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Abstract 

The component method is widely used nowadays for the analytical prediction of the mechanical 

properties (rotational elastic stiffness, design resistance and ductility/deformation capacity) of steel 

and composite beam-to-column joints. The Part 1-8 of Eurocode 3 (EN 1993-1-8) provides expressions 

for the evaluation of the properties of many different joint components. However, a quick examination 

of EN 1993-1-8 highlights a glaring disproportion between the quantity of information related to 

rotational stiffness and plastic resistance, and that related to ductility and deformation capacity. For 

the latter, only few recommendations are provided, sometimes in line, and sometimes even not with 

the component approach itself. Present paper concerns one of these components, the ‘‘column web 

in transverse compression’’ (CWC), for which no information is basically available in terms of ductility. 

An original procedure for the prediction of the plastic deformation capacity is presented. It relies on a 

preliminary evaluation of the four main component properties : elastic stiffness, plastic resistance, 

post-plastic stiffness and ultimate resistance. Through this study, more accurate analytical formulae 

than those provided by EN 1993-1-8 for the evaluation of the plastic resistance are also suggested. All 

the developments are validated through extensive comparisons with already available experimental 

tests performed in various countries. 

1. Introduction 

Intensive research efforts have been devoted worldwide, during the last decades, to the study of the 

structural joints ; these ones have been progressively transferred into normative documents such as 

Eurocode 3 Part 1–8 (EN 1993-1-8) [1] in which calculation models are proposed for the evaluation of 

the mechanical properties of the joints (rotational stiffness, design resistance, ductility). However, a 
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quick examination of EN 1993-1-8 highlights a glaring disproportion between the quantity of 

information related to rotational stiffness and plastic resistance, and that related to ductility and 

deformation capacity. For the latter, only few recommendations are provided, sometimes in line, and 

sometimes even not with the ‘‘component approach’’ [2] followed as general design philosophy in EN 

1993-1-8. The same observation was made by other researchers [3]. This lack justified the launching 

of research projects at the University of Liège, which aim to develop analytical formulae for the 

evaluation of the deformation capacity of joint components so as to progressively fill the gap in 

knowledge and finally allow the designer to safely design structures and their joints at SLS and ULS, 

but also in case of exceptional events. These research projects are built upon the already existing 

scientific literature [4–6]. 

In this context, the present paper addresses the so-called ‘‘column web in compression’’ (CWC) 

component. This component is highlighted in Fig. 1(a) in the case of a typical single-sided beam-to-

column joint with an extended endplate connection subjected to bending moment only. The typical 

response of the CWC component may be presented in the form of an 𝐹 − 𝛥 force–displacement curve 

(see Fig. 1(b)), where 𝐹 and 𝛥 designate the transversally acting compression force and the resultant 

shortening of the web, respectively. This latter is assumed to be measured in between the external 

face of the column flange and the column axis. 

The shape of the 𝐹 − 𝛥 curve presented in Fig. 1(b) is globally bilinear and may be characterized by four 

key parameters: (i) an initial elastic stiffness 𝐾𝑖𝑛𝑖, (ii) a ‘‘plastic’’ resistance 𝐹𝑅𝑝𝑙, (iii) a strain-hardening 

(more generally post-plastic) stiffness 𝐾𝑝𝑝 and (iv) an ultimate resistance 𝐹𝑅𝑢. According to [2,7], the 

elastic resistance 𝐹𝑅𝑒𝑙 may be simply estimated as 2/3 of 𝐹𝑅𝑝𝑙. 

In EN 1993-1-8, expressions are provided for the characterization of two out of the four key properties 

of the components, i.e. the initial stiffness 𝐾𝑖𝑛𝑖 and the ‘‘plastic’’ resistance 𝐹𝑅𝑝𝑙. However, nothing is 

said in terms of strain-hardening (i.e. post-plastic) stiffness 𝐾𝑝𝑝 and ultimate resistance 𝐹𝑅𝑢; and, 

consequently, also in terms of ultimate deformation capacity 𝛥𝑢. On the basis of these two parameters 

(𝐾𝑖𝑛𝑖 and 𝐹𝑅𝑝𝑙), a simplified bilinear 𝐹 −𝛥 curve or a more complex trilinear 𝐹 −𝛥 curve can be built, as 

shown in Fig. 2(a) and (b) respectively (see the solid blue curves). For these two curves, no limit is 

provided to the yield plateau. No further information on the actual ductility of the CWC component is 

added in Chapter 6.4 of EN 1993-1-8 dealing with joint rotation capacity. 

In this paper, analytical procedures for the evaluation of the 𝐾𝑝𝑝 and 𝐹𝑅𝑢 values on the basis of the 

component approach are proposed and validated against numerous experimental results. This will 

allow the designer to approximate the actual 𝐹 − 𝛥 curve, as shown in Fig. 2(a) and (b) (see the dashed 

red curves) and, in line with the objective of the present paper, to derive an estimation formula for the 

ultimate deformation capacity 𝛥𝑢. Subsequently, this one may be used to limit the length of the yield 

plateau in the EN 1993-1-8 approach.



Published in : Thin-Walled Structures (2022), vol. 180, 109848 
DOI: 10.1016/j.tws.2022.109848 
Status : Postprint (Author’s version)  

 

 

 

 

Fig. 1. CWC component. 

 

Fig. 2. Simplified modelling of the CWC F – 𝛥 curve. 

