Z columns, the lowest DSM ultimate strength estimate is fNLE, thus indicating a local-

global interactive collapse. Since the visual inspection of the corresponding SFEA collapse modes 

showed (i1) clear evidence of distortional (mostly) and local deformations, and (i2) no trace of global 

deformations, such columns are treated here as failing in local-distortional interactive modes. 

                                                 
7
 The fNL and fNLE values presented in the tables included in Annexes A-C are not displayed in Fig. 10. This is because they 

clearly overestimate and underestimate, respectively, the column ultimate strengths and, thus, do not deserve further attention. 
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Figure 10: Variation of (a) fND /fU, (b) fNLD /fU and (c) f 
*
NDL/fU with the distortional slenderness λD for the (1) H and (2) Z columns 

 
Table 1: Averages and standard deviations of the H and Z column ultimate strength estimates 

 H Columns Z Columns 

 
U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f  
U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f  

Average 1.04 0.81 0.97 1.03 0.81 0.96 

Standard   
Deviation 

0.10 0.10 0.07 0.11 0.11 0.07 

 

(ii) For both the H and Z columns, all the fND /fU, fNLD /fU and f 

*
NDL /fU ultimate strength estimates ratios 

have quite similar variations with λD − this statement can be clearly observed in Figs. 10(a1)-(c2). 

(iii) The fND values provide reasonably accurate column ultimate strength estimates. Indeed, the fND /fU 

values exhibit the following characteristics: (iii1) 1.04 average, 0.10 standard deviation, 88 safe 

and accurate values (0.90<fND /fU≤ 1.0), 67 a bit unsafe values (1.00<fND /fU≤ 1.10), 6 too safe values 

(fND /fU≤ 0.90) and 49 too unsafe values (fND /fU≥ 1.10), for the H columns, and (iii2) 1.03 average, 0.11 

standard deviation, 84 safe and accurate values, 62 a bit unsafe values, 19 too safe values and 45 too 

unsafe values, for the Z columns. However, Figs. 10(a1)-(a2) provide evidence that the fND values 

(iii1) exhibit errors that clearly grow with λD, (iii2) are accurate and mostly safe for λD <1.5 (less 

relevant L-D interaction effects), and (iii3) inaccurate and mostly unsafe for λD ≥1.5. This means 

that the fND values cannot predict adequately the erosion suffered by the column distortional ultimate 

strength due to the L-D mode interaction effects. 

(iv) The fNDL estimates are quite conservative and exhibit little scatter. Indeed, the fNDL /fU values are 

characterized by: (iv1) 0.81 average, 0.10 standard deviation, 28 safe and accurate values, 177 too 

safe values and only 5 too unsafe values, for the H columns, and (iv2) 0.81 average, 0.11 standard 
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deviation, 24 safe and accurate values, 177 too safe values and only 9 too unsafe values, for the Z 

columns. Figs. 10(b1)-(b2) show that a large fraction of the “too safe estimates” occurs for λD ≥1.5. 

(v) The f 
*

NDL estimates are fairly accurate and also exhibit little scatter. Indeed, the f 
*

NDL /fU values exhibit 

the following characteristics: (v1) 0.97 average, 0.07 standard deviation, 118 safe and accurate values, 

61 a bit unsafe values, 25 too safe values, and just 6 too unsafe values (maximum f 
*

NDL /fU  is 1.15), 

for the H columns, and (v2) 0.96 average, 0.07 standard deviation, 108 safe and accurate values, 64 a 

bit unsafe values, 38 too safe values and just 4 too unsafe values (maximum f 
*

NDL /fU  is 1.13), for the 

Z columns. The “quality” of the f 
*

NDL can be assessed by looking at Figs. 10(a)-(c), clearly showing 

how close the f 
*

NDL /fU values are from the “unit horizontal line” − recall that they are coincident 

with the fNDL /fU values for the low-to-moderate distortional slenderness range (λD <1.5). 

(vi) The fND/fU, fNDL/fU and f 

*
NDL/fU values are quite similar to those reported by Silvestre et al. (2012) for 

the fixed-ended C columns, shown in Figs. 11(a)-(c) − their averages and standard deviations 

were found to be equal to (vi1) 1.04; 0.11, (vi2) 0.82; 0.11 and (vi3) 0.97; 0.07, respectively
8
. This 

confirms that, as it would be logical to expect, the ultimate strengths of the H, Z and C column trios 

sharing the same geometry are practically identical also in the presence of strong L-D interaction. 
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Figure 11: Variation of (a) fND /fU, (b) fNLD /fU and (c) f 

*
NDL/fU with the distortional slenderness λD for the C columns 

 
Finally, Figs. 12(a)-(b) show (i) the variation of fU /fy (white dots) and f 

*
NDL /fy (grey dots) with λD, and (ii) 

the DSM “Winter-type curves” providing the fNL /fy, fND /fy and fNDL /fy (assuming that fL=fD) values, for the 

H (Figs. 12(a1)-(b1)) and Z (Figs. 12(a1)-(b1)) columns. These plots make it possible to conclude that: 

(i) Both the H and Z columns exhibit (i1) fU /fy values that remain quite “aligned” with a “Winter-type 

curve”, and (i2) a reasonably small “vertical dispersion” that grows with λD. Moreover, they lie (i1) 

above the fND /fy and fNDL /fy curves (much closer to the former), for λD<1.5, and (i2) between the D and 

DL curves, for λD≥1.5. 

(ii) Since the fU /fy and f 
*

NDL /fy value distributions (“clouds”) depicted in Figs. 12 are virtually identical to 

those obtained by Silvestre et al. (2012) for the C columns and shown in Figs. 13(a)-(b), it is not 

surprising to find out that the novel DSM approach proposed by these authors also provides accurate 

and safe ultimate strength estimates for the H and Z columns dealt with in this work − note that each 

column trio (same cross-section dimensions and length) shares the same fL, fD, LcrL, LcrD values. 

(iii) The f 
*

NDL /fy values are on the current distortional strength curve for (iii1) λD<1.5 (stocky columns) 

and (iii2) λD ≥1.5 (slender columns) with low LcrD /LcrL ratios (no relevant L-D interaction). But they 

lie well below that curve for λD ≥1.5 and moderate-to-high LcrD /LcrL values (relevant L-D interaction). 

                                                 
8
 It is worth noting that the H and Z column geometries considered in this work are only a subset (although a fairly one − 210 vs. 

276) of the C columns analyzed and reported by Silvestre et al. (2012). 
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Figure 12: Variation of the (a) fU /fy and (b) fU /fy + f 
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NDL/fy values with λD for the (1) H and (2) Z columns 
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Figure 13: Variation of the (a) fU /fy and (b) fU /fy + f 

*
NDL/fy values with λD for the C columns (from Silvestre et al. 2012) 

 

5. Concluding Remarks 

This paper reported the latest results of an ongoing investigation on the post-buckling behavior, strength 

and design of cold-formed steel columns, aimed at extending recent findings obtained for lipped channel 

columns to other cross-section shapes. After comparing the elastic and elastic-plastic post-buckling and 

strength behaviors of hat-section (H), zed-section (Z) and lipped channel (C) fixed-ended columns 

sharing cross-section dimensions and lengths that lead to virtually identical local and distortional buckling 

loads (high susceptibility to local-distortional interaction and identical buckling behaviors), the paper 

presented and discussed the results of an extensive ABAQUS shell finite element parametric study, 

aimed at determining the “exact” ultimate loads of 210 pairs of initially imperfect H and Z columns with 

various geometries, all associated with strong local-distortional interaction (identical to those exhibited 

by C columns analyzed in previous investigations). The ultimate strength data gathered from the above 

parametric study were then used to assess the performance of a recently proposed (in the context of C 

columns) novel DSM-based approach aimed at estimating efficiently (safely and accurately) the ultimate 

strength of cold-formed steel fixed-ended columns undergoing strong local-distortional interaction, namely 

when applied to similar H and Z columns under the same circumstances. 
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The H and Z column buckling and post-buckling results made it possible (i) to confirm the anticipated 

similarities with the C column behavior and also (ii) to explain the few discrepancies unveiled during this 

investigation. Moreover, it was shown that the novel DSM-based design approach proposed by Silvestre 

et al. (2012), which (i) is specifically intended to estimate column ultimate strengths associated with local-

distortional interactive failures (nearly coincident local and distortional critical buckling loads), (ii) was 

recently developed/validated in the context of fixed-ended lipped channel columns and (iii) is based on 

values of elastic critical (local and distortional) buckling stresses and critical half-wave length ratios 

LcrD /LcrL, can also be successfully applied to predict hat and zed-section column ultimate strengths. 
 
Finally, one last word to mention that further research is currently under way, in order to investigate 

whether this DSM-based design approach can be extended to columns exhibiting additional cross-section 

shapes, namely rack-sections − part of the outcome of this research effort, which was initiated a few years 

ago (Silvestre et al. 2008), will be reported in the very near future (Dinis et al. 2012). 
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ANNEX A 

Table A1: H columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − I 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 145 0,76 150 136 131 131 136 136 1,03 0,94 0,94 0,94 

     250 213 0,98 216 191 200 186 174 191 1,01 0,90 0,82 0,90 

745 100 471,7 262,2 262,2 350 245 1,16 270 232 257 220 200 232 1,10 0,95 0,82 0,95 

     550 275 1,45 363 296 338 264 237 296 1,32 1,08 0,86 1,08 b
s
=

1
7
.5

 

1760 

     750 303 1,69 444 346 386 288 265 278 1,47 1,14 0,87 0,92 

     150 147 0,73 150 139 131 131 139 139 1,02 0,95 0,95 0,95 

     250 225 0,94 216 197 199 185 180 197 0,96 0,88 0,80 0,88 

815 100 457,7 284,6 262,9 350 274 1,11 270 241 254 218 207 241 0,99 0,88 0,76 0,88 

     550 298 1,39 364 308 333 261 246 308 1,22 1,03 0,83 1,03 b
s
=

2
0
 

1760 

     750 316 1,62 444 361 378 284 275 275 1,41 1,14 0,87 0,87 

     150 142 0,79 150 134 132 132 134 134 1,06 0,94 0,94 0,94 

     250 203 1,01 216 185 201 186 170 185 1,06 0,91 0,84 0,91 

700 100 481,1 243,4 261,5 350 228 1,20 270 225 258 220 194 225 1,18 0,99 0,85 0,99 

