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ABSTRACT 

 

This work aims to present a proposal for verifying the safety of thin-walled profiles based 

on the concept of effective elasticity modulus. This method has the advantage, compared 

to the classical Effective Width method, of not requiring the alteration of geometric 

properties of the section to account for the effects of post-buckling resistance on local and 

distortional instability modes. Furthermore, it maintains theoretical consistency by 

considering the variation of post-buckling average stresses relative to deformations. 

The dissertation begins with a literature review on plate instability. Then a literature 

review on section instability is conducted to demonstrate the consistency of applying the 

concept of effective modulus to post-buckling resistance, illustrating examples of 

effective elasticity modulus distributions in the post-buckling stage of columns and 

beams. 

Following this, an algorithm for calculating the resistance of columns and beams based 

on the concept of Effective Elasticity Modulus is proposed. Initially, an innovative 

criterion for post-buckling resistance of plates without imperfections is introduced, using 

a new relationship between stresses and deformations, where the post-buckling resistance 

of the plate is reached when the average stress corresponds to yield deformations, by 

means an effective elasticity modulus. Subsequently, as a comprehensive parametric 

study has not yet been conducted to calibrate the equations of effective modulus for local 

and distortional instability modes, reduction coefficients of modulus equivalent to the 

well-known Direct Strength Method are employed. 

The proposed calculation algorithm for the Effective Modulus Method is then tested in 

comparison with experimental and numerical results available in the literature. The 

method is applied to take into account the interaction of local, distortional, and global 

instability modes in columns and local and distortional modes in beams. 
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1. INTRODUCTION 
 

In this work, a new methodology is proposed to characterize the resistance of thin-walled 

steel sections and, to this end, the concept of effective modulus of elasticity is used. First 

applied to the case of the resistance of thin plates, and then, in chapter 2, it is proposed 

for thin-walled profiles. 

The concept of effective modulus of elasticity is used to characterize the plate post-

buckling behaviour and is based on the non-uniform distribution of post-critical stresses 

for local and distortional modes. More specifically, it uses the concept of mean post-

buckling stresses to propose a strength criterion. 

In this case, the loss of post-buckling stiffness is simulated by the loss of material 

properties (in this case, the elasticity mode) instead of the decrease in geometric 

properties, traditionally used in the method of effective widths (or areas) of the cross-

section. 

Starting by introducing a subject widely studied over the years: the stability of thin-walled 

plates. Initially, the linear analysis of plates (critical stresses and instability modes) is 

presented to then review the post-buckling behaviour, the basis of the proposal for the 

effective module method. This knowledge will serve as a basis for formulating the 

concept of effective modulus of elasticity. 

This methodology has already been suggested by Rasmussen [1-3] and later studied by 

Camotim and Prola [4, 5]. To account for the loss of stiffness, Prola [7] proposed 

modifying the elastic modulus along the post-buckling path as the load increased in the 

finite element program FINLOC [6]. To achieve this, a database of effective modulus was 

developed using a geometrically nonlinear analysis program based on the finite strip 

method that employed spline functions. 

Subsequently, (i) a review on plate stability is updated, and (ii) examples of post-buckling 

stress variations and distribution of effective modulus in cold-formed steel profiles are 

presented based on Prola's work [7]. 
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1.1  STABILITY OF PLATES 
 

1.1.1 Linear stability analysis 

 

The differential equilibrium equation (1) of a plate simply supported on all its edges 

subjected to uniaxial compression represented in the Figure 1, was derived by Saint-

Venant [8] 

 

��� ≡
���

��� + 2
���

������ +
���

��� = −
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���

���       (1) 

 

Figure 1 Axially compressed simply supported plate. 

 

where ω(x, y) is the transverse (flexural) displacement of the plate's midplane,  is the 

applied compression stress and t and D are, respectively, the thickness and flexural 

stiffness of the plate. The first solution to this equation was obtained by Bryan [9], in 

1891, for the case of a plate simply supported on all edges and subjected to uniform 

compression. For others support conditions, Timoshenko [10] and Reissner [11] obtained 

solutions for uniformly compressed plates. 