2. Review of the EN 1993-1-8 model for the CWC component 

2.1. ELASTIC STIFFNESS 

The elastic initial stiffness 𝐾𝑖𝑛𝑖 of an unstiffened CWC component is obtained by multiplying the 

stiffness coefficient 𝑘𝑖𝑛𝑖 provided in EN 1993-1-8 by the Young’s modulus of steel 𝐸, as expressed by 

Eq. (1): 

𝐾𝑖𝑛𝑖 = 𝑘𝑖𝑛𝑖  𝐸 (1) 

where: 

𝑘𝑖𝑛𝑖 = 
0.7 ⋅b𝑒𝑓𝑓,𝑐,𝑤𝑐 ⋅ t𝑤𝑐

𝑑𝑐
 (2) 

with: 

- 𝑡𝑤𝑐 : the column web thickness; 

- 𝑑𝑐 : the clear depth of the column web; 

- 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 : the effective width of the column web in compression. 
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The value of the clear depth 𝑑𝑐 of the column may be computed through Eq. (3), ℎ𝑐 being the column 

depth, 𝑡𝑓𝑐 the column flange thickness, 𝑟𝑐 the root radius in hot-rolled column profiles and 𝑎𝑐 the throat 

thickness of the welds connecting the flanges to the web in welded built-up column profiles: 

dc = {
ℎ𝑐− 2 ∙ (𝑡𝑓𝑐+ 𝑟𝑐)           𝑓𝑜𝑟 𝑎 𝑟𝑜𝑙𝑙𝑒𝑑 𝐼 𝑜𝑟 𝐻 𝑐𝑜𝑙𝑢𝑚𝑛 𝑝𝑟𝑜𝑓𝑖𝑙𝑒

ℎ𝑐− 2 ∙ (𝑡𝑓𝑐 +√2 ∙ 𝑎𝑐) 𝑓𝑜𝑟 𝑎 𝑤𝑒𝑙𝑑𝑒𝑑 𝐼 𝑜𝑟 𝐻 𝑐𝑜𝑙𝑢𝑚𝑛 𝑝𝑟𝑜𝑓𝑖𝑙𝑒
         (3) 

The value of the effective width 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 may be computed through Eq. (4) for either a welded or a 

bolted connection (see Fig. 3). This formula is a quite simplified version of a more complex one, initially 

presented in [7]. 

𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 = 𝑠 + 5 ⋅ (𝑡𝑓𝑐 + 𝑟𝑐) (4)  

where 𝑠 is defined by Eq. (5), according to Fig. 3: 

𝑠 = 𝑡𝑝 + 2 ⋅ 𝑡𝑒 + 2√2 ⋅ 𝑎𝑝                 (5) 

2.2. PLASTIC RESISTANCE 

According to EN 1993-1-8, the design plastic resistance of the CWC component may be expressed 

through Eq. (6): 

Fc,wc,Rd = 
𝜔 ∙ 𝑘𝑤𝑐 ∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑡𝑤𝑐 ∙ 𝑓𝑖,𝑤𝑐

𝛾𝑀0
  but 

𝐹𝑐,𝑤𝑐,𝑅𝑑  ≤ 
𝜔 ∙𝑘𝑤𝑐 ∙ 𝜌 ∙𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙𝑡𝑤𝑐 ∙𝑓𝑦,𝑤𝑐

𝛾𝑀1
                      (6) 

In Eq. (6): 

- 𝑓𝑦,𝑤𝑐 is the material yield strength. 

- 𝜔 is an interaction factor which differs from 1.0 when the column web is subjected, in addition to 

transverse compressive stresses 𝜎𝑖, to significant shear stresses 𝜏. This is the case for instance in 

the column web panel of a single-sided beam-to-column joint subjected to a bending moment or 

in the column web panel of a double-sided beam-to-column joint with unbalanced bending 

moments in the two connected beams. 

- 𝑘𝑤𝑐 is a reduction factor covering the possible detrimental effect of the longitudinal compressive 

stresses 𝜎𝑛 coming from the axial force 𝑁𝑐 and the bending moment 𝑀𝑐 in the column. This effect 

has to be accounted for solely when the 𝜎𝑛 stresses exceed 0.7 ⋅ 𝑓𝑦,𝑤𝑐 in the column web (adjacent 

to the root radius for a rolled section or the toe of the weld for a welded section), as stated through 

Eq. (7): 

kwc  = {
1.0        𝑤ℎ𝑒𝑛 𝜎𝑛 ≤ 0.7 ∙  𝑓𝑦,𝑤𝑐

1.7 − 
𝜎𝑛

𝑓𝑦,𝑤𝑐
 𝑤ℎ𝑒𝑛 𝜎𝑛 > 𝑓𝑦,𝑤𝑐

         (7) 
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- 𝜌 is a reduction factor accounting for the possible column web buckling and which may be 

defined through Eq. (8), where λ̅p  is the reduced slenderness factor of the column web and may 

be defined through Eq. (9) as follows: 

𝜌 =  {
    1.0     𝑖𝑓 λ̅𝑝 ≤ 0.67 

λ̅𝑝−0.22

λ̅𝑝
  2  𝑖𝑓 λ̅𝑝  ≥ 0.67

            (8) 

λ̅𝑝 = 0.932 ∙  √
𝜔∙𝑘𝑤𝑐∙𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐∙𝑑𝑐∙𝑓𝑦,𝑤𝑐

𝐸∙𝑡𝑤𝑐
2    (9) 

N.B.: for sake of accuracy, it was decided to consider, for Eqs. (8) and (9), the new updated 

formulae which will be included in the forthcoming version of EN 1993-1-8. In Eq. (8), the factor 

‘‘0.22’’ replaced the incorrect original factor ‘‘0.20’’ (based on the well-known Winter formula) 

and so the limit slenderness factor has been adapted (i.e. ‘‘0.67’’ instead of ‘‘0.72’’). In 

addition, the 𝑘𝑤𝑐 and 𝜔 factors were introduced in Eq. (9). These factors appeared in 1998 in a 

revised version of Eurocode 3 [8] and are based on research works achieved by Aribert et al. 

[9] and Jaspart [10], respectively. 

- 𝛾
𝑀0 and 𝛾𝑀1 are the so-called ‘‘material’’ safety factors, for resistance and instability 

respectively; their values are recommended in the National Application Document of the 

countries in which Eurocodes apply. In the present paper, these two coefficients will be 

systematically taken as equal to 1.0 as the aim is to compare new proposed formulae to 

experimental evidence (i.e. characteristic values of resistance 𝐹𝑐,𝑤𝑐,𝑅𝑘 will be considered instead 

of design ones 𝐹𝑐,𝑤𝑐,𝑅𝑑, see Eq. (6)). 