     550 269 1,50 363 286 341 265 229 245 1,35 1,06 0,85 0,91 

b
w
=

1
0
0
, 
b

f=
1
0
0
, 
t=

1
.9

m
m

 

b
s
=

1
6
 

1760 

     750 302 1,76 444 333 391 290 255 278 1,47 1,10 0,85 0,92 

     150 91 1,20 113 96 113 94 82 96 1,24 1,06 0,90 1,06 

     250 111 1,55 157 126 156 116 99 106 1,42 1,13 0,89 0,96 

595 85 223,0 103,9 103,9 350 114 1,84 195 149 181 128 111 122 1,71 1,30 0,97 1,07 

     550 148 2,30 261 184 196 134 128 145 1,76 1,24 0,87 0,98 b
w
=

9
5
 

2500 

     750 157 2,69 317 212 196 134 142 163 2,02 1,35 0,90 1,04 

     150 97 1,18 117 98 108 94 85 98 1,20 1,01 0,87 1,01 

     250 115 1,52 163 128 145 114 103 111 1,42 1,12 0,89 0,96 

585 85 193,2 108,2 114,7 350 127 1,80 203 152 164 124 115 127 1,59 1,19 0,91 1,00 

     550 151 2,25 270 188 169 126 134 151 1,79 1,24 0,88 1,00 b
w
=

8
8
 

2500 

     750 165 2,63 329 216 169 126 147 170 1,99 1,31 0,89 1,03 

     150 94 1,27 107 91 119 92 76 91 1,14 0,97 0,81 0,97 

     250 103 1,64 149 119 169 116 91 101 1,45 1,16 0,88 0,98 

605 90 267,4 93,0 89,0 350 108 1,94 185 140 202 130 102 116 1,71 1,30 0,95 1,07 

     550 128 2,43 246 173 233 142 118 139 1,92 1,35 0,92 1,09 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.0

m
m

 

b
w
=

1
0
5
 

2500 

     750 152 2,84 299 199 235 143 130 157 1,97 1,31 0,86 1,03 

     150 126 0,93 133 119 144 129 110 119 1,06 0,94 0,87 0,94 

     250 162 1,21 187 160 233 179 136 160 1,16 0,99 0,84 0,99 

500 95 1451,2 172,0 172,0 350 190 1,43 234 191 316 219 154 191 1,23 1,01 0,81 1,01 

     550 234 1,79 313 240 469 283 180 223 1,34 1,02 0,77 0,95 b
w
=

1
1
4
 

1150 

     750 277 2,09 382 278 604 332 200 257 1,38 1,00 0,72 0,93 

     150 124 0,95 129 117 144 126 107 117 1,04 0,95 0,86 0,95 

     250 158 1,22 182 158 234 174 132 158 1,15 1,00 0,83 1,00 

505 100 1583,1 167,5 157,1 350 186 1,45 226 189 319 213 150 189 1,22 1,01 0,80 1,01 

     550 230 1,81 303 236 476 276 175 222 1,32 1,03 0,76 0,97 b
w
=

1
2
0
 

1150 

     750 262 2,12 369 274 615 325 194 256 1,41 1,05 0,74 0,98 

     150 128 0,91 139 121 143 134 115 121 1,08 0,94 0,90 0,94 

     250 168 1,18 195 163 230 185 142 163 1,16 0,97 0,85 0,97 

495 90 1277,4 180,8 194,4 350 196 1,39 244 196 312 226 161 196 1,24 1,00 0,82 1,00 

     550 241 1,74 327 246 459 291 189 227 1,36 1,02 0,78 0,94 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.5

m
m

 

b
w
=

1
0
6
 

1150 

     750 279 2,04 399 285 587 341 210 260 1,43 1,02 0,75 0,93 
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Table A2: H columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − II 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 150 0,50 150 150 147 147 150 150 1,00 1,00 1,00 1,00 

     250 248 0,65 250 243 242 242 243 243 1,01 0,98 0,98 0,98 

310 80 3342,1 590,8 589,0 350 341 0,77 350 315 335 335 315 315 1,03 0,92 0,92 0,92 

     550 464 0,96 478 424 513 456 389 424 1,03 0,91 0,84 0,91 b
f=

5
5
 

620 

     750 539 1,13 588 509 683 553 442 509 1,09 0,94 0,82 0,94 

     150 150 0,49 150 150 147 147 150 150 1,00 1,00 1,00 1,00 

     250 248 0,63 250 246 242 242 246 246 1,01 0,99 0,99 0,99 

290 80 3137,1 625,4 598,1 350 343 0,75 350 320 334 334 320 320 1,02 0,93 0,93 0,93 

     550 483 0,94 481 434 511 457 398 434 0,99 0,90 0,82 0,90 b
f=

5
0
 

620 

     750 560 1,10 591 522 679 553 453 522 1,06 0,93 0,81 0,93 

     150 149 0,52 150 150 147 147 150 150 1,01 1,01 1,01 1,01 

     250 246 0,67 250 241 243 243 241 241 1,02 0,98 0,98 0,98 

325 85 3513,5 558,9 581,2 350 333 0,79 350 310 336 336 310 310 1,05 0,93 0,93 0,93 

     550 443 0,99 476 415 515 455 380 415 1,07 0,94 0,86 0,94 

b
w
=

1
0
0
, 
b

s
=

1
0
, 
t=

2
.4

m
m

 

b
f=

6
0
 

620 

     750 517 1,16 586 497 686 552 431 497 1,13 0,96 0,83 0,96 

     150 104 1,15 116 100 148 115 86 100 1,12 0,96 0,83 0,96 

     250 133 1,49 162 131 244 160 104 131 1,22 0,99 0,78 0,99 

590 150 4401,6 113,1 113,1 350 158 1,76 201 155 339 197 117 155 1,28 0,98 0,74 0,98 

     550 198 2,21 269 192 522 260 136 192 1,36 0,97 0,69 0,97 b
f=

1
1
0
 

1030 

     750 233 2,58 327 222 698 313 150 222 1,40 0,95 0,64 0,95 

     150 94 1,22 115 95 148 114 81 95 1,22 1,01 0,86 1,01 

     250 120 1,58 160 123 245 158 98 123 1,33 1,03 0,82 1,02 

655 160 4735,7 100,0 108,8 350 143 1,87 199 146 339 195 110 145 1,39 1,02 0,77 1,01 

     550 181 2,35 265 180 524 257 127 179 1,46 0,99 0,70 0,99 b
f=

1
3
0
 

1030 

     750 213 2,74 322 207 702 309 140 206 1,51 0,97 0,66 0,97 

     150 114 1,10 117 104 148 116 90 104 1,03 0,91 0,79 0,91 

     250 147 1,42 164 137 243 161 109 137 1,11 0,93 0,74 0,93 

515 145 3883,1 124,3 116,4 350 160 1,68 204 163 337 199 123 163 1,27 1,02 0,77 1,02 

     550 219 2,10 272 202 518 262 143 202 1,24 0,92 0,65 0,92 

b
w
=

1
8
0
, 
b

s
=

1
0
, 
t=

1
.9

m
m

 

b
f=

9
0
 

1030 

     750 254 2,46 331 233 692 314 158 233 1,30 0,92 0,62 0,92 

     150 150 0,54 150 150 141 141 150 150 1,00 1,00 1,00 1,00 

     250 247 0,70 250 237 226 226 237 237 1,01 0,96 0,96 0,96 

620 145 1044,6 510,9 501,5 350 329 0,83 334 301 304 303 292 301 1,02 0,92 0,89 0,92 

     550 412 1,04 453 400 441 391 356 400 1,10 0,97 0,86 0,97 b
f=

1
0
0
 

2000 

     750 472 1,21 557 477 555 456 403 477 1,18 1,01 0,85 1,01 

     150 150 0,52 150 150 141 141 150 150 1,00 1,00 1,00 1,00 

     250 248 0,67 250 241 225 225 241 241 1,01 0,97 0,97 0,97 

580 145 978 554,0 508,1 350 338 0,79 336 309 301 301 300 309 0,99 0,91 0,89 0,91 

     550 448 1,00 455 414 435 389 368 414 1,02 0,92 0,82 0,92 b
f=

9
0
 

2000 

     750 512 1,16 559 495 544 452 418 495 1,09 0,97 0,82 0,97 

     150 149 0,57 150 150 142 142 150 150 1,01 1,01 1,01 1,01 

     250 244 0,73 250 231 227 227 231 231 1,02 0,95 0,95 0,95 

660 150 1099,3 463,8 494,4 350 313 0,87 333 292 306 304 282 292 1,06 0,93 0,90 0,93 

     550 392 1,09 451 384 446 392 342 384 1,15 0,98 0,87 0,98 

b
w
=

1
8
0
, 
b

s
=

2
0
, 
t=

4
.0

m
m

 

b
f=

1
1
0
 

2000 

     750 429 1,27 554 457 564 459 386 457 1,29 1,06 0,90 1,06 
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Table A3: H columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − III 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 148 0,56 150 150 145 145 150 150 1,01 1,01 1,01 1,01 

     250 240 0,73 250 232 237 237 232 232 1,04 0,97 0,97 0,97 

545 95 1947,2 471,5 458,8 350 305 0,86 325 293 325 309 279 293 1,07 0,96 0,92 0,96 

     550 393 1,08 440 387 489 407 339 387 1,12 0,99 0,86 0,99 b
s
=

1
5
 

940 

     750 447 1,26 540 460 638 486 383 460 1,21 1,03 0,86 1,03 

     150 148 0,61 150 149 145 145 149 149 1,01 1,00 1,00 1,00 

     250 233 0,79 250 222 237 237 222 222 1,07 0,95 0,95 0,95 

495 95 2005,8 399,8 456,6 350 287 0,94 324 276 325 309 263 276 1,13 0,96 0,92 0,96 

     550 374 1,17 439 360 490 407 317 360 1,18 0,96 0,85 0,96 b
s
=

1
3
 

940 

     750 429 1,37 539 426 641 487 357 426 1,26 0,99 0,83 0,99 

     150 149 0,55 150 150 145 145 150 150 1,01 1,01 1,01 1,01 

     250 244 0,71 250 235 237 237 235 235 1,02 0,96 0,96 0,96 

595 95 1890,2 500,6 460,1 350 322 0,84 325 299 324 308 285 299 1,01 0,93 0,88 0,93 