Subsequently, the linear stability of plates was studied by a considerable number of 

researchers. Bulson's book [12], in 1970, presents a vast set of results, relating to 

bifurcation stresses in plates with different support conditions and subject to different 

combinations of (i) compression, uni and biaxial, (ii) flexion and (iii) shear. 
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In present century Becque [13,14] has studied the inelastic instability behaviour of plates. 

According to Prola [3], “The lack of effficient computational resources meant that the 

overwhelming majority of results available until the mid-1960s were calculated using 

analytical methods, whether exact or approximate. Among the latter, it is important to 

highlight the finite difference and Galerkin methods (equilibrium differential equation) 

or the Rayleigh-Ritz method (potential energy). From the moment the use of finite 

element method (FEM) became widespread, namely through the formulation of several 

geometrically non-linear plate elements (e.g., [15]), the number of analyses and problems 

addressed grew exponentially. Later, the formulation and computational implementation 

of a geometrically nonlinear finite range in bending displacements [16] contributed to 

considerably reducing the calculation effort involved in the analyses.” 

 

 

1.1.2 Post-buckling behaviour 
 

The differential equations of the equilibrium of a plate without imperfections, in the post-

buckling phase, were deduced by Von Kárman [17], in 1910. After, in 1939, Marguerre 

[1.136] introduced the effect of the presence of initial geometric imperfections and found 

the (coupled) system of differential equations given by equations (2), (3) e (4). 
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where (i) w(x, y) and w0(x, y) are the total and initial transverse (bending) displacements 

of the plate's midplane, (ii) x, x and xy are the normal, membrane and tangential 
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stresses, (iii) t, D and E are, respectively, the thickness, bending stiffness and modulus of 

elasticity of the plate and (iv) F(x, y) is the tension function of Airy [18]. 

Levy [20], in 1942, expressed the flexural displacements of the plate in terms of a double 

Fourier series and arrived at an exact solution to the Von Kárman equations, for the case 

of a rectangular plate subjected to uniform uniaxial compression and with all edges simply 

supported and rigid (in the plane of the plate - see figure 2(a)). Later, Coan [21] used the 

same technique to approximately solve Marguerre's equations and determine post-

buckling trajectories of rectangular plates with small initial imperfections and uniformly 

compressed. The two situations represented in Figure 2 were considered: (i) rigid 

longitudinal edges (the case studied by Levy) and (ii) edges free to defform. Figures 3(a) 

and 3 (b) show results obtained by Levy and Coan, respectively, consisting of (i) 

equilibrium paths (applied stress vs. mid-span deflection) for perfect and imperfect plates 

and (ii) distributions of normal membrane stresses in the post-buckling behaviour. 

 

            

Figure 2 Support conditions: longitudinal edges: (a) rigid and (b) free. [7] 

 

 

 

 

 

Rigid edges Free edges 
 

cr 

w/t 

Figure 3 (a) Trajectories and (b) stress distributions (post-buckling behaviour). [7] 
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The stiffening of longitudinal edges introduces a significant increase in the post-buckling 

resistance of the plate. On the other hand, the configuration of the distribution of 

longitudinal normal stresses also changes, with the maximum value now located at the 

ends of the transverse edges. Regarding transverse normal stresses (self-equilibrated), it 

is important to note that tensions occurring in the central zone of the plate are the main 

contributors to the increased post-buckling resistance [7]. 

The difficulties arising from coupling the equilibrium equations, both Von Kárman and 

Marguerre, were largely overcome through the use of approximate methods, particularly 

energy methods [22]. Some of the most relevant works on this issue are described by 

Prola [7] and mentioned below: 

(i) Yamaki [23] used the Galerkin method to study the post-buckling behaviour of plates, 

both perfect and imperfect, with different boundary conditions related to membrane 

and/or flexural displacements.  

(ii) Rhodes and his collaborators [24, 25, 26, 27] studied the post-buckling behaviour of 

plates with various support conditions and subjected to different distributions of applied 

stresses. 