For sake of convenience, in the following sections, the notation 𝐹𝑐,𝑤𝑐,𝑅𝑘 will be used to refer to the 

formula of EN 1993-1-8 while a more simple 𝐹𝑅𝑝𝑙 one, will be used to refer to the new proposed formula 

(see Section 3). 

 

 
Fig. 3. Column web subjected to compression through transverse plates. 
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2.3. COMPARISONS WITH EXPERIMENTAL DATA AND CONCLUSIONS 

In order to highlight the capabilities of the EN 1993-1-8 model introduced in Section 2.2, a large 

database of 50 tests carried out in European [Rennes, Delft, Stuttgart and Liège] and American [Leigh 

and Waterloo] universities has been built [9,11,12], see Table 1. All the actual geometrical and 

mechanical properties of the specimens are reported in Table 1, when available (see the columns #2-

#11 and the columns #12-#17, respectively). If not, the nominal properties are used. 

Based on these values, it was possible to compute the EN 1993-1-8 behavioural properties of the CWC 

component for each individual test. This is done in Table 2 (see the column #18 for 𝐾𝑖𝑛𝑖 and the column 

#24 for 𝐹𝑐,𝑤𝑐,𝑅𝑘). This model has been graphically compared in Fig. 4 to one of the tests presented in 

Table 2 (i.e. the test ‘‘CWC’’ performed at the University of Liège). The tested specimen is presented 

in Fig. 4(a). It consists of a double-sided beam-to-column sub-assembly and it was designed and loaded 

in such a way that the CWC component is the only component activated. The experimental curve and 

the analytical prediction (following the bilinear approach depicted in Fig. 2(a)) are plotted in Fig. 4(b) 

in terms of 𝑀 − 𝜙 curves (see the solid blue and black curves, respectively) since the CWC 𝐹 − 𝛥 curve 

was not made available in [12]. The following observations can be made from the comparison between 

the two: 

- The initial stiffness is accurately captured by the analytical model;  

- The plastic resistance is significantly underestimated by the analytical model. The experimental 

test is characterized by a column web buckling failure mode, which occurs in the elasto-plastic field, 

before strain-hardening develops. This is revealed by the absence of a clear bilinear response of the 

curve (such as the one presented in Fig. 1(b)), but also by the rather low decrease of the rotational 

stiffness under  increasing bending moments. Therefore, the plastic resistance also corresponds to 

the ultimate resistance; 

Based on these observations, it clearly appears that the EN 19931-8 formula for the evaluation of the 

plastic resistance of the CWC component (i.e. Eq. (6)) needs to be re-evaluated. This conclusion is 

confirmed by similar comparisons made with all the experimental tests reported in Table 2, which are 

characterized by a column web buckling failure mode occurring in the elasto-plastic range. These tests 

are highlighted in light blue in Table 2. For these tests, the ratio 𝐹𝑐,𝑤𝑐,𝑅𝑘 ∕ 𝐹𝑅𝑢,𝑒𝑥𝑝 (see the column #25) 

is significantly lower than 1.0, with a mean value of 0.79 and a standard deviation of 0.07. This lack of 

accuracy will be addressed and improved in Section 3.1, this preliminary step being absolutely 

necessary for the subsequent characterization of the ultimate resistance (see Section 3.2) and of the 

deformation capacity (see Section 4) of this component. 
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Fig. 4. Comparison between experimental and analytical results for the test “CWC”. 

 

Table 1 

Database of experimental tests − geometrical and mechanical properties. 
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Table 2 

Database (continued) − EN 1993-1-8 model (Kini & Fc,wc,Rk). 
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3. Formulae for the characterization of the CWC resistance 

3.1. IMPROVED PLASTIC RESISTANCE F𝑅𝑝𝑙 

The evaluation of the reduced slenderness factor λ̅p through Eq. (9), of the reduction factor 𝜌 through 

Eq. (8) and of the stress interaction factor 𝑘𝑤𝑐 through Eq. (7) raises few comments and questions, 

which will be addressed in the present section. 

Regarding the reduced plate slenderness factor λ̅p, it may be evaluated through Eq. (10) as the square 

root of the ratio between the plastic resistance of the plate 𝐹𝑅𝑝𝑙(𝜌=1.0) (disregarding instability aspects) 

and the elastic critical instability load 𝐹𝑐𝑟: 

λ̅𝑝 = √
𝐹𝑅𝑝𝑙(𝜌=1.0)

𝐹𝑐𝑟
            (10) 

In [9], where the use of Eq. (9) was suggested, the following Timoshenko formula was selected to 

evaluate 𝐹𝑐𝑟 [13], where 𝜐 designates the steel Poisson’s ratio and 𝑘𝑐𝑟 is a buckling coefficient which 

depends on the geometry, loading and boundary conditions of the plate: 

𝐹𝑐𝑟 = 𝑘𝑐𝑟 ∙  
𝜋2 ∙ 𝐸 ∙ 𝑡𝑤𝑐

3

12 ∙ (1−𝑣2) ∙ 𝑑𝑐
             (11) 

For the determination of a precise value of 𝑘𝑐𝑟, a rational buckling analysis [14] could be performed, as 

it becomes an accepted practice in international specifications [15]. However, in the present paper, 

the derivation of a simple analytical expression is sought. Therefore, reference is made to [16], where 

the following values of 𝑘𝑐𝑟 are proposed for a column profile such as the one presented in Fig. 5, for 

which the dimension ‘‘𝑎’’ perpendicular to the transverse compression forces is assumed to be large 

with respect to the clear depth ‘‘𝑏’’ of the column profile: 

- 𝑘𝑐𝑟  = 
4

𝜋
 if the column web is subjected to two equal but opposite forces and is assumed to be simply 

connected to the flanges (no rotational restraint), see Fig. 5(d). 

- 𝑘𝑐𝑟  = 
8

𝜋
 if the column web is subjected to two equal but opposite forces and is assumed to be rigidly 

connected to the flanges (full rotational restraint), see Fig. 5(f). 