     550 446 1,05 441 397 487 406 347 397 0,99 0,89 0,78 0,89 

b
w
=

1
1
0
, 
b

f=
8
5
, 
t=

2
.4

m
m

 

b
s
=

1
7
 

940 

     750 500 1,22 541 473 635 485 393 473 1,08 0,95 0,79 0,95 

     150 101 1,18 113 98 136 106 83 98 1,12 0,97 0,82 0,97 

     250 127 1,53 158 128 213 142 100 128 1,24 1,01 0,79 1,01 

275 80 658,2 107,2 104,4 350 152 1,81 196 151 280 170 113 151 1,29 0,99 0,74 0,99 

     550 185 2,27 261 187 388 209 131 187 1,41 1,01 0,71 1,01 

b
f=

5
0
 

1400 

     750 207 2,65 318 215 466 235 144 215 1,53 1,04 0,70 1,04 

     150 107 1,11 113 103 135 106 87 103 1,06 0,96 0,82 0,96 

     250 129 1,43 158 136 210 142 106 136 1,23 1,05 0,82 1,05 

250 80 606,4 121,6 105,6 350 152 1,70 197 161 275 168 120 161 1,29 1,06 0,79 1,06 

     550 186 2,13 262 200 376 206 139 200 1,41 1,07 0,75 1,07 b
f=

4
5
 

1400 

     750 206 2,48 319 231 447 230 154 231 1,55 1,12 0,75 1,12 

     150 97 1,24 112 93 137 106 79 93 1,16 0,96 0,82 0,96 

     250 118 1,60 157 122 215 142 96 122 1,33 1,03 0,81 1,03 

290 85 701,4 97,3 103,1 350 146 1,90 195 144 284 170 107 144 1,33 0,98 0,73 0,98 

     550 187 2,38 260 177 396 211 124 177 1,39 0,95 0,66 0,95 

b
w
=

1
0
0
, 
b

s
=

5
, 
t=

1
.0

m
m

 

b
f=

5
5
 

1400 

     750 207 2,78 316 204 479 238 137 204 1,53 0,99 0,66 0,99 

     150 110 1,08 121 106 125 107 93 106 1,10 0,96 0,84 0,96 

     250 131 1,39 169 140 184 138 113 140 1,29 1,07 0,86 1,07 

540 95 342 128,6 126,8 350 145 1,65 210 166 228 159 127 151 1,45 1,14 0,88 1,04 

     550 169 2,07 280 206 281 182 148 184 1,66 1,22 0,88 1,09 b
w
=

1
1
5
 

2400 

     750 184 2,41 341 238 300 190 164 211 1,85 1,29 0,89 1,15 

     150 112 1,07 124 107 119 106 95 107 1,10 0,95 0,85 0,95 

     250 133 1,38 173 141 169 134 116 141 1,30 1,06 0,87 1,06 

530 90 267,9 132,0 137,0 350 152 1,63 216 168 203 151 131 152 1,42 1,10 0,86 1,00 

     550 176 2,04 288 209 233 166 152 185 1,64 1,19 0,86 1,05 b
w
=

1
0
0
 

2400 

     750 191 2,38 351 241 235 166 168 211 1,84 1,26 0,88 1,10 

     150 104 1,10 115 104 92 83 89 104 1,10 1,00 0,85 1,00 

     250 125 1,42 160 137 111 94 108 137 1,28 1,10 0,86 1,10 

545 105 128,5 123,7 109,2 350 144 1,68 199 162 113 95 121 152 1,38 1,13 0,84 1,05 

     550 171 2,11 265 202 113 95 141 186 1,55 1,18 0,83 1,09 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
w
=

1
2
5
 

2400 

     750 187 2,46 323 233 113 95 156 214 1,73 1,24 0,83 1,14 
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Table A4: H columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − IV 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 92,6 1,26 109 92 113 90 77 92 1,18 0,99 0,83 0,99 

     250 106 1,63 152 120 156 112 93 99 1,43 1,13 0,87 0,93 

610 85 222,6 94,2 93,8 350 118 1,93 188 141 181 123 104 113 1,60 1,20 0,88 0,96 

     550 145 2,42 251 174 195 129 120 134 1,73 1,20 0,83 0,92 b
s
=

1
0
 

2500 

     750 155 2,82 305 200 195 129 132 150 1,97 1,29 0,85 0,97 

     150 83,8 1,30 109 90 114 91 75 90 1,30 1,07 0,90 1,07 

     250 101 1,68 152 116 157 112 90 100 1,50 1,15 0,89 0,99 

570 85 226,1 89,0 93,6 350 113 1,98 188 137 183 124 101 114 1,67 1,21 0,89 1,01 

     550 136 2,49 251 169 198 131 117 137 1,84 1,24 0,86 1,00 

b
s
=

9
 

2500 

     750 144 2,90 305 194 198 131 128 154 2,12 1,35 0,89 1,07 

     150 101 1,22 109 95 113 90 79 95 1,08 0,94 0,78 0,94 

     250 113 1,58 152 124 155 111 95 98 1,34 1,09 0,84 0,86 

655 85 219,1 100,1 94,0 350 123 1,87 189 146 179 122 107 110 1,53 1,18 0,87 0,90 

     550 142 2,34 251 180 192 128 124 129 1,77 1,27 0,87 0,91 

b
w
=

9
5
, 
b

f=
8
0
, 
t=

0
.9

5
m

m
 

b
s
=

1
1
 

2500 

     750 161 2,74 305 207 192 128 136 143 1,90 1,29 0,85 0,89 

     150 62,9 1,67 90 70 145 88 54 64 1,42 1,11 0,86 1,01 

     250 82 2,16 124 90 236 120 64 80 1,52 1,09 0,78 0,97 

835 145 1804,5 53,8 53,8 350 99 2,55 154 105 323 146 71 92 1,55 1,06 0,72 0,93 

     550 125 3,20 204 128 484 189 81 111 1,63 1,02 0,65 0,89 b
f=

1
4
0
 

1430 

     750 148 3,73 248 146 630 222 89 126 1,67 0,99 0,60 0,85 

     150 65,4 1,59 92 73 145 90 57 67 1,40 1,12 0,87 1,03 

     250 86,3 2,06 127 94 236 123 68 84 1,47 1,09 0,78 0,98 

795 140 1777,4 59,0 57,4 350 104 2,44 157 110 322 149 75 97 1,51 1,06 0,72 0,94 

     550 132 3,05 209 135 483 193 86 118 1,58 1,02 0,65 0,89 b
f=

1
3
0
 

1430 

     750 155 3,57 254 154 629 227 95 134 1,64 1,00 0,61 0,86 

     150 58,8 1,75 88 67 145 86 51 61 1,50 1,14 0,87 1,04 

     250 77,1 2,26 122 85 236 118 60 76 1,58 1,10 0,78 0,99 

870 155 1824,9 48,9 51,1 350 92,3 2,68 151 99 323 143 67 88 1,63 1,07 0,73 0,95 

     550 118 3,35 200 121 485 185 77 106 1,70 1,03 0,65 0,90 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.2

m
m

 

b
f=

1
5
0
 

1430 

     750 139 3,92 243 139 631 218 84 121 1,75 1,00 0,60 0,87 

     150 58,3 1,80 85 65 145 83 49 59 1,45 1,11 0,83 1,02 

     250 75,6 2,33 117 82 237 113 57 74 1,55 1,09 0,76 0,98 

1105 200 1931,2 46,1 46,1 350 92,1 2,76 145 96 324 138 64 86 1,58 1,04 0,69 0,93 

     550 117 3,45 193 117 488 179 73 103 1,65 1,00 0,62 0,88 b
s
=

1
2
.5

 

1850 

     750 137 4,03 234 134 637 211 80 118 1,71 0,98 0,58 0,86 

     150 57,6 1,98 84 59 145 83 44 52 1,47 1,02 0,77 0,90 

     250 75,9 2,55 117 75 237 113 52 64 1,54 0,98 0,69 0,84 

1200 195 1915,2 38,3 45,6 350 91 3,02 145 87 324 138 58 73 1,59 0,95 0,64 0,80 

     550 112 3,79 192 106 488 178 66 87 1,71 0,94 0,59 0,78 b
s
=

1
4
 

1850 

     750 131 4,43 233 121 637 210 72 99 1,78 0,92 0,55 0,75 

     150 59,3 1,69 85 69 145 83 52 66 1,43 1,17 0,88 1,11 

     250 76,1 2,18 118 89 237 114 62 83 1,55 1,17 0,81 1,10 

1010 205 1946,1 52,8 46,5 350 89,9 2,57 146 103 325 139 68 97 1,62 1,15 0,76 1,08 

     550 116 3,23 193 127 489 180 79 118 1,67 1,09 0,68 1,02 

b
w
=

2
0
0
, 
b

f=
1
9
0
, 
t=

1
.5

m
m

 

b
s
=

1
1
 

1850 

     750 135 3,77 234 145 638 212 86 134 1,74 1,07 0,64 1,00 
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Table A5: H columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − V 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 76,3 1,52 96 77 146 94 61 75 1,25 1,01 0,80 0,99 

     250 99,1 1,96 133 99 238 129 73 96 1,34 1,00 0,73 0,97 

910 200 2206,9 65,3 64,5 350 117 2,32 164 116 328 158 81 112 1,40 0,99 0,69 0,96 

     550 144 2,90 219 142 496 205 93 137 1,52 0,99 0,65 0,95 b
s
=

1
2
.5

 