(iii) Usami [28] employed an energy method to study the evolution of the distribution of 

longitudinal normal stresses along the post-buckling trajectory in simply supported 

rectangular plates subjected to combined bending with compression (linearly variable 

applied stresses), with the transverse and longitudinal edges being rigid and free, 

respectively (see Figure 2(b)). These results were later used to establish empirical 

formulas for estimating the post-buckling resistance of plates [29]. 

(iv) Sherbourne and Bedair [30] employed the Principle of Minimum Potential Energy to 

study the influence of boundary conditions related to membrane displacements and 

flexural rotations of longitudinal edges on the post-buckling behaviour of plates.  

In more recent years, the tremendous progress in computational techniques and 

calculation methods has given numerical methods a prominent role in the analysis of 

nonlinear problems. Among these methods, the Finite Element Method (FEM) stands out 

for its efficiency, versatility, and generality. In the case of plate post-buckling, the first 

application of FEM is credited to Turner et al. [31] in 1960, and later, Brebbia and Connor 
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[32], Murray and Wilson [33], Yang [34], and Rerkshanandana et al. [35], for example, 

proposed other formulations of FEs to study these types of problems. 

In the 21st century, with the development of finite elements for geometrically and 

physically nonlinear problems, the use of commercial finite element programs for 

studying the stability of compressed plates has become widespread. Figure 4 illustrates 

stress results obtained by Becque [38] by using Abaqus program [39]. 

 

 

 

Figure 4 Plate stress obtained by Abaqus program [39] 

 

FEM requires discretization that usually introduce a high number of degrees of freedom 

and lead to excessive computational effort. Therefore, the Finite Strip Method (FSM) 

gained popularity from the middle 1970s. By not discretising the structural element in the 

transverse direction, it provides a substantial savings in processing time. The work of 

Ueda et al. [40] is one of the first in which FSM is used to analyse the post-buckling of 

compressed plates. Subsequently, Graves-Smith and Sridharan [41], Gierlinski and 

Graves-Smith [42], Hancock [43, 44], Cheung and Li [45], and Bradford and Hancock 

[46] also studied the geometrically nonlinear behaviour of plates using FSM. 

The computational implementation of a new finite strip for nonlinear stability analysis, 

formulated with "B3-Spline" functions and due to Kwon and Hancock [47], was tested 
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and validated by applying it to determine the post-buckling behaviour of plates with 

various boundary conditions and subjected to different distributions of applied stresses. 

Prola [7] used this formulation to develop a program based on splines finite strip. 
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1.1.3 Effective width concept 
 

Figure 5 shows the evolution, with an increase in the level of applied stress, of the stress 

distribution along the transverse edges (considered rigid, see figure 2(a)) It can be 

observed that the stress (i) is uniform until the critical stress is reached and (ii) 

progressively the nonlinear behaviour becomes more pronounced.as the post-buckling 

phase of the plate progresses. In fact, normal stresses move away from the central zone 

and accumulate along the longitudinal edges, meaning that the plate's resistance capacity 

is concentrated in bands adjacent to these edges. The value of the maximum stress σe, 

which occurs at the ends of the transverse edges, can be adopted to characterize the 

evolution of the plate's behaviour along the post-buckling trajectory. 

The concept of effective width (beff)is used to characterize the plate's behaviour in the 

post-buckling phase, and it was proposed by Von Kárman et al. [48] in 1932. It can be 

defined as: "the width of a fictitious plate subject to a uniform stress distribution with a 

value of σe and statically equivalent to the stress distribution actually installed in the real 

plate" [49]. 

Thus, the determination of beff, illustrated in Figure 6, can be made through the 

relationship. 