Through investigations considering the application of the software EBPlate [17] and the use of simple 

expressions for elastic critical resistances provided by Galéa in [16], the first value here above may be 

confirmed, but the second one appears to be too conservative. For the latter, a closer but still safe 

estimation may be suggested: 

- 𝑘𝑐𝑟 = 
14

𝜋
  if the column web is subjected to two equal but opposite forces and is assumed to be 

rigidly connected to the flanges (full rotational restraint), see Fig. 5(f). 

The same approach has also been used to define the values of the buckling coefficient 𝑘𝑐𝑟 for other 

support conditions and loading situations: 

- 𝑘𝑐𝑟 = 
7

𝜋
 if the column web is subjected to a transverse force on one side only and is assumed to be 

simply connected to the flanges (no rotational restraint), see Fig. 5(e). 
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- 𝑘𝑐𝑟 = 
24

𝜋
  if the column web is subjected to a transverse force on one side only and is assumed to 

be rigidly connected to the flanges (full rotational restraint), see Fig. 5(e). 

Eq. (9) is based on the selection of a plate buckling coefficient 𝑘𝑐𝑟 = 4/𝜋 (double-sided compression and 

simple supports). This may be seen as a safe approach as this represents the most severe loading 

situation. As a result, a less conservative approach could be followed for a single-sided compression 

force or double-sided compression forces with unequal intensities. This could lead to a higher level of 

accuracy of Eq. (9) in these specific situations. 

Similarly, regarding the support conditions, the assumption of ‘‘simple supports’’ may also be 

questioned. For thick plates characterized by a low web slenderness, this assumption seems valid, as 

instability occurs beyond the yielding of the plate. However, for slender plates characterized by a high 

web slenderness, instability is known to occur in the elastic field and the influence of plasticity becomes 

quite limited. No or very few yielding is reported in the web at the root radius for a rolled section or at 

the toe of the weld for a welded section. As a consequence, the web can be assumed to be fully 

restrained by the flanges at its supports, and the value of the buckling coefficient 𝑘𝑐𝑟 can be updated, 

i.e. 𝑘𝑐𝑟 = 14/𝜋 can be used instead of 𝑘𝑐𝑟 = 4/𝜋. Consequently, the new expression of the web 

slenderness ratio λ̅𝑝,𝑟𝑒𝑠𝑡𝑟, which accounts for the improved boundary conditions, can be expressed 

through Eq. (12): 

λ̅p,restr = √
𝜔 ∙𝑘𝑤𝑐 ∙𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑡𝑤𝑐 ∙ 𝑓𝑦,𝑤𝑐

14

𝜋
 ∙ 

𝜋2 ∙ 𝐸∙𝑡𝑤𝑐
3

12 ∙(1−𝑣2)∙ 𝑑𝑐

 

 

= 
1

√3.5
∙ 0.932 ∙ √

𝑤 ∙𝑘𝑤𝑐 ∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑑𝑐 ∙ 𝑓𝑦,𝑤𝑐

𝐸∙ 𝑡𝑤𝑐
2  = 0.534 ∙  λ̅p             (12) 

 

Regarding the reduction factor 𝜌 used in EN 1993-1-8, it is provided by the well-known Winter formula 

(with the correction introduced in Section 2.2), as expressed through Eq. (8). By contrast, in Eurocode 

3 Part 1–5 (EN 1993-1-5, see [18]) devoted to the design of plated structural elements, another 

expression is used in the chapter dedicated to patch loading (see Eq. (13)): 

𝜌 =  {
1.0  𝑖𝑓 λ̅𝑝 ≤ 0.50
0.5

λ̅𝑝
 𝑖𝑓 λ̅𝑝  > 0.50

 (13) 

Both Eqs. (8) and (13) differ from each other by their shape but also by the length of their yield plateau 

(see Fig. 6). Based on comparisons with experimental tests (topic addressed in Section 3.3), it may be 

shown that none of them is fully satisfactory. Therefore, a new formula is proposed, see Eq. (14), and 

compared to Eqs. (8) and (13) in Fig. 6.

 

𝜌 =  {
1.0        𝑖𝑓 λ̅𝑝 ≤ 0.50
0.75

λ̅𝑝+0.25
 𝑖𝑓 λ̅𝑝  > 0.50

  (14) 
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Hence, the corresponding instability reduction factor 𝜌𝑟𝑒𝑠𝑡𝑟, accounting for the improved boundary 

conditions, may be expressed by Eq. (15): 

𝜌𝑟𝑒𝑠𝑡𝑟 = {
1.0                𝑖𝑓 λ̅𝑝,𝑟𝑒𝑠𝑡𝑟 ≤ 0.50

0.75

λ̅𝑝,𝑟𝑒𝑠𝑡𝑟+0.25
 𝑖𝑓 λ̅𝑝,𝑟𝑒𝑠𝑡𝑟  > 0.50

 (15) 

Regarding the reduction factor 𝑘𝑤𝑐, it was shown, through comparisons with the test results presented 

in Table 2, that Eq. (7) should be readjusted. The new suggested expression for this parameter is given 

by Eq. (16): 

𝑘𝑤𝑐
∗ = {

1.0                   𝑤ℎ𝑒𝑛 𝜎𝑛 ≤ 0.5 ∙  𝑓𝑦,𝑤𝑐  

1.5 − 
𝜎𝑛

𝑓𝑦,𝑤𝑐
    𝑤ℎ𝑒𝑛 𝜎𝑛 > 0.5 ∙  𝑓𝑦,𝑤𝑐

 (16) 

 

Finally, the new formula for the plastic resistance 𝐹𝑅𝑝𝑙 to instability can be expressed through Eq. (17): 

 

𝐹𝑅𝑝𝑙 = 𝜔 ∙ 𝑘𝑤𝑐
∗ ∙ 𝜌𝑟𝑒𝑠𝑡𝑟 ∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑡𝑤𝑐 ∙ 𝑓𝑦,𝑤𝑐 ≤ 𝐹𝑅𝑝𝑙(𝜌=1.0) (17) 

 

 

 

 

Fig. 5. Definition of the CWC support conditions. 
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Fig. 6. Selection of an appropriate expression for the reduction factor 𝜌. 