1950 

     750 169 3,39 265 163 651 243 102 157 1,57 0,97 0,60 0,93 

     150 72,7 1,63 95 72 146 94 57 69 1,31 0,99 0,78 0,94 

     250 80,1 2,11 132 92 238 129 67 87 1,65 1,15 0,84 1,09 

985 200 2191,6 56,3 64,2 350 111 2,49 164 107 327 157 75 101 1,48 0,97 0,68 0,91 

     550 142 3,13 218 131 495 204 86 123 1,54 0,92 0,61 0,86 b
s
=

1
4
 

1950 

     750 167 3,65 265 150 650 242 94 140 1,59 0,90 0,56 0,84 

     150 78,4 1,42 96 83 146 94 65 83 1,22 1,05 0,83 1,05 

     250 99,9 1,83 133 107 238 129 78 106 1,33 1,07 0,78 1,06 

830 200 2220,6 74,9 64,7 350 119 2,16 165 125 328 158 87 124 1,38 1,05 0,73 1,04 

     550 150 2,71 219 154 496 205 100 152 1,46 1,02 0,67 1,01 

b
w
=

2
3
5
, 
b

f=
1
6
0
, 
t=

1
.9

m
m

 

b
s
=

1
1
 

1950 

     750 175 3,16 266 176 651 243 110 175 1,52 1,01 0,63 1,00 

     150 69,3 1,54 95 76 148 94 60 71 1,37 1,10 0,87 1,03 

     250 89 1,98 132 98 244 130 71 90 1,48 1,10 0,80 1,01 

800 150 4553,5 63,6 63,6 350 108 2,35 164 115 339 160 80 105 1,51 1,06 0,74 0,97 

     550 137 2,94 217 140 523 211 92 127 1,59 1,02 0,67 0,93 b
f=

1
4
0
 

900 

     750 161 3,43 264 161 700 253 100 145 1,64 1,00 0,62 0,90 

     150 73,2 1,45 97 81 148 96 64 81 1,33 1,10 0,88 1,10 

     250 95,8 1,87 135 104 244 133 77 95 1,41 1,09 0,80 1,00 

760 140 4484,8 71,6 67,9 350 114 2,21 167 122 339 164 85 111 1,47 1,07 0,75 0,97 

     550 144 2,77 223 150 522 216 98 135 1,55 1,04 0,68 0,93 b
f=

1
3
0
 

900 

     750 169 3,24 270 172 699 259 108 153 1,60 1,02 0,64 0,91 

     150 65,8 1,60 92 73 148 91 57 68 1,40 1,11 0,86 1,03 

     250 85 2,07 128 93 244 126 67 86 1,51 1,10 0,79 1,01 

835 155 4605,1 58,3 58,3 350 96,1 2,45 158 109 339 155 75 99 1,65 1,14 0,78 1,03 

     550 131 3,07 210 134 523 204 86 120 1,61 1,02 0,66 0,92 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
f=

1
5
0
 

900 

     750 154 3,59 255 153 701 245 94 137 1,66 0,99 0,61 0,89 

               Mean 1.36 1.04 0.81 0.97 

               Sd.Dev. 0,26 0,10 0,10 0,07 
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ANNEX B 

Table B1: Z columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − I 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 149 0,52 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 246 0,67 250 241 245 245 241 241 1,02 0,98 0,98 0,98 

305 85 5112,8 563,4 583,3 350 336 0,79 350 311 340 340 311 311 1,04 0,92 0,92 0,92 

     550 463 0,99 477 416 526 462 381 416 1,03 0,90 0,82 0,90 b
s
=

1
7
.5

 

1760 

     750 544 1,15 586 499 705 563 433 499 1,08 0,92 0,80 0,92 

     150 149 0,50 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 247 0,65 250 244 244 244 244 244 1,01 0,99 0,99 0,99 

285 80 4456,4 599,8 589,5 350 339 0,76 350 317 339 339 317 317 1,03 0,93 0,93 0,93 

     550 476 0,96 478 427 522 462 391 427 1,00 0,90 0,82 0,90 b
s
=

2
0
 

1760 

     750 562 1,12 588 512 699 561 445 512 1,05 0,91 0,79 0,91 

     150 149 0,53 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 245 0,69 250 238 245 245 238 238 1,02 0,97 0,97 0,97 

325 85 5751,9 528,9 578,9 350 330 0,81 350 305 341 341 304 305 1,06 0,92 0,92 0,92 

     550 450 1,02 475 406 528 463 372 406 1,06 0,90 0,83 0,90 

b
w
=

1
0
0
, 
b

f=
1
0
0
, 
t=

1
.9

m
m

 

b
s
=

1
6
 

1760 

     750 524 1,19 585 485 710 564 421 485 1,12 0,93 0,80 0,93 

     150 104 1,10 116 104 149 115 89 104 1,12 1,00 0,86 1,00 

     250 132 1,42 162 137 246 160 109 137 1,23 1,04 0,82 1,04 

585 150 6379,8 123,8 112,9 350 157 1,68 201 162 342 198 122 162 1,28 1,03 0,78 1,03 

     550 197 2,11 269 202 531 263 142 202 1,36 1,02 0,72 1,02 b
w
=

9
5
 

2500 

     750 231 2,46 327 233 714 317 157 233 1,42 1,01 0,68 1,01 

     150 95 1,23 114 94 149 114 81 94 1,20 0,99 0,85 0,99 

     250 120 1,59 160 123 247 158 97 122 1,33 1,02 0,81 1,02 

655 160 7922,1 98,8 108,5 350 143 1,88 199 145 344 196 109 144 1,39 1,01 0,76 1,01 

     550 182 2,36 265 179 534 260 126 178 1,46 0,98 0,69 0,98 b
w
=

8
8
 

2500 

     750 215 2,76 322 206 721 314 139 205 1,50 0,96 0,65 0,95 

     150 116 1,01 117 112 148 116 96 112 1,01 0,96 0,83 0,96 

     250 145 1,30 164 149 245 161 118 149 1,13 1,03 0,81 1,03 

510 145 4723,2 147,2 116,0 350 178 1,54 203 177 339 199 133 177 1,14 1,00 0,75 1,00 

     550 225 1,93 271 221 524 263 155 221 1,21 0,98 0,69 0,98 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.0

m
m

 

b
w
=

1
0
5
 

2500 

     750 264 2,26 330 256 702 317 172 256 1,25 0,97 0,65 0,97 

     150 145 0,75 150 137 144 144 137 137 1,03 0,94 0,94 0,94 

     250 212 0,97 216 192 232 205 175 192 1,02 0,90 0,82 0,90 

755 105 1424,0 264,1 261,9 350 246 1,15 270 233 316 252 201 233 1,10 0,95 0,82 0,95 

     550 280 1,44 363 297 468 327 238 297 1,30 1,06 0,85 1,06 b
w
=

1
1
4
 

1150 

     750 306 1,69 444 347 602 385 266 284 1,45 1,14 0,87 0,93 

     150 145 0,70 150 142 144 144 142 142 1,03 0,98 0,98 0,98 

     250 218 0,90 216 203 233 206 185 203 0,99 0,93 0,85 0,93 

825 105 1455,4 307,8 262,7 350 264 1,07 270 249 316 253 213 249 1,02 0,94 0,81 0,94 

     550 302 1,34 364 320 470 328 255 320 1,20 1,06 0,84 1,06 b
w
=

1
2
0
 

1150 

     750 316 1,56 444 375 604 387 285 289 1,41 1,19 0,90 0,91 

     150 143 0,79 150 133 143 143 133 133 1,05 0,93 0,93 0,93 

     250 201 1,02 216 185 232 205 169 185 1,07 0,92 0,84 0,92 

710 105 1405,6 240,6 261,1 350 239 1,21 270 224 315 252 193 224 1,13 0,94 0,81 0,94 

     550 270 1,51 363 284 467 326 228 247 1,34 1,05 0,85 0,92 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.5

m
m

 

b
w
=

1
0
6
 

1150 

     750 294 1,77 443 331 600 384 254 281 1,51 1,13 0,86 0,96 
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Table B2: Z columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − II 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 96,6 1,20 113 96 131 103 82 96 1,17 1,00 0,85 1,00 

     250 112 1,55 157 126 200 136 99 106 1,40 1,12 0,88 0,95 

595 85 468,2 103,9 103,8 350 122 1,84 195 149 256 160 111 122 1,60 1,22 0,91 1,00 

     550 157 2,30 261 184 336 190 128 145 1,66 1,17 0,82 0,92 

b
f=

5
5
 

620 

     750 179 2,69 317 212 384 207 142 163 1,77 1,18 0,79 0,91 

     150 98,8 1,18 117 98 130 106 84 98 1,18 0,99 0,86 0,99 

     250 117 1,53 163 128 196 139 102 110 1,39 1,09 0,87 0,94 

585 85 432,5 107,2 114,6 350 126 1,81 202 151 249 163 115 126 1,61 1,20 0,91 1,00 

     550 152 2,27 270 187 323 192 133 151 1,78 1,23 0,87 0,99 

b
f=

5
0
 

620 

     750 175 2,65 329 215 363 207 146 170 1,88 1,23 0,84 0,97 

     150 92,5 1,23 107 94 133 99 78 94 1,16 1,02 0,84 1,02 

     250 109 1,59 149 123 204 131 94 105 1,37 1,13 0,86 0,96 

600 90 512,9 99,4 88,9 350 122 1,88 185 145 263 154 105 121 1,51 1,19 0,86 0,99 

     550 145 2,35 246 179 351 185 122 145 1,70 1,24 0,84 1,00 

b
w
=

1
0
0
, 
b

s
=

1
0
, 
t=

2
.4

m
m

 

b
f=

6
0
 

620 

     750 167 2,75 299 207 407 203 135 163 1,79 1,24 0,81 0,98 

     150 129 0,94 133 118 146 131 110 118 1,03 0,92 0,85 0,92 

     250 168 1,21 187 159 240 182 135 159 1,11 0,95 0,81 0,95 

500 95 2584,1 171,0 171,6 350 178 1,43 233 191 331 225 154 191 1,31 1,07 0,86 1,07 

     550 229 1,79 313 239 503 295 180 222 1,37 1,04 0,79 0,97 b
f=

1
1
0
 

1030 

     750 261 2,09 381 277 664 353 199 256 1,46 1,06 0,76 0,98 

     150 128 0,96 129 116 147 127 106 116 1,01 0,91 0,83 0,91 

     250 163 1,24 182 156 240 177 130 156 1,11 0,96 0,80 0,96 

505 100 2675,7 162,9 156,8 350 184 1,47 226 186 331 218 148 186 1,23 1,01 0,80 1,01 