 

��� =
∫ ��(�) ��

�

�

��
=

�� �

��
        (5) 

 

where σx(y) is the distribution of normal stresses installed on the transverse edge, of width 

b, and σm is its mean value. There is thus a one-to-one correspondence between the values 

of σe and beff, for σm > σcr (post-buckling phase). Obviously, beff = b for σm ≤ σcr. 
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Figure 5 Evolution of the distribution of normal stresses on the transverse edges 

 

 

Figure 6 Effective width concept 

 

The practical utility of the concept of effective width results from the fact that, by 

introducing it, Von Kárman also proposed the adoption of a semi-analytical strength 

criterion consisting of  

(i) Equating the maximum stress installed in the real plate (σe) to the critical stress of a 

fictitious plate with width beff, which leads to the relation 

 

��� = �
���

��
�            (6) 

 

(ii) Assuming that the collapse of the plate occurs when σ =fy, where fy is the yield stress 

of the steel constituting the plate. Thus, 
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where p  is the known normalized slenderness of the plate. 

cr 

1>cr 
2>1>cr 
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Based on the analysis of a large number of experimental results, incorporating the 

influence of imperfections, Winter [50] proposed modifying the Von Kárman formula to 

equation (8) applied to cold-formed steel sections. 
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The expression corresponding to the collapse criterion is given in the equation (9). 
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Later, the coefficient 0.25 was changed to 0.22 [30], and with this modification, formula 

(9) has been included in most steel construction codes. Despite the change in the 

coefficient, expression (9) is often referred to as the "Winter formula." 

Recently, Becque [38] simplified the system given by expressions (2), (3), and (4) to just 

one equation, preserving the main mechanisms that affect the post-buckling behaviour of 

the plate. This yielded the following expression (10). 
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where Pu, is the ultimate load (which is reduced by a Winter-type coefficient) and Py the 

yield load. 
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1.2  WORK ORGANISATION 
 

The present dissertation is organized into five chapters, with the first being the 

Introduction and the last reserved for Conclusions and future works. Chapter 2 addresses 

the stability of members composed of thin-walled sections, and in Chapter 3, the proposal 

of the Effective Modulus Method (EMM) is described. Chapter 4 includes comparisons 

with experimental and numerical results. 

Due to the theoretical background of the proposed method originating from an innovative 

criterion for the post-buckling strength of plates, the decision was made to begin the work, 

in Chapter One, with a historical review of critical and post-critical stability of plates, 

addressing the concept of effective width (based on a post-buckling strength criterion). 

Following this, Chapter 2 provides a literature review on the stability of members 

consisting of thin-walled sections. This chapter is subdivided into (i) linear stability 

analysis and (ii) post-buckling behaviour. In addition to the literature review, illustrative 

examples of post-buckling stress distributions across the section of members for local and 

distortional modes are shown and analysed. This sets the stage for justifying the general 

concept of the effective modulus (of post-buckling), also illustrating examples of its 

distributions across the section. 

In Chapter 3, the most significant part of the work, the Effective Modulus Method (EMM) 

is presented and explained. Starting from the derivation of the expression for the effective 

modulus deduced for an imperfection-free plate, the chosen expressions for the modulus 

of column and beam sections in local, distortional, and global modes are then presented. 

A calculation algorithm for interactions between these instability modes is also 

introduced. 

Validation tests of the method on cold-formed steel profiles are conducted in Chapter 4, 

utilizing experimental data and numerical calculations (performed by the finite element 

method) available in the literature. 

Finally, conclusions regarding the work are drawn, and suggestions for further studies are 

proposed. 
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1.3  OBJECTIVES OF THIS WORK 
 

In a succinct manner, the main objectives intended to be achieved through the completion 

of this work are outlined as follows: 

(i) Conduct a literature review on the stability of plates and thin-walled sections. 

(ii) Justify the validity of the general concept of effective elasticity modulus based on the 

distribution of post-buckling stresses and strain in thin-walled sections. 

(iii) Propose an expression for the effective modulus of an imperfection-free plate that 

relies on an innovative criterion for post-buckling strength. 

(iv) Propose a calculation methodology (algorithm) for assessing the strength of structural 

elements (columns and beams) made of cold-formed steel, utilizing simplified formulas 

for effective modulus. 