 

3.2. ULTIMATE RESISTANCE 𝑭𝑹𝒖 

For sake of continuity and consistency, it is proposed to use for the ultimate resistance of the CWC a 

similar formalism as for Eq. (17). This is expressed through Eq. (18), where 𝑓𝑢,𝑤𝑐 is the ultimate material 

strength of the column web and where the subscript ‘‘pp’’ refers to the post-plastic range (i.e. the 

strain-hardening range) to which this formula applies: 

𝐹𝑅𝑢,𝑝𝑝 = 𝜔 ∙ 𝑘𝑤𝑐
∗ ∙ 𝜌𝑢 ∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑡𝑤𝑐 ∙ 𝑓𝑢,𝑤𝑐 ≤ 𝐹𝑅𝑢,𝑝𝑝(𝜌𝑢=1.0) (18) 

In Eq. (18), 𝜌𝑢 is the reduction factor which accounts for the risk of web instability. It can be defined, in 

agreement with what has been discussed in Section 3.1 (see Eq. (15)), through Eq. (19), where 𝜆̅𝑝𝑢 is 

the reduced slenderness factor and may be expressed through Eq. (20). Eq. (20) was derived on the 

assumption of simple supports, similarly to Eq. (9). This is due to the fact that the yielding of the web 

under transverse compression stresses at the root radius in a hot-rolled section or at the toe of the 

weld in a welded section modifies the support conditions of the column web from fixed supports to 

hinges. 

𝜌𝑢 = {
1.0          𝑖𝑓 𝜆̅𝑝𝑢 ≤ 0.50
0.75

𝜆̅𝑝𝑢+0.25
 𝑖𝑓 𝜆̅𝑝𝑢  > 0.50

   (19) 

𝜆̅𝑝𝑢 = 0.932 ∙  √
𝜔∙𝑘𝑤𝑐

∗ ∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐∙ 𝑑𝑐∙ 𝑓𝑢,𝑤𝑐

𝐸∙𝑡𝑤𝑐
2 = 𝜆̅𝑝 ∙  √

𝑓𝑢,𝑤𝑐

𝑓𝑦,𝑤𝑐
       (20) 

Eq. (18) is illustrated in Fig. 7 for a specific value of 𝑓𝑢,𝑤𝑐 = 1.20 ⋅ 𝑓𝑦,𝑤𝑐 (see the blue curve). Its field of 

application is in the following range: 𝐹𝑟𝑢 𝐹𝑅𝑝𝑙(𝜌𝑟𝑒𝑠𝑡𝑟=1.0)⁄ > 1.0 (i.e. ‘‘post-plastic’’ zone). 

However, for high web slenderness, instability is known to occur in the elastic field before the 

development of any strain-hardening in the column web. In this domain, the ultimate resistance equals 

the plastic resistance and Eq. (17) applies, see Eq. (21). The subscript ‘‘ep’’ in Eq. (21) refers to the fact 
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that Eq. (21) applies to slenderness ranges where no benefit from strain-hardening may be expected, 

i.e. the steel material remains in the elasto-plastic range. 

𝐹𝑅𝑢,𝑒𝑝 = 𝐹𝑅𝑝𝑙  𝜌𝑟𝑒𝑠𝑡𝑟 ⋅ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ⋅ 𝑡𝑤𝑐 ⋅ 𝑓𝑦,𝑤𝑐 ≤ 𝐹𝑅𝑝𝑙(𝜌𝑟𝑒𝑠𝑡𝑟=1.0)              (21) 

Eq. (21) is illustrated in Fig. 7 for a specific value of 𝑓𝑢,𝑤𝑐 = 1.20 ⋅ 𝑓𝑦,𝑤𝑐 (see the orange curve). Its field 

of application is in the following range: 𝐹𝑅𝑢 /𝐹𝑅𝑝𝑙(𝜌𝑟𝑒𝑠𝑡𝑟=1.0) ≤ 1.0 (‘‘elasto-plastic’’ zone). 

At the end, the ultimate resistance 𝐹𝑅𝑢 of column webs under transverse compression may be simply 

expressed through Eq. (22), as the maximum of Eqs. (18) and (21): 

FRu = max (FRu,pp;FRu,ep) (22) 

Eq. (22) is represented in Fig. 7 by the envelope curve (see the dashed black curve). In Fig. 7, the limit 

value in between the ‘‘elasto-plastic’’ and the ‘‘strain-hardening’’ zones is the λ̅𝑝,𝑙𝑖𝑚 slenderness factor. 

It is evaluated through Eq. (23) as the reduced slenderness at which Eqs. (18) and (21) provide equal 

resistances: 

λ̅𝑝,𝑙𝑖𝑚 = 

{
 
 

 
 
0.75∙ 

𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

−0.25

√
𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

          𝑖𝑓 
𝑓𝑢,𝑤𝑐

𝑓𝑦,𝑤𝑐
 ≤ 2.172

0.25 ∙ (
𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

 −1)

√
𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

 −0.534 ∙ 
𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

    𝑖𝑓 
𝑓𝑢,𝑤𝑐

𝑓𝑦,𝑤𝑐
 > 2.172

   (23) 

 

As the probability to have a steel material with a 𝑓𝑢,𝑤𝑐/𝑓𝑦,𝑤𝑐 value higher than 2.172 is quite low, one 

can, practically speaking, simplify Eq. (23) into Eq. (24): 

λ̅𝑝,𝑙𝑖𝑚 = 
0.75 ∙ 

𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

 −0.25

√
𝑓𝑢,𝑤𝑐
𝑓𝑦,𝑤𝑐

                              (24) 

 

 

Fig. 7. Proposal for the evaluation of the CWC ultimate resistance. 
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3.3. VALIDATION AND CONCLUSIONS 

In Table 1, the ultimate strength of the material 𝑓𝑢 is only reported for 38 tests out of 50. Consequently, 

the comparison between the experimental results and the analytical formulae developed in Section 

3.2 for the ultimate resistance will be focussed on these tests only. Table 3 gives an overview of these 

comparisons for the 38 relevant tests which are highlighted in light blue. 