     550 222 1,84 303 233 505 286 173 219 1,36 1,05 0,78 0,99 b
f=

1
3
0
 

1030 

     750 260 2,15 369 270 667 342 191 252 1,42 1,04 0,74 0,97 

     150 131 0,92 139 120 146 136 114 120 1,06 0,92 0,87 0,92 

     250 176 1,19 195 162 240 190 141 162 1,11 0,92 0,80 0,92 

495 95 2443,4 177,4 194,0 350 196 1,40 244 194 330 234 160 194 1,24 0,99 0,82 0,99 

     550 233 1,76 327 244 501 307 187 228 1,40 1,05 0,80 0,98 

b
w
=

1
8
0
, 
b

s
=

1
0
, 
t=

1
.9

m
m

 

b
f=

9
0
 

1030 

     750 269 2,06 399 283 660 367 208 263 1,48 1,05 0,77 0,98 

     150 149 0,56 150 150 144 144 150 150 1,01 1,01 1,01 1,01 

     250 247 0,72 250 233 235 235 233 233 1,01 0,94 0,94 0,94 

615 150 1647,3 483,1 498,6 350 342 0,85 334 296 320 314 287 296 0,98 0,87 0,84 0,87 

     550 459 1,07 453 391 478 412 348 391 0,99 0,85 0,76 0,85 b
f=

1
0
0
 

2000 

     750 510 1,25 556 465 620 490 394 465 1,09 0,91 0,77 0,91 

     150 149 0,53 150 150 144 144 150 150 1,01 1,01 1,01 1,01 

     250 248 0,69 250 238 232 232 238 238 1,01 0,96 0,96 0,96 

570 145 1419,0 530,6 504,6 350 344 0,81 335 305 316 312 296 305 0,97 0,89 0,86 0,89 

     550 480 1,02 454 407 468 408 362 407 0,95 0,85 0,75 0,85 

b
f=

9
0
 

2000 

     750 568 1,19 558 486 601 482 410 486 0,98 0,85 0,72 0,85 

     150 149 0,58 150 150 145 145 150 150 1,01 1,00 1,00 1,00 

     250 246 0,75 250 228 236 236 228 228 1,02 0,93 0,93 0,93 

655 150 1867,8 439,6 491,9 350 332 0,89 332 286 324 315 277 286 1,00 0,86 0,83 0,86 

     550 432 1,12 451 376 486 415 335 376 1,04 0,87 0,77 0,87 

b
w
=

1
8
0
, 
b

s
=

2
0
, 
t=

4
.0

m
m

 

b
f=

1
1
0
 

2000 

     750 463 1,31 553 446 634 495 377 446 1,19 0,96 0,81 0,96 
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Table B3: Z columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − III 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 148 0,57 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 243 0,74 250 230 244 244 230 230 1,03 0,95 0,95 0,95 

540 95 4246,8 457,5 457,3 350 325 0,87 324 290 338 317 276 290 1,00 0,89 0,85 0,89 

     550 427 1,10 440 382 521 424 335 382 1,03 0,90 0,78 0,90 b
s
=

1
5
 

940 

     750 472 1,28 540 454 697 514 378 454 1,14 0,96 0,80 0,96 

     150 148 0,63 150 148 148 148 148 148 1,01 1,00 1,00 1,00 

     250 241 0,81 250 218 244 244 218 218 1,04 0,91 0,91 0,91 

490 100 4156,3 380,5 454,7 350 305 0,96 324 271 338 316 259 271 1,06 0,89 0,85 0,89 

     550 377 1,20 439 353 520 423 310 353 1,16 0,94 0,82 0,94 b
s
=

1
3
 

940 

     750 403 1,40 539 416 695 512 348 416 1,34 1,03 0,86 1,03 

     150 148 0,54 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 245 0,69 250 238 244 244 238 238 1,02 0,97 0,97 0,97 

590 95 4337,9 522,9 458,9 350 332 0,82 325 304 338 317 288 304 0,98 0,91 0,87 0,91 

     550 461 1,03 440 404 522 425 353 404 0,95 0,88 0,77 0,88 

b
w
=

1
1
0
, 
b

f=
8
5
, 
t=

2
.4

m
m

 

b
s
=

1
7
 

940 

     750 513 1,20 540 482 698 515 400 482 1,05 0,94 0,78 0,94 

     150 101 1,19 113 97 138 107 82 97 1,12 0,96 0,81 0,96 

     250 126 1,54 157 127 219 144 99 127 1,25 1,00 0,79 1,00 

270 80 777,9 105,1 104,1 350 151 1,82 196 149 290 173 112 149 1,30 0,99 0,74 0,99 

     550 185 2,29 261 185 409 216 129 185 1,41 1,00 0,70 1,00 

b
f=

5
0
 

1400 

     750 207 2,67 317 213 501 246 142 213 1,53 1,03 0,69 1,03 

     150 107 1,14 113 101 136 106 86 101 1,06 0,95 0,80 0,95 

     250 129 1,47 158 133 213 142 104 133 1,23 1,03 0,81 1,03 

250 80 653,5 116,3 105,2 350 151 1,73 196 157 280 170 117 157 1,30 1,04 0,78 1,04 

     550 186 2,17 262 195 387 209 136 195 1,41 1,05 0,73 1,05 

b
f=

4
5
 

1400 

     750 206 2,54 318 225 464 235 150 225 1,55 1,09 0,73 1,09 

     150 97 1,26 112 92 140 107 79 92 1,16 0,95 0,81 0,95 

     250 123 1,62 157 120 223 145 95 120 1,27 0,98 0,77 0,98 

290 85 903,2 95,0 102,8 350 145 1,92 195 142 298 175 106 142 1,34 0,98 0,73 0,98 

     550 186 2,41 260 175 426 221 123 175 1,40 0,94 0,66 0,94 

b
w
=

1
0
0
, 
b

s
=

5
, 
t=

1
.0

m
m

 

b
f=

5
5
 

1400 

     750 208 2,81 316 201 530 254 135 201 1,52 0,97 0,65 0,97 

     150 120 1,09 121 105 135 112 92 105 1,00 0,87 0,77 0,87 

     250 131 1,41 169 139 210 150 112 139 1,29 1,06 0,86 1,06 

535 95 597,0 126,5 126,6 350 150 1,66 210 164 274 179 126 150 1,40 1,10 0,84 1,00 

     550 177 2,09 280 204 374 219 147 184 1,58 1,15 0,83 1,04 b
w
=

1
1
5
 

2400 

     750 192 2,43 341 236 443 244 162 210 1,78 1,23 0,84 1,09 

     150 125 1,08 124 106 133 114 94 106 0,99 0,85 0,76 0,85 

     250 133 1,39 173 140 205 152 115 140 1,30 1,05 0,86 1,05 

530 90 533,4 129,5 136,8 350 151 1,64 216 166 266 180 130 150 1,43 1,10 0,86 1,00 

     550 175 2,06 288 207 357 218 151 183 1,65 1,18 0,86 1,05 b
w
=

1
0
0
 

2400 

     750 189 2,41 351 239 416 241 166 209 1,86 1,26 0,88 1,10 

     150 118 1,12 115 103 136 107 88 103 0,97 0,87 0,74 0,87 

     250 130 1,44 160 135 212 144 106 135 1,23 1,04 0,82 1,04 

545 105 629,9 120,3 109,0 350 144 1,71 199 160 277 171 120 150 1,38 1,11 0,83 1,04 

     550 165 2,14 265 199 382 210 139 184 1,61 1,20 0,84 1,11 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
w
=

1
2
5
 

2400 

     750 195 2,50 323 229 456 235 154 211 1,65 1,18 0,79 1,08 
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Table B4: Z columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − IV 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 100 1,23 109 94 131 100 78 94 1,09 0,94 0,78 0,94 

     250 107 1,59 152 123 200 131 95 101 1,42 1,15 0,88 0,95 

610 85 468,2 98,7 93,8 350 114 1,88 188 145 256 154 106 115 1,65 1,27 0,93 1,01 

     550 121 2,36 251 179 336 184 123 137 2,07 1,48 1,02 1,13 b
s
=

1
0
 

2500 

     750 163 2,76 305 206 384 200 135 154 1,87 1,26 0,83 0,94 

     150 89,4 1,31 109 89 132 100 75 89 1,22 1,00 0,84 1,00 

     250 101 1,69 152 116 203 132 90 99 1,50 1,15 0,89 0,98 

565 85 502,3 88,0 93,5 350 112 1,99 188 136 261 156 100 114 1,68 1,22 0,90 1,02 

     550 126 2,50 251 168 348 187 116 137 1,99 1,33 0,92 1,08 

b
s
=

9
 

2500 

     750 147 2,92 305 193 401 205 127 154 2,07 1,31 0,87 1,05 

     150 111 1,19 109 97 131 100 81 97 0,98 0,88 0,73 0,88 

     250 116 1,53 152 127 200 132 98 101 1,31 1,10 0,84 0,87 

650 85 473,5 106,3 94,0 350 124 1,81 189 150 257 155 110 114 1,52 1,21 0,89 0,92 

     550 129 2,27 251 186 338 184 128 134 1,95 1,44 0,99 1,04 

b
w
=

9
5
, 
b

f=
8
0
, 
t=

0
.9

5
m

m
 

b
s
=

1
1
 

2500 

     750 149 2,66 305 214 386 201 141 149 2,05 1,44 0,94 1,00 

     150 67,4 1,67 90 70 148 89 54 64 1,33 1,04 0,80 0,94 

     250 76,8 2,16 124 89 243 122 64 80 1,62 1,17 0,83 1,04 

830 145 3753,8 53,7 53,7 350 105 2,55 154 104 337 150 71 92 1,46 0,99 0,68 0,88 

     550 126 3,20 204 128 517 196 81 111 1,62 1,01 0,65 0,88 b
f=

1
4
0
 

1430 

     750 148 3,74 248 146 690 235 89 126 1,67 0,99 0,60 0,85 

     150 61,6 1,60 92 73 147 91 57 67 1,49 1,19 0,92 1,09 

     250 86,4 2,06 127 94 243 125 67 84 1,47 1,09 0,78 0,98 

790 140 3514,6 58,8 57,4 350 102 2,44 157 110 336 153 75 98 1,54 1,08 0,74 0,96 

     550 113 3,06 209 134 515 201 86 118 1,85 1,19 0,76 1,04 b
f=

1
3
0
 

1430 

     750 131 3,57 254 154 686 240 95 134 1,94 1,18 0,72 1,02 

     150 58,3 1,75 88 67 148 87 51 61 1,51 1,14 0,87 1,05 

     250 80,7 2,26 122 85 243 120 60 76 1,51 1,05 0,75 0,95 

865 155 3966,8 48,8 51,0 350 96,7 2,68 151 99 337 147 67 88 1,56 1,02 0,69 0,91 

     550 120 3,36 200 121 519 193 77 107 1,67 1,01 0,64 0,89 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.2

m
m

 

b
f=

1
5
0
 

1430 

     750 145 3,92 243 139 693 231 84 121 1,67 0,96 0,58 0,83 

     150 58,3 1,81 85 65 148 84 49 59 1,45 1,11 0,83 1,02 

     250 72,1 2,33 117 82 244 115 57 74 1,63 1,14 0,80 1,03 

1105 200 4031,1 46,0 46,0 350 84,2 2,76 145 96 338 142 64 86 1,72 1,14 0,76 1,02 

     550 117 3,46 193 117 519 186 73 103 1,65 1,00 0,62 0,88 b
s
=

1
2
.5

 