(v) Demonstrate the potential of the method, suggesting further studies for its future 

consolidation. 
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2. STABILITY OF COLD-FORMED PROFILES 
 

2.1  LINEAR STABILITY ANALYSIS 
 

A linear stability analysis provides critical loads and critical moments and their respective 

modes of instability (local, distortional and global). Figure 7 and Figure 8 illustrate 

characteristic instability modes for cold-formed profiles (in this case for C-sections), 

specifically for columns and beam, respectively. 

 

Figure 7 Lipped channel (a) geometry and cross-section deformed shapes associated with column (b) local, (c) 
distortional and (d) global (flexural-torsional (d1) and flexural (d2)) 

 

Figure 8 Lipped channel (a) local, (b) distortional and (c) global (flexural-torsional) 

 

The linear stability analysis of a section, in comparison to that of an isolated plate, is 

complicated by the need to make compatible the rotations occurring at the longitudinal 

edges. The instability of the section can be analysed through the behaviour of any of its 

walls (plates), provided that the degree of rotation restraint at the longitudinal edges of 

that wall is precisely known. A conservative approach to the problem is to assume that 

this stiffness is zero, which is equivalent to saying that all longitudinal edges are hinged. 

Thus, the instability of each plate is independent of the others, and therefore, it is assumed 

that the bifurcation stress of the section is provided by its slenderness plate, assumed to 

have articulated (internal) longitudinal edges. 

In his PhD thesis, Prola [7] develops a historical review of studies instability of thin-

walled sections, which is described in the following paragraphs: 
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a) For local mode 

(i) The first systematic and consistent analysis of section stability was carried out by 

Lundquist et al. [51] in 1943, using the method of moment distribution to solve the system 

of differential equilibrium equations for uniformly compressed sections. Their results 

were subsequently experimentally validated by Chilver [52]. 

(ii) Another approach was taken by Bleich [53] in 1952, who determined expressions for 

the bifurcation stress in the FEM by solving the differential equilibrium equations for 

each plate simultaneously with the satisfaction of static and kinematic boundary 

conditions related to the continuity of deformations at the longitudinal edges. Similar 

approaches were used by various authors, including Chilver [54] in 1953 and Bulson [55] 

about fifteen years later, who formulated the equilibrium equations in a matrix form 

whose coefficients depend nonlinearly on the load parameter (stress). The smallest value 

of this parameter that nullifies the determinant of the matrix provides the critical 

bifurcation stress of the section. 

(iii) Walker [56], on the other hand, studied the stability of C-sections subjected to 

combined bending (linearly variable compression). He used a calculation model that 

considers separately the behaviours of (i) the web, treated as a uniformly compressed 

plate with rotation elastically restricted at the longitudinal edges, and (ii) the flanges, 

treated as plates subjected to variable compression, with one longitudinal edge articulated 

(flange- stiffener) and the other longitudinally elastic restrained (flange-web). The value 

of the bifurcation stress is obtained by imposing the condition of simultaneous instability 

on both plates. 

(iv) Rhodes and Harvey [57] investigated the behaviour of U-sections subjected to 

eccentric compression (uniform compression in the web and linearly variable in the 

flanges), presenting results for various levels of eccentricity. They used an energetic 

method based on a specific formulation of the Principle of Stationarity of Deformations 

Energy (i.e., Potential Energy), which they had previously developed in the context of 

plate analysis [58, 59]. 

(v) With the advancement of automatic calculation tools and the emergence of effective 

computational techniques, especially the finite element method (FEM), there was a 

progressive substitution of analytical methods by numerical analyses from the second half 
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of the 1960s. This is reflected in the widespread use of the FEM to solve geometrically 

nonlinear problems, including linear stability analyses of structural elements. The works 

of Gallagher and Padlog [60], Kapur and Hantz [61], Wittrick [62], and Przemieniecki 

[63, 64] exemplify this trend, reinforced by the commercialization of increasingly 

versatile and sophisticated finite element programs (e.g., [39]). It is worth noting a work 

by Chin et al. [65], in which a thin plate element with 6 nodes and 30 degrees of freedom 

is formulated. The stiffness and geometric matrices were determined analytically, 

avoiding the need for numerical integration techniques, and the implemented FEM was 

applied to the linear stability analysis of sections with different geometric configurations 

and arbitrary boundary and loading conditions. 