Except for test MH6, a very close agreement between the experimental and analytical values of the 

ultimate resistance may be observed (see the column #39). The safe character of the predictions may 

also be pointed out (i.e. the ratio 𝐹𝑅𝑢/𝐹𝑅𝑢,𝑒𝑥𝑝 being lower than 1.0, with a mean value of 0.91 and 

standard deviation of 0.09). Some questions may reasonably be raised about the rather low 

experimental load for MH6, comparatively to the other tests, but as no precise explanation was found 

which could explain it, this test has been kept in Table 3. 

Regarding the plastic resistance 𝐹𝑅𝑝𝑙, it may be defined, in accordance with what has been presented 

in Section 3.2, as the ultimate resistance that the column web would exhibit if all strain-hardening 

effects would be neglected; so it simply corresponds to the orange curve in Fig. 7. For low slenderness, 

the full plastic resistance of the web is reached while, for higher ones, instability limits the carrying 

capacity, but not as much as what is nowadays assumed in EN 1993-1-8 as the beneficial effect of rigid 

support conditions may be considered, using a 𝜌𝑟𝑒𝑠𝑡𝑟 reduction factor (see Eq. (15)) instead of the 

current 𝜌 reduction factor considered in EN 1993-1-8 (see Eq. (8)). 

In Table 3, the plastic resistance 𝐹𝑅𝑝𝑙 has been computed for all available experimental results (see the 

columns #26-#29). The values of the ratio 𝐹𝑅𝑝𝑙 /𝐹𝑅𝑢,𝑒𝑥𝑝 are reported in column #31, even if it has no 

physical meaning, except for the columns in which the failure mode occurs in the elasto-plastic zone. 

In the other cases, the 𝐹𝑅𝑝𝑙 /𝐹𝑅𝑢,𝑒𝑥𝑝 should be lower than 1.0. A quite interesting ratio is also presented 

in column #30, i.e. 𝐹𝑅𝑝𝑙 /𝐹𝑐,𝑤𝑐,𝑅𝑘, which indicates the benefit provided by the new approach compared 

to the one proposed in EN 1993-1-8. A mean value of 1.09 is observed. This modification in the 

normative document would therefore allow to increase the design resistance of the column webs in 

compression by about 10%. 

In addition, through a slight modification of the expression of the reduced slenderness in Eq. (12) 

(through the amendment of 𝑘𝑐𝑟 in Eq. (11)), even higher design values could be obtained in the case 

of a single-sided compression force or double-sided compression forces with unequal intensities, what 

would reflect the reality. 
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Table 3 

Database (continued) − Proposed model of component characterization (FRpl & FRu) 

 

4. Formulae for the characterization of the CWC deformation 

capacity 

4.1. POST-PLASTIC STIFFNESS 𝐾𝑝𝑝 

As stated in Section 1, four key properties are used to characterize the non-linear response of a 

component in the form of a 𝐹 − 𝛥 curve, three of them being already known from the previous pages, 

i.e. 𝐾𝑖𝑛𝑖, 𝐹𝑅𝑝𝑙 and 𝐹𝑅𝑢. A proposal for the evaluation of the last property, i.e. the post-plastic stiffness 

𝐾𝑝𝑝, was made in [19,20]; it may be quickly derived from the expression of the elastic initial stiffness 
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𝐾𝑖𝑛𝑖, as given by Eq. (25), where 𝐸𝑝𝑝 is the strain-hardening modulus of steel which may reasonably be 

taken equal to 𝐸/50: 

𝐾𝑝𝑝 = 𝐾𝑖𝑛𝑖 ∙  
𝐸𝑝𝑝

𝐸
= 𝑘𝑖𝑛𝑖 ∙  𝐸𝑝𝑝  (25) 

This expression reflects rather well the reality for many different components but is seen to be 

inadequate for column webs in compression. This may be explained by the fact that plasticity primarily 

affects the web in the zone located directly below the flanges. By contrast, the internal part of the web 

remains longer in the elastic range because of the diffusion of the load-introduction stresses into the 

web. The increase of the force 𝐹 beyond 𝐹𝑅𝑝𝑙 is therefore leading to a progressive extension/diffusion 

of strain-hardening inside the web and to the progressive reduction of the remaining elastic zone of 

the web. 

An appropriate formula has therefore been derived which better covers the physical response of the 

web in the post-plastic range. This one is based on the physical model illustrated in Fig. 8. 

 

Fig. 8. Physical model for the prediction of Kpp. 

In Fig. 8, the diffusion of the load-introduction stresses in the web is assumed to be linear over half of 

the web clear depth 𝑑𝑐, with a diffusion angle of 𝛼 (see Fig. 8(a)). On half of the web, this model may 

be seen as a beam element in compression of depth 𝑑𝑐/2, of thickness 𝑡𝑤𝑐 and with a width varying 

from 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 to 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 + 𝑑𝑐 ⋅ cot 𝛼. Assuming that, at a distance 𝑥 (see Fig. 8(b)), the transverse stresses 

in the web just equal 𝑓𝑦,𝑤𝑐, the corresponding applied force may be expressed through Eq. (26): 

𝐹𝑥 = [𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 + 2 ∙ 𝑥 ∙ cot 𝛼] ∙  𝑡𝑤𝑐 ∙ 𝑓𝑦,𝑤𝑐  (26) 

When this force 𝐹𝑥, which is assumed to be higher than 𝐹𝑅𝑝𝑙, applies: 

- the web is assumed to be in the post-plastic zone over the depth 𝑥, and the material is therefore 

characterized by a value 𝐸𝑝𝑝 over this depth; the value of the transverse stress just under the 

flange is given by Eq. (27); 

- the web is assumed to behave elastically over the depth 𝑑𝑐/2 − 𝑥 and the material is characterized 

by the Young’s modulus E. 

𝑓𝑦,𝑤𝑐,𝑥 = 
𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 +2 ∙ 𝑥 ∙ cot𝛼

𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐
∙  𝑓𝑦,𝑤𝑐  (27) 
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Consequently, the total shortening 𝛥 of half a web under 𝐹𝑥 may be expressed through Eq. (28) as the 

sum of two contributions: 

- 𝛥𝑒𝑙 which is the elastic shortening of the web over the depth 𝑑𝑐/2, and may be derived through 

Eq. (29). 