1850 

     750 137 4,04 233 134 694 222 80 117 1,70 0,98 0,58 0,86 

     150 57,5 1,98 84 59 148 84 44 52 1,47 1,02 0,77 0,90 

     250 75,6 2,56 117 74 244 115 52 64 1,55 0,98 0,69 0,84 

1195 195 4058,6 38,1 45,6 350 90,9 3,03 145 86 338 141 58 73 1,59 0,95 0,63 0,80 

     550 112 3,80 192 105 520 185 66 87 1,71 0,94 0,59 0,78 b
s
=

1
4
 

1850 

     750 133 4,44 233 120 694 222 72 99 1,75 0,90 0,54 0,74 

     150 59,2 1,69 85 69 148 84 52 66 1,44 1,17 0,87 1,11 

     250 76,2 2,18 118 88 244 116 61 83 1,55 1,16 0,81 1,09 

1010 205 4003,5 52,5 46,5 350 91,4 2,58 146 103 337 142 68 97 1,59 1,13 0,75 1,06 

     550 116 3,24 193 126 519 186 78 117 1,67 1,09 0,68 1,01 

b
w
=

2
0
0
, 
b

f=
1
9
0
, 
t=

1
.5

m
m

 

b
s
=

1
1
 

1850 

     750 135 3,78 234 144 693 223 86 134 1,74 1,07 0,64 0,99 

 



 27 

Table B5: Z columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − V 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 72,8 1,53 95 77 147 94 60 75 1,31 1,05 0,83 1,03 

     250 98,7 1,97 133 98 243 130 72 95 1,34 1,00 0,73 0,97 

905 200 3489,5 64,3 64,3 350 117 2,33 164 115 336 160 80 111 1,40 0,98 0,69 0,95 

     550 144 2,92 218 141 515 209 92 136 1,52 0,98 0,64 0,95 b
s
=

1
2
.5

 

1950 

     750 169 3,42 265 162 685 251 101 156 1,57 0,96 0,60 0,92 

     150 71,9 1,64 95 71 147 94 57 68 1,33 0,99 0,79 0,95 

     250 81,6 2,12 132 91 243 130 67 87 1,62 1,12 0,82 1,06 

980 200 3526,5 55,7 64,1 350 111 2,51 164 107 336 160 75 101 1,48 0,96 0,67 0,91 

     550 145 3,14 218 130 515 209 86 122 1,50 0,90 0,59 0,84 b
s
=

1
4
 

1950 

     750 170 3,67 265 149 686 250 94 139 1,56 0,88 0,55 0,82 

     150 83,6 1,42 96 82 147 95 64 82 1,14 0,98 0,77 0,98 

     250 100 1,84 133 106 243 130 77 106 1,33 1,06 0,77 1,06 

830 205 3452,1 73,9 64,6 350 115 2,18 164 124 335 160 86 124 1,43 1,08 0,75 1,08 

     550 155 2,73 219 153 515 210 99 152 1,41 0,98 0,64 0,98 

b
w
=

2
3
5
, 
b

f=
1
6
0
, 
t=

1
.9

m
m

 

b
s
=

1
1
 

1950 

     750 185 3,19 265 175 685 251 109 174 1,43 0,95 0,59 0,94 

     150 69,4 1,54 95 76 149 95 60 71 1,37 1,10 0,86 1,03 

     250 90,9 1,98 132 98 247 131 71 90 1,45 1,08 0,79 0,99 

800 150 9476,9 63,5 63,5 350 108 2,35 163 114 345 162 80 104 1,51 1,06 0,74 0,97 

     550 137 2,94 217 140 537 214 91 127 1,59 1,02 0,67 0,93 b
f=

1
4
0
 

900 

     750 161 3,44 264 161 726 258 100 144 1,64 1,00 0,62 0,90 

     150 75,7 1,42 97 82 149 97 65 82 1,28 1,09 0,86 1,09 

     250 97,9 1,83 135 106 247 134 78 98 1,38 1,09 0,80 1,00 

755 140 8872,9 74,7 67,8 350 131 2,16 167 125 344 166 87 114 1,28 0,95 0,67 0,87 

     550 166 2,71 223 153 536 219 101 138 1,34 0,92 0,61 0,83 b
f=

1
3
0
 

900 

     750 192 3,17 270 176 724 264 111 158 1,41 0,92 0,58 0,82 

     150 69,7 1,61 92 73 149 92 57 68 1,32 1,05 0,81 0,97 

     250 91,2 2,07 128 93 247 127 67 86 1,40 1,02 0,74 0,94 

835 155 10014,6 58,2 58,2 350 110 2,45 158 109 345 157 75 99 1,44 0,99 0,68 0,90 

     550 140 3,07 210 134 538 207 86 120 1,50 0,95 0,61 0,86 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
f=

1
5
0
 

900 

     750 165 3,59 255 153 727 250 94 137 1,55 0,93 0,57 0,83 

               Mean 1.34 1.03 0.80 0.96 

               Sd.Dev. 0,27 0,11 0,11 0,07 
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ANNEX C 

Table C1: C columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − I 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 149 0,52 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 245 0,67 250 241 244 244 241 241 1,02 0,99 0,99 0,99 

310 85 4305,6 564,2 583,6 350 335 0,79 350 311 338 338 311 311 1,04 0,93 0,93 0,93 

     550 456 0,99 477 417 521 460 382 417 1,05 0,91 0,84 0,91 b
s
=

1
7
.5

 

1760 

     750 538 1,15 586 499 697 559 433 499 1,09 0,93 0,80 0,93 

     150 149 0,50 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 246 0,65 250 243 244 244 243 243 1,02 0,99 0,99 0,99 

290 80 4110,1 589,9 591,0 350 338 0,77 350 315 338 338 315 315 1,04 0,93 0,93 0,93 

     550 473 0,97 479 424 520 461 389 424 1,01 0,90 0,82 0,90 b
s
=

2
0
 

1760 

     750 553 1,13 589 509 695 560 442 509 1,06 0,92 0,80 0,92 

     150 149 0,53 150 150 148 148 150 150 1,01 1,01 1,01 1,01 

     250 244 0,69 250 238 244 244 238 238 1,02 0,98 0,98 0,98 

325 85 4460,7 529,3 579,2 350 329 0,81 350 305 339 339 305 305 1,06 0,93 0,93 0,93 

     550 440 1,02 476 406 522 459 372 406 1,08 0,92 0,85 0,92 

b
w
=

1
0
0
, 
b

f=
1
0
0
, 
t=

1
.9

m
m

 

b
s
=

1
6
 

1760 

     750 520 1,19 585 485 699 558 421 485 1,12 0,93 0,81 0,93 

     150 104 1,15 116 100 148 115 86 100 1,11 0,96 0,83 0,96 

     250 132 1,49 162 131 245 160 104 131 1,23 0,99 0,79 0,99 

590 150 4808,0 112,7 112,7 350 156 1,76 201 155 339 197 117 155 1,29 0,99 0,75 0,99 

     550 195 2,21 269 192 524 260 136 192 1,38 0,98 0,70 0,98 b
w
=

9
5
 

2500 

     750 230 2,58 327 221 703 314 150 221 1,42 0,96 0,65 0,96 

     150 96,6 1,23 114 94 148 113 81 94 1,18 0,97 0,84 0,97 

     250 122 1,59 160 123 245 158 97 122 1,31 1,01 0,80 1,00 

650 160 5116,1 98,8 108,5 350 145 1,88 199 145 340 195 109 144 1,37 1,00 0,75 0,99 

     550 184 2,36 265 179 526 257 126 178 1,44 0,97 0,69 0,97 b
w
=

8
8
 

2500 

     750 218 2,76 322 206 705 310 139 205 1,48 0,94 0,64 0,94 

     150 116 1,07 117 107 148 116 92 107 1,01 0,92 0,79 0,92 

     250 147 1,38 164 141 244 161 112 141 1,11 0,96 0,76 0,96 

515 145 4306,6 131,6 116,0 350 175 1,63 203 168 338 199 126 168 1,16 0,96 0,72 0,96 

     550 223 2,04 271 208 521 262 147 208 1,22 0,93 0,66 0,93 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.0

m
m

 

b
w
=

1
0
5
 

2500 

     750 261 2,39 330 241 697 315 163 241 1,27 0,92 0,62 0,92 

     150 145 0,76 150 136 139 139 136 136 1,03 0,94 0,94 0,94 

     250 198 0,98 216 191 220 198 174 191 1,09 0,96 0,88 0,96 

755 105 823,2 261,5 261,5 350 239 1,16 270 232 293 240 200 232 1,13 0,97 0,84 0,97 

     550 283 1,45 363 296 416 302 237 250 1,28 1,04 0,84 0,88 b
w
=

1
1
4
 

1150 

     750 307 1,69 444 346 512 347 264 283 1,45 1,13 0,86 0,92 

     150 147 0,73 150 139 139 139 139 139 1,02 0,95 0,95 0,95 

     250 229 0,94 216 197 221 199 180 197 0,94 0,86 0,78 0,86 

830 105 863,5 284,2 262,7 350 290 1,11 270 241 295 242 207 241 0,93 0,83 0,71 0,83 