(vi) As mentioned earlier, when addressing the case of isolated plates, the formulation 

and computational implementation of a geometrically nonlinear finite strip by 

Przemieniecki [16] in 1973 decisively contributed to the current use of section stability 

analyses. The Finite Strip Method (FSM) was subsequently used by several researchers 

to study the FEM of sections with different geometries. In this context, the works of 

Graves Smith and Sridharan [66], Hancock [67], and Batista [68] can be mentioned. 

(vii) Regarding developments in the FSM, it is important to mention, in addition to the 

contributions of Lau and Hancock [69] and Bradford and Azhari [70], the works of Khong 

[71] and Azhari and Bradford [72]. With the aim of improving the method's convergence 

(i.e., reducing the number of finite strips needed to obtain accurate results), these 

researchers proposed new functions to approximate flexural displacements in the 

transverse direction: 5th-degree polynomials and "bubble" functions, respectively. 

 

b) For distortional mode 

(i) About distortional mode (DM) instability, Sharp addressed such a phenomenon in 

1966 [73]. Only in 1978 a mode of instability with these characteristics was again 

mentioned in a study by Hancock [67] on the stability of I-section beams. Three years 

later, Desmond et al. [74, 75] referred to it as the stiffener instability mode" and attributed 

its occurrence to the stiffener t not being sufficiently rigid (wide) to prevent the membrane 

displacement of the longitudinal edge of the "reinforced" wall. Shortly after, Sridharan 

[76], in the context of the post-buckling analysis of C-sections, referred to it as the "local 
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torsion mode." However, despite this initial divergence, the term "distortional mode" is 

now universally accepted. 

(ii) A decisive contribution to understanding the phenomenon of distortional mode 

instability is attributed to the work developed since the mid-1980s by a team of 

researchers at the University of Sydney, Australia, under the stimulus and guidance of G. 

Hancock. This research work, meticulously planned and executed, involved several 

aspects, including: (i) Identification, characterization, and analysis of the structural 

behaviour associated with the occurrence of distortional mode (DM) [77]. (ii) 

Formulation and implementation of computational tools particularly suited for 

conducting linear and nonlinear stability analyses of structural elements susceptible to 

instability in DM [78]. (iii) Planning and execution of a comprehensive set of 

experimental tests, conducted with great care and comprehensive instrumentation, which 

allowed for the construction of a significant and reliable database of results related to the 

instability of structural elements in DM [79, 80]. (iv) Development, validation, and 

calibration of approximate formulas and design rules that allow designers to easily assess 

the susceptibility of a structural element to DM instability [81]. 

(iii) Thus, in 1985, Hancock [77] published a paper, analytical and experimental, on the 

behaviour of columns in storage structures, presenting a detailed characterization of MD. 

In this work, the linear stability analysis (LSA) of the columns is performed using the 

Finite Strip Method (FSM), based on the finite strip formulated by Plank and Wittrick 

[82]. The fact that this formulation includes membrane deformations makes the detection 

of DM possible. 

(iv) A little later, in 1987, Lau and Hancock [83, 84] developed analytical expressions to 

calculate bifurcation stresses in DM for sections subjected to uniform compression. For 

this, they considered structural models of the instability due to flexural-torsional coupling 

of a column with torsional rotations elastically restricted along a longitudinal edge. The 

authors also proposed simplified formulas. About ten years later, Hancock [85] developed 

and validated analogous simplified formulas, applicable to sections subjected to pure 

bending about the major axis of inertia. Finally, it should be noted that the same 

methodology was applied by Bambach et al. [86], in 1998. 
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(v) The results of linear stability analysis of sections that destabilize in DM, subjected to 

both uniform compression and pure bending, were used by Hancock et al. [87] to propose 

a design curve based on experimental results obtained by Kwon and Hancock [88, 89].  