- 𝛥𝑝𝑝,𝑥 which is the strain-hardening (i.e. post-plastic) shortening of the web over the depth 𝑥. It may 

be obtained by first considering the post-plastic shortening 𝑑𝛥𝑝𝑝,𝑥 of an infinitesimal slice 𝑑𝑦 of 

the web (see Fig. 8(b)). This infinitesimal shortening 𝑑𝛥𝑝𝑝,𝑥 may be easily derived, through the 

elastic beam theory, as expressed through Eq. (30). The integration of this infinitesimal 

displacement over the depth 𝑥 gives the post-plastic shortening 𝛥𝑝𝑝,𝑥 of the web over the depth 𝑥 

(see Eq. (31)). 

∆ =  ∆𝑒𝑙 + ∆𝑝𝑝,𝑥                                                                                             (28) 

∆𝑒𝑙  =  
𝐹𝑥
𝐾𝑖𝑛𝑖

= 
[𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 + 2 ∙ 𝑥 ∙ 𝑐𝑜𝑡 𝛼] ∙  𝑡𝑤𝑐 ∙  𝑓𝑦,𝑤𝑐

0.7 ∙  𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙  𝑡𝑤𝑐
𝑑𝑐

∙ 𝐸

 

       = 
[𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐+2∙𝑥∙𝑐𝑜𝑡 𝛼]∙ 𝑑𝑐∙ 𝑓𝑦,𝑤𝑐

0.7∙ 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐∙𝐸
= 

𝑓𝑦,𝑤𝑐,𝑥∙ 𝑑𝑐

0.7∙𝐸
                   (29) 

𝑑∆𝑝𝑝,𝑥 =  
𝐹𝑥

𝐸𝑝𝑝∙ (𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐+2∙𝑦∙cot𝛼)∙ 𝑡𝑤𝑐
∙  𝑑𝑦                         (30) 

∆𝑝𝑝,𝑥 =  ∫ 𝑑∆𝑝𝑝,𝑥  =  
𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙  𝑓𝑦,𝑤𝑐,𝑥

2 ∙  𝐸𝑝𝑝 ∙ cot 𝛼
∙

𝑥

0

 

     × [ln | 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 + 2 ∙ 𝑥 ∙ 𝑐𝑜𝑡 𝛼| − ln | 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐  |]    (31) 

The evolutions of the elastic shorting (i.e. ‘‘2 ⋅ 𝛥𝑒𝑙’’), the post-plastic shortening (i.e. ‘‘2 ⋅ 𝛥𝑝𝑝,𝑥’’) and the 

total shortening of the web (i.e. ‘‘2 ⋅ 𝛥’’) for the test ‘‘𝐵6’’ (given in Table 1) are presented in Fig. 9(a) 

for an increasing value of the applied force 𝐹 (corresponding to an increasing value of 𝑥 in the strain-

hardening zone). In Fig. 9, the factor ‘‘2’’ affecting the stiffnesses and the displacements simply reflects 

that the force is applied symmetrically on both section flanges and therefore activates two CWC 

components. 

In Fig. 9(a), the post-plastic stiffness appears as rather constant and, by sake of simplification, will be 

considered as such. The selected value of the linearized post-plastic approximation is shown in Fig. 

9(b). It is obtained by: 

- selecting the post-plastic shortening 𝛥𝑝𝑝,𝑥 from Eq. (31) for the specific value of 𝑥 = 𝑑𝑐/2 (see the 

value 2 ⋅ ∆𝑝𝑝,𝑑𝑐/2 in Fig. 9(b)); 

- computing the increment of force 𝛥𝐹 = 𝐹𝑥=𝑑𝑐/2− 𝐹𝑥=0 which is responsible of the post-plastic 

shortening 𝛥𝑝𝑝,𝑑∕2, i.e. ∆𝐹 = 𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 ∙ 𝑡𝑤𝑐 ∙ (𝑓𝑦,𝑤𝑐,𝑑𝑐/2 − 𝑓𝑦,𝑤𝑐); 

- deriving the post-plastic stiffness 𝐾𝑝𝑝 as the ratio between 𝛥𝐹 and ∆𝑝𝑝,𝑑𝑐/2 ; 
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- reporting the so-obtained stiffness from the point with coordinates 𝐹 = 𝐹𝑅𝑝𝑙 and 2𝛥 = 0, in 

accordance with Fig. 2. 

As a result, the following expression of 𝐾𝑝𝑝 (see Eq. (32)) is proposed for a CWC component (i.e. a 

column web of depth 𝑑𝑐/2): 

𝐾𝑝𝑝 = 
2 ∙ 𝐸𝑝𝑝 ∙ 𝑡𝑤𝑐 ∙ (𝜇− 1) ∙cot𝛼

𝜇 ∙ln𝜇
 (32) 

 where: 

𝜇 =  
𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 + 𝑑𝑐 ∙cot𝛼

𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐
  (33) 

Three estimations of 𝐾𝑝𝑝 are provided, respectively for three values of the diffusion angle 𝛼, i.e., 30°, 

40° and 45°. These values are reported in Table 4 for each individual test (see the columns #41, #42 

and #43). In addition, the experimental curves for the tests ‘‘A1’’-‘‘A8’’ and ‘‘B1’’-‘‘B8’’ (highlighted in 

light blue in Table 4) are reported in Fig. 10 (see the black curves), together with the analytical 

predictions of their four main mechanical properties (i.e. 𝐾𝑖𝑛𝑖, 𝐾𝑝𝑝, 𝐹𝑅𝑝𝑙 and 𝐹𝑅𝑢, these properties being 

highlighted in light grey in Fig. 10). From the visual comparisons between the experimental results and 

the three proposals for 𝐾𝑝𝑝 (see Fig. 10), it appears that the value of 𝛼 = 40° fits well to the reality and 

it is here selected, so leading to the final expression of 𝐾𝑝𝑝: 

𝐾𝑝𝑝 = 
2.384 ∙ 𝐸𝑝𝑝 ∙ 𝑡𝑤𝑐 ∙ (𝜇−1)

𝜇 ∙ ln𝜇
  (34) 

where: 

𝜇 =  
𝑏𝑒𝑓𝑓,𝑐,𝑤𝑐 +1.192 ∙ 𝑑𝑐

𝑑𝑒𝑓𝑓,𝑐,𝑤𝑐
  (35) 

The visual comparisons are justified here by the fact that experimental values of 𝐾𝑝𝑝,𝑒𝑥𝑝 are almost 

impossible to derive from the test results since, in most of the cases, early buckling prevents the 

development of a well-marked straight post-limit response, as it is the case, for instance, in the test 

‘‘B4’’ (see Fig. 10(h)) and the test ‘‘B8’’ (see Fig. 10(p)). For the latter, a reasonable agreement is 

observed between the experimental and analytical values of 𝐾𝑝𝑝. 