     550 323 1,39 364 308 421 305 246 308 1,13 0,95 0,76 0,95 b
w
=

1
2
0
 

1150 

     750 343 1,62 444 360 521 351 275 277 1,30 1,05 0,80 0,81 

     150 143 0,79 150 133 139 139 133 133 1,05 0,93 0,93 0,93 

     250 190 1,02 216 184 219 197 168 184 1,13 0,97 0,89 0,97 

710 105 801,0 238,6 261,1 350 232 1,21 270 223 292 239 192 223 1,16 0,96 0,83 0,96 

     550 271 1,52 363 283 413 301 227 246 1,34 1,04 0,84 0,91 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.5

m
m

 

b
w
=

1
0
6
 

1150 

     750 289 1,77 443 330 507 344 253 280 1,53 1,14 0,88 0,97 
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Table C2: C columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − II 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 95 1,20 113 96 119 97 82 96 1,19 1,01 0,86 1,01 

     250 112 1,55 157 126 170 123 99 106 1,40 1,12 0,88 0,95 

595 85 273,3 103,6 103,8 350 125 1,84 195 148 205 138 111 122 1,56 1,19 0,89 0,97 

     550 138 2,30 261 183 237 152 128 145 1,89 1,33 0,93 1,05 

b
f=

5
5
 

620 

     750 155 2,69 317 211 240 153 141 163 2,04 1,36 0,91 1,05 

     150 95,4 1,19 117 97 116 98 84 97 1,22 1,02 0,88 1,02 

     250 116 1,53 163 127 162 123 102 109 1,40 1,10 0,88 0,94 

590 85 240,4 106,7 114,6 350 125 1,81 202 151 190 136 114 125 1,62 1,20 0,92 1,00 

     550 135 2,27 270 186 211 146 133 149 2,00 1,38 0,98 1,11 

b
f=

5
0
 

620 

     750 152 2,65 329 215 211 146 146 168 2,16 1,41 0,96 1,11 

     150 92,5 1,27 107 92 123 94 76 92 1,16 0,99 0,82 0,99 

     250 100 1,64 149 119 181 121 91 101 1,49 1,19 0,91 1,01 

605 90 321,9 93,4 88,9 350 118 1,94 185 141 222 138 102 116 1,57 1,19 0,87 0,99 

     550 136 2,43 246 173 269 156 118 139 1,81 1,28 0,87 1,02 

b
w
=

1
0
0
, 
b

s
=

1
0
, 
t=

2
.4

m
m

 

b
f=

6
0
 

620 

     750 150 2,83 299 200 282 161 130 157 1,99 1,33 0,87 1,05 

     150 126 0,94 133 118 145 130 110 118 1,06 0,94 0,87 0,94 

     250 166 1,21 187 159 235 180 135 159 1,13 0,96 0,82 0,96 

500 100 1725,3 170,8 171,6 350 189 1,43 233 191 322 221 153 182 1,24 1,01 0,81 0,96 

     550 221 1,79 313 239 481 287 180 226 1,41 1,08 0,81 1,02 b
f=

1
1
0
 

1030 

     750 254 2,10 381 277 625 339 199 260 1,50 1,09 0,78 1,02 

     150 125 0,95 129 117 145 126 107 117 1,03 0,94 0,85 0,94 

     250 162 1,23 182 157 236 175 131 157 1,12 0,97 0,81 0,97 

505 100 1867,1 165,9 156,8 350 183 1,45 226 188 324 215 149 179 1,24 1,03 0,81 0,98 

     550 221 1,82 303 235 486 280 174 221 1,37 1,06 0,79 1,00 b
f=

1
3
0
 

1030 

     750 255 2,13 369 273 634 331 193 255 1,45 1,07 0,76 1,00 

     150 128 0,92 139 120 144 135 114 120 1,08 0,94 0,89 0,94 

     250 172 1,19 195 162 234 187 141 162 1,14 0,94 0,82 0,94 

495 90 1537,3 177,0 194,0 350 198 1,41 244 194 318 229 160 182 1,23 0,98 0,81 0,92 

     550 207 1,76 327 243 474 297 187 224 1,58 1,18 0,90 1,08 

b
w
=

1
8
0
, 
b

s
=

1
0
, 
t=

1
.9

m
m

 

b
f=

9
0
 

1030 

     750 260 2,06 399 282 611 350 207 257 1,53 1,09 0,80 0,99 

     150 149 0,56 150 150 143 143 150 150 1,01 1,01 1,01 1,01 

     250 239 0,72 250 233 232 232 233 233 1,05 0,98 0,98 0,98 

620 150 1398,2 482,2 498,8 350 283 0,85 334 296 315 310 286 296 1,18 1,04 1,01 1,04 

     550 361 1,07 453 391 467 405 348 391 1,25 1,08 0,96 1,08 b
f=

1
0
0
 

2000 

     750 430 1,25 556 465 599 479 393 465 1,29 1,08 0,91 1,08 

     150 149 0,53 150 150 143 143 150 150 1,01 1,01 1,01 1,01 

     250 245 0,69 250 238 231 231 238 238 1,02 0,97 0,97 0,97 

580 145 1335,3 526,3 504,8 350 305 0,82 335 304 314 311 295 304 1,10 1,00 0,97 1,00 

     550 377 1,02 454 405 463 405 361 405 1,21 1,07 0,96 1,07 

b
f=

9
0
 

2000 

     750 442 1,19 558 484 593 478 409 484 1,26 1,09 0,92 1,09 

     150 149 0,58 150 150 144 144 150 150 1,01 1,00 1,00 1,00 

     250 225 0,75 250 228 233 233 228 228 1,11 1,01 1,01 1,01 

660 150 1446,4 438,8 492,0 350 266 0,89 332 286 316 310 277 286 1,25 1,08 1,04 1,08 

     550 349 1,12 451 375 469 405 334 375 1,29 1,08 0,96 1,08 

b
w
=

1
8
0
, 
b

s
=

2
0
, 
t=

4
.0

m
m

 

b
f=

1
1
0
 

2000 

     750 418 1,31 553 445 604 479 377 445 1,32 1,07 0,90 1,07 
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Table C3: C columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − III 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 148 0,57 150 150 147 147 150 150 1,01 1,01 1,01 1,01 

     250 239 0,74 250 230 241 241 230 230 1,05 0,96 0,96 0,96 

545 95 2702,1 457,5 457,4 350 304 0,87 325 290 332 313 276 290 1,07 0,96 0,91 0,96 

     550 398 1,10 440 382 505 415 335 382 1,10 0,96 0,84 0,96 b
s
=

1
5
 

940 

     750 459 1,28 540 454 668 500 378 454 1,18 0,99 0,82 0,99 

     150 148 0,63 150 148 146 146 148 148 1,01 1,00 1,00 1,00 

     250 232 0,81 250 218 240 240 218 218 1,08 0,94 0,94 0,94 

495 100 2606,7 379,7 454,7 350 287 0,96 324 271 331 312 258 271 1,13 0,94 0,90 0,94 

     550 380 1,20 439 352 504 414 310 352 1,15 0,93 0,82 0,93 b
s
=

1
3
 

940 

     750 434 1,41 539 416 665 498 348 401 1,24 0,96 0,80 0,92 

     150 148 0,55 150 150 147 147 150 150 1,01 1,01 1,01 1,01 

     250 243 0,71 250 235 241 241 235 235 1,03 0,97 0,97 0,97 

595 95 2806,7 498,2 459,0 350 320 0,84 325 299 332 314 284 299 1,02 0,93 0,89 0,93 

     550 434 1,05 440 396 507 417 346 396 1,01 0,91 0,80 0,91 

b
w
=

1
1
0
, 
b

f=
8
5
, 
t=

2
.4

m
m

 

b
s
=

1
7
 

940 

     750 491 1,23 540 472 671 502 392 472 1,10 0,96 0,80 0,96 

     150 103 1,19 113 97 137 106 82 97 1,10 0,94 0,80 0,94 

     250 133 1,54 157 127 216 143 99 127 1,18 0,95 0,75 0,95 

270 80 716,9 105,2 104,1 350 159 1,82 196 149 285 172 112 149 1,23 0,94 0,70 0,94 

     550 191 2,29 261 185 399 213 129 185 1,37 0,97 0,68 0,97 

b
f=

5
0
 

1400 

     750 197 2,67 317 213 484 241 143 213 1,61 1,08 0,72 1,08 

     150 108 1,13 113 101 136 106 86 101 1,05 0,94 0,80 0,94 

     250 137 1,46 158 133 214 143 104 133 1,15 0,97 0,76 0,97 

250 80 665,2 116,6 105,2 350 168 1,73 196 158 281 170 117 158 1,17 0,94 0,70 0,94 

     550 205 2,17 262 195 389 210 136 195 1,28 0,95 0,67 0,95 

b
f=

4
5
 

1400 

     750 223 2,54 318 225 468 236 150 225 1,43 1,01 0,67 1,01 

     150 98,8 1,26 112 92 138 106 79 92 1,14 0,93 0,80 0,93 

     250 116 1,62 157 120 218 143 95 120 1,35 1,04 0,82 1,04 

290 85 759,2 95,0 102,8 350 155 1,92 195 142 289 172 106 142 1,26 0,91 0,68 0,91 

     550 189 2,41 260 175 406 214 123 175 1,37 0,93 0,65 0,93 

b
w
=

1
0
0
, 
b

s
=

5
, 
t=

1
.0

m
m

 

b
f=

5
5
 

1400 

     750 207 2,81 316 201 496 243 135 201 1,53 0,97 0,65 0,97 

     150 108 1,09 121 105 128 109 92 105 1,12 0,97 0,85 0,97 

     250 134 1,41 169 138 193 142 112 128 1,26 1,03 0,84 0,96 

540 95 405,2 126,2 126,6 350 145 1,67 210 164 244 166 126 150 1,45 1,13 0,87 1,03 

     550 161 2,09 280 204 312 195 147 183 1,74 1,27 0,91 1,13 b
w
=

1
1
5
 

2400 

     750 176 2,44 341 235 346 208 162 209 1,94 1,34 0,92 1,19 

     150 109 1,08 124 106 124 109 94 106 1,13 0,97 0,87 0,97 

     250 138 1,39 173 140 181 140 115 140 1,26 1,01 0,83 1,01 

530 90 324,7 129,1 136,8 350 150 1,65 216 166 223 161 129 150 1,44 1,11 0,86 1,00 