Presently, in most cases, computational programs are used for linear stability analysis. 

Among the various automatic calculation programs for linear stability analysis (critical 

stresses and their respective modes of instability), the following stand out, widely used 

by the technical and scientific community in the field of thin-walled profiles: (i) CUFSM, 

developed in the late 1990s by Schafer [90], based on the Finite Strip Method (FSM). (ii) 

THIN-WALL, developed at the University of Sydney, also based on FSM [91]. (iii) 

GBTUL, based on the Generalized Beam Theory (GBT) [92]. 

At the Polytechnic Institute of Leiria, the FSPLINES tool was developed, based on the 

Finite Strip Method with Splines Functions [93]. 
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2.2  POST BUCKLING BEHAVIOUR 
 

The nonlinearity of the equilibrium equations governing the behaviour of each plate 

(equations (2), (3) e (4)), makes it impossible to systematically obtain rigorous analytical 

solutions for thin-walled sections, with such solutions existing only for a limited number 

of problems. This is the case, for example, in the work of Benthem [94], who analytically 

studied the local post-buckling behaviour of a thin-walled column with a U-shaped 

section, achieving very precise results. However, it should be noted that all these results 

concern sections with a single geometric configuration (value of the ratio between the 

widths of the web and flanges). 

Before the existence of sophisticated computational means, the post-buckling behaviour 

of sections could only be determined, in the general case, using approximate methods, 

which still involved a significant computational effort. Graves Smith [95, 96] deserves 

credit for obtaining the first estimate of the loss of stiffness caused by buckling in the 

local mode, in tubular columns with rectangular cross-section. He used the Rayleigh-Ritz 

method and assumed the simplifying hypothesis that the deformed configuration of the 

walls remains unchanged, which is (approximately) valid only in the initial phase of post-

buckling. Later, he applied the same methodology to study the behaviour of box beams 

with a square section [97]. 

Rhodes and Harvey [98, 99, 100], in the 1970s, made a decisive contribution to 

understanding the phenomenon of post-buckling associated with local mode, through a 

series of works in which they analytically investigated the behaviour of "short bars" with 

U and C-shaped sections subjected to uniform and/or linearly variable compression. They 

used an energetic formulation, combined with the Rayleigh-Ritz method, and the obtained 

results consisted essentially of (i) estimates of the reduction in stiffness caused by local 

buckling and (ii) distributions of normal stresses in the post-buckling phase. It should be 

noted that these authors also compared their analyses with experimental results, published 

a few years earlier by Winter [50], observing an excellent correlation. 

In the early 1980s, with the development of (i) geometrically nonlinear finite elements 

(namely, plate and shell finite elements) and (ii) specific numerical techniques to analyse 

problems involving large displacements, there was an exponential growth in the use of 

numerical methods (especially FEM and FSM) to study the phenomenon of post-



 

19 
 

buckling, which persists to this day and will undoubtedly continue in the future. For this 

reason, the bibliography related to this domain is extremely extensive, and therefore, 

conducting a complete review is virtually impossible. 

One of the first works to use the FEM was by Lee and Harris [100], who illustrated its 

application to the case of beams with U and hat-shaped sections. A little later, Desmond, 

Peköz, and Winter [74] investigated the influence of the presence and dimensions of end 

stiffeners on the local post-buckling of C-section bars. These authors also presented 

experimental results, and as mentioned earlier, detected the occurrence of the distortional 

mode. 

In the context of local post-buckling of sections that Graves Smith and Sridharan [101] 

formulated the first finite strip (semi-analytical) to perform non-linear stability analysis 

and used the MFF to (i) determine equilibrium paths of U-sections uniformly compressed 

and (ii) estimate the stiffness reduction that occurs in them after bifurcation. 

Subsequently, Sridharan [102] also analysed sections subjected to variable compression 

(combination of compression and bending).  