On this basis, the CWC ultimate deformation capacity 𝛥𝑢 may now be computed (see Section 4.2). 

 

Fig. 9.  F - 2∆ curve for the test B6 according to the physical model for the prediction of Kpp. 
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Fig. 10. Validation of the new proposed model against experimental results. 
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Fig. 10. (continued) 
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Table 4 

Database (continued) – Proposed model of component characterization (𝐾𝑖𝑛𝑖 , 𝐾𝑝𝑝  & ∆𝑢). 

 

 

 

4.2. ULTIMATE DEFORMATION CAPACITY 𝛥𝒖 

The deformation capacity 𝛥𝑢 is defined in Section 1. Its expression may be easily derived from Fig. 2(a), 

as expressed through Eq. (36): 



Published in : Thin-Walled Structures (2022), vol. 180, 109848 
DOI: 10.1016/j.tws.2022.109848 
Status : Postprint (Author’s version)  

 

 

 

∆𝑢 = max(
𝐹𝑅𝑢− 𝐹𝑅𝑝𝑙

𝐾𝑝𝑝
;
𝐹𝑅𝑢

𝐾𝑖𝑛𝑖
)  (36) 

  

Analytical predictions of 2 ⋅ 𝛥𝑢 are reported in Table 4 for each experimental test and for each 

investigated value of the diffusion angle 𝛼 (see the columns #44, #45 and #46, respectively). In Table 

4, the experimental ultimate deformation capacity 2⋅𝛥𝑢,𝑒𝑥𝑝 is also reported for the 16 tests highlighted 

in light blue (see column #47). Comparisons between analytical predictions and experimental values 

are given in the columns #48, #49 and #50. They show a reasonable agreement especially with the 

diffusion angle 𝛼 = 40° selected in the present article, knowing that the experimental values 𝛥𝑢,𝑒𝑥𝑝 

depend on the buckling resistance, which is itself highly influenced by the profile geometrical 

imperfections. This being, the accuracy of the analytical prediction 𝛥𝑢 can be seen as rather aleatory. 

In the tests presented in Fig. 10, the proposed formula is seen to provide results which are either quite 

close, or lower than reality. In any cases, the predictions appear to be conservative. 

4.3. 𝐹 − 𝛥 CURVE 

The four key behavioural properties of the CWC component being known, the full 𝐹 − 𝛥 curve 

characterizing the CWC component can be drawn. In the present paper, the bilinear approach 

presented in Fig. 2(a) was applied but a more complex trilinear approach could be used (see Fig. 2(b)). 

The new analytical model is presented in Fig. 4(b) for the test ‘‘CWC’’ (see the dashed red curve) and 

in Fig. 10 for the tests “A1”-“A8” and “B1”-“B8” (see the dashed red curves). Comparisons between 

experimental and analytical results show a good agreement in terms of both ultimate resistance and 

deformation capacity. From Figs. 4 and 10, two situations may be clearly contemplated: 

- In Fig. 4, the column web of the test ‘‘CWC’’ is characterized by a high slenderness factor (i.e. 

λ̅𝑝 > λ̅𝑝,𝑙𝑖𝑚  in Table 3). Consequently, it fails by buckling before the full plastic resistance of the 

web is reached, and therefore no plastic deformation capacity may be expected (i.e. 𝛥𝑢 = 𝛥𝑝𝑙 in 

Fig. 2(a) and the model exhibits a linear shape). This situation is also met for the experimental 

tests ‘‘M1’’-‘‘M4’’, ‘‘1.1’’-‘‘5.1’’ and ‘‘MH1’’-‘‘MH12’’ reported in Table 3. 

- In Fig. 10, the column web of the different tests is rather stocky ≤ and thus characterized by a 

low slenderness factor (i.e. λ̅𝑝 ≤ λ̅𝑝,𝑙𝑖𝑚  in Table 3). Consequently, a larger deformation capacity 

may be expected (i.e. ∆𝑢≠ ∆𝑝𝑙 in Fig. 2(a) and the model exhibits a well-marked bilinear shape). 

For sake of clarity, the current EN 1993-1-8 model was also reported in Figs. 4 and 10 (see the solid 

blue curves with the infinite dotted plateau). Comparisons with the new analytical model proposed in 

the present paper clearly show that the latter outperforms the EN 1993-1-8 model by providing a more 

accurate prediction of the CWC 𝐹 −𝛥 curve.  

5. Conclusions 

The CWC component influences a wide range of steel and composite beam-to-column connections, 

including welded and bolted ones. Design formulae are available in standards and codes, for instance 

in EN 19931-8. These formulae allow the prediction of the design resistance and the initial stiffness of 
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this component, but no information is provided in terms of maximum deformation capacity and 

ultimate resistance. This information is however required as soon as plastic analysis with partial 

strength joints is addressed, or to assess the capacity of the structure to mitigate the risk of progressive 

collapse under exceptional events. 

In the present paper, analytical expressions are provided and validated through comparisons with 

experimental results for the prediction of the maximum plastic deformation capacity of the component 

and for the determination of its ultimate resistance. These expressions are rather complex and would 

require further numerical investigations and simplifications before considering any introduction in 

modern design codes. However, they pave the way for the prediction of the CWC full-range behaviour. 

As an outcome of this study, a refined and less conservative expression than the one proposed in EN 

1993-1-8 is proposed for the evaluation of the design resistance of the CWC component. 
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