     550 165 2,06 288 206 271 182 151 183 1,75 1,25 0,91 1,11 b
w
=

1
0
0
 

2400 

     750 179 2,41 351 238 285 189 166 208 1,96 1,33 0,93 1,16 

     150 105 1,12 115 102 131 105 87 102 1,09 0,98 0,83 0,98 

     250 128 1,44 160 135 199 138 106 127 1,25 1,05 0,83 0,99 

545 105 459,4 119,9 109,0 350 140 1,71 199 160 254 162 120 149 1,42 1,14 0,85 1,07 

     550 160 2,14 265 198 333 193 139 183 1,66 1,24 0,87 1,15 

b
f=

8
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
w
=

1
2
5
 

2400 

     750 176 2,50 323 229 379 209 154 210 1,83 1,30 0,87 1,19 
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Table C4: C columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − IV 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 91 1,26 109 92 119 94 77 92 1,20 1,01 0,85 1,01 

     250 106 1,63 152 120 170 118 93 99 1,43 1,13 0,87 0,93 

610 85 273,0 94,1 93,8 350 111 1,93 188 141 205 133 104 113 1,70 1,27 0,93 1,02 

     550 130 2,42 251 174 237 147 120 134 1,93 1,34 0,92 1,03 b
s
=

1
0
 

2500 

     750 145 2,82 305 200 239 148 132 150 2,10 1,38 0,91 1,03 

     150 87,7 1,31 109 89 119 93 75 89 1,24 1,02 0,85 1,02 

     250 99,8 1,69 152 116 169 118 90 99 1,52 1,16 0,90 0,99 

570 85 268,3 87,8 93,5 350 106 2,00 188 136 203 132 100 113 1,78 1,28 0,95 1,07 

     550 130 2,50 251 168 233 145 116 136 1,93 1,29 0,89 1,04 

b
s
=

9
 

2500 

     750 146 2,92 305 193 235 146 127 153 2,09 1,32 0,87 1,05 

     150 101 1,22 109 95 120 94 79 95 1,08 0,94 0,78 0,94 

     250 111 1,58 152 123 172 119 95 98 1,37 1,11 0,86 0,88 

655 85 278,1 100,0 94,0 350 131 1,87 189 146 207 134 107 110 1,44 1,11 0,82 0,84 

     550 144 2,35 251 180 240 148 124 129 1,74 1,25 0,86 0,90 

b
w
=

9
5
, 
b

f=
8
0
, 
t=

0
.9

5
m

m
 

b
s
=

1
1
 

2500 

     750 152 2,74 305 207 244 149 136 143 2,01 1,36 0,90 0,94 

     150 60,6 1,67 90 70 145 88 54 64 1,48 1,16 0,89 1,05 

     250 79,8 2,15 124 90 237 120 64 80 1,56 1,13 0,80 1,00 

835 145 1969,7 54,1 53,7 350 97,1 2,54 154 105 325 147 71 92 1,58 1,08 0,73 0,95 

     550 123 3,19 204 128 489 190 82 111 1,66 1,04 0,66 0,90 b
f=

1
4
0
 

1430 

     750 145 3,72 248 147 640 224 89 126 1,71 1,01 0,62 0,87 

     150 63,5 1,58 92 74 145 90 57 68 1,44 1,16 0,90 1,06 

     250 83,1 2,04 127 95 237 123 68 85 1,53 1,14 0,82 1,02 

795 140 1949,9 59,8 57,4 350 99,6 2,42 157 111 325 150 76 98 1,58 1,11 0,76 0,98 

     550 127 3,03 209 136 489 194 87 119 1,65 1,07 0,69 0,93 b
f=

1
3
0
 

1430 

     750 149 3,54 254 155 638 230 95 135 1,70 1,04 0,64 0,90 

     150 60,5 1,76 92 67 145 91 52 61 1,53 1,10 0,86 1,01 

     250 78,1 2,27 128 85 237 124 62 77 1,64 1,09 0,79 0,98 

870 155 1983,0 48,7 58,7 350 93,5 2,68 159 99 325 152 69 88 1,70 1,06 0,73 0,95 

     550 119 3,36 211 121 490 196 78 107 1,77 1,02 0,66 0,90 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.2

m
m

 

b
f=

1
5
0
 

1430 

     750 139 3,92 256 138 640 232 86 121 1,84 1,00 0,62 0,87 

     150 57,5 1,80 85 65 146 83 49 59 1,48 1,13 0,85 1,03 

     250 75,5 2,33 117 82 239 114 57 74 1,56 1,09 0,76 0,98 

1105 200 2304,3 46,1 46,1 350 89,4 2,76 145 96 328 140 64 86 1,62 1,07 0,71 0,96 

     550 114 3,45 193 117 498 181 73 103 1,69 1,03 0,64 0,91 b
s
=

1
2
.5

 

1850 

     750 133 4,03 234 134 654 215 80 118 1,76 1,01 0,60 0,88 

     150 55,3 1,98 84 59 146 83 44 52 1,53 1,06 0,80 0,93 

     250 74 2,56 117 74 238 113 52 64 1,58 1,00 0,70 0,86 

1200 195 2104,5 38,1 45,6 350 88,2 3,03 145 86 326 138 58 73 1,64 0,98 0,65 0,83 

     550 112 3,80 192 105 493 179 66 87 1,71 0,94 0,59 0,78 b
s
=

1
4
 

1850 

     750 132 4,44 233 120 646 212 72 98 1,76 0,91 0,55 0,75 

     150 59 1,69 85 69 146 83 52 66 1,44 1,17 0,88 1,11 

     250 76,9 2,18 118 88 238 114 61 83 1,53 1,15 0,80 1,08 

1010 205 2068,7 52,5 46,5 350 91,4 2,58 146 103 326 139 68 97 1,59 1,13 0,75 1,06 

     550 115 3,24 193 126 492 180 78 117 1,68 1,10 0,68 1,02 

b
w
=

2
0
0
, 
b

f=
1
9
0
, 
t=

1
.5

m
m

 

b
s
=

1
1
 

1850 

     750 134 3,78 234 144 644 213 86 134 1,75 1,08 0,64 1,00 
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Table C5: C columns: SFEA ultimate strengths and corresponding DSM estimates (dimensions in mm, stresses in MPa) − V 

   GBT SFEA DSM 

  L Lcr.D Lcr.L fE fD fL fy fU λD fNL fND  fNE fNLE fNDL f*NDL
U

NL

f

f
 

U

ND

f

f
 

U

NDL

f

f
 

U

NDL

f

*f

     150 74 1,53 96 77 146 94 61 75 1,29 1,04 0,82 1,01 

     250 94,4 1,97 133 99 239 129 72 95 1,41 1,04 0,76 1,01 

910 200 2378,7 64,4 64,4 350 112 2,33 164 115 329 158 80 111 1,47 1,03 0,72 0,99 

     550 144 2,92 218 141 499 206 92 136 1,52 0,98 0,64 0,94 b
s
=

1
2
.5

 

1950 

     750 169 3,41 265 162 657 244 101 156 1,57 0,96 0,60 0,92 

     150 72,9 1,64 95 71 146 94 57 68 1,31 0,98 0,78 0,94 

     250 91,6 2,12 132 91 239 129 67 86 1,45 1,00 0,73 0,94 

985 200 2401,8 55,7 64,1 350 110 2,51 164 107 329 158 75 100 1,49 0,97 0,68 0,91 

     550 142 3,14 218 130 500 205 86 122 1,54 0,92 0,60 0,86 b
s
=

1
4
 

1950 

     750 168 3,67 265 149 658 244 94 139 1,58 0,89 0,56 0,83 

     150 76,9 1,42 96 82 146 94 64 82 1,24 1,07 0,84 1,07 

     250 97,4 1,84 133 106 239 129 77 106 1,36 1,09 0,79 1,08 

830 205 2357,0 74,0 64,6 350 113 2,17 164 124 329 158 86 124 1,46 1,10 0,76 1,10 

     550 143 2,73 219 153 499 206 99 152 1,53 1,07 0,69 1,06 

b
w
=

2
3
5
, 
b

f=
1
6
0
, 
t=

1
.9

m
m

 

b
s
=

1
1
 

1950 

     750 167 3,18 265 175 656 244 109 175 1,59 1,05 0,65 1,05 

     150 70,9 1,54 95 76 148 94 60 71 1,34 1,07 0,85 1,01 

     250 94,4 1,98 132 98 245 130 71 90 1,40 1,04 0,76 0,95 

800 150 4970,4 63,5 63,5 350 113 2,35 163 114 340 160 80 104 1,45 1,01 0,70 0,92 

     550 145 2,94 217 140 525 211 91 127 1,50 0,97 0,63 0,87 b
f=

1
4
0
 

900 

     750 170 3,44 264 161 704 254 100 144 1,55 0,95 0,59 0,85 

     150 75 1,45 97 81 148 96 64 75 1,30 1,08 0,85 1,00 

     250 99,6 1,87 135 104 245 133 76 95 1,36 1,04 0,77 0,96 

760 140 4920,3 71,4 67,8 350 119 2,21 167 122 340 164 85 111 1,41 1,02 0,72 0,93 

     550 152 2,78 223 150 525 216 98 134 1,46 0,98 0,65 0,88 b
f=

1
3
0
 

900 

     750 178 3,24 270 172 704 260 108 153 1,52 0,96 0,61 0,86 

     150 67,2 1,61 92 73 148 91 57 68 1,37 1,09 0,84 1,01 

     250 87,6 2,07 128 93 245 126 67 86 1,46 1,07 0,77 0,98 

835 155 5004,5 58,2 58,2 350 108 2,45 158 109 340 155 75 99 1,47 1,01 0,69 0,92 

     550 138 3,07 210 134 525 204 86 120 1,52 0,97 0,62 0,87 

b
w
=

1
5
0
, 
b

s
=

1
0
, 
t=

1
.3

m
m

 

b
f=

1
5
0
 

900 

     750 163 3,59 255 153 704 245 94 137 1,57 0,94 0,58 0,84 

               Mean 1.37 1.04 0.82 0.97 

               Sd.Dev. 0,28 0,11 0,11 0,07 

 