At the same time, Hancock [103] developed a formulation of finite strip similar to that of 

Graves Smith and Sridharan and used it to, together with several collaborators, study the 

local post-buckling behaviour of bars with different sections, often in the context of 

studies on interaction between local and global instability modes. 

 

 

2.2.1  Distribution of post-buckling stresses  
 

To illustrate the stress distribution across thin-walled sections, the results for C-sections 

are presented separately, concerning the behaviour of bars destabilizing in local and 

distortional modes. The results were obtained using the splines finite strip program 

developed by Prola [7]. 

In Figure 9, the evolution of the normal stress diagram in the mid-span section of the 

uniformly compressed member (column) is represented for the local mode of a profile 

supported at both ends. As evident, during the pre-buckling phase, the stress distribution 

remains uniform along the midline of the entire section. 
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Furthermore, the observation of this figure shows that in the post-buckling phase:  

(i) The extreme values of normal stress occur in the central (smaller) and edge (larger) 

regions of the web. This is attributed to the web being the slenderest plate, thereby 

influencing and conditioning the post-buckling behaviour of the entire section. 

 (ii) Stresses remain relatively uniform in the flanges. 

 (iii) Stresses in the flanges "move away" from the central region and concentrate at the 

corners. This phenomenon is more pronounced at the connection corner to the web, 

explained by the fact that the web provides significantly higher bending stiffness to the 

flange. 

 (iv) Stresses in the web also move away from the central region and concentrate at the 

corners, despite the respective diagram being symmetrical now. It's worth noting that this 

stress transfer phenomenon is the basis of the concept of "effective width." 

 

 

Figure 9 Evolution of the stress diagram in the mid-span section (column), local mode [7] 

 

When the section is subjected to pure bending, instability in the local mode is influenced 

by the behaviour of the compressed flange, in the middle of which the highest 

displacement (bending) values occur. In fact, although the web is slenderer than the 

flange, the fact that the flange is uniformly compressed makes it more susceptible to the 

phenomenon of flexural instability. 
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In Figure 10 the evolution of the normal stress diagram in the mid-span section of the bar 

is represented. Obviously, during the pre-buckling phase (i.e., until σ/σcr≈1.0), the stress 

distribution remains uniform in the flanges and linearly variable in the web and stiffeners. 

Regarding the post-buckling phase, the observation of the figure 10 shows that:  

(i) In the compressed flange (plate that influences and conditions the post-buckling 

behaviour of the entire section), the stress distribution is similar to that presented in Figure 

9 (although the "asymmetry" decreases), corresponding to the uniformly compressed 

section. 

(ii) In the tensioned flange, the stress diagram remains practically uniform along the entire 

equilibrium path (there is a small variation for high values of (σ/σcr)). 

 (iii) In the web, tensile stresses remain linearly variable along the entire equilibrium path. 

The same does not happen with compressive stresses, where the linear trend is 

progressively lost due to a transfer from the central zone to the corner connecting to the 

compressed edge. This phenomenon can also be modelled through the concept of 

"effective width," now applied to partially compressed plates (walls). 

 (iv) In the compressed and tensioned stiffeners, the evolution of the stress diagrams 

exhibits characteristics similar to those of the compressed and tensioned zones of the web. 

It is important to note that the width of the stiffeners is about 12% of the width of the web 

and, Therefore, is represented on an exaggerated scale (compared to the rest of the 

section). However, this fact gives the impression (false) that the tensile stresses (pre- and 

post-buckling phases) and compressive stresses (pre-buckling phase) are practically 

constant. In reality, this is not the case, and these stresses are linearly variable (the 

variation is analogous to that occurring in the corresponding zones of the web). 
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Figure 10 Evolution of the stress diagram in the mid-span section (beam), local mode. [7] 

 

The essential characteristic of the distortional mode lies in the occurrence of 

displacements of the internal longitudinal edges ("corners" of the section), which means 

that it is essentially associated with membrane deformations of the walls adjacent to these 

longitudinal edges, contained in different planes. In the case of the C-section, distortion 

involves the flange- stiffener assemblies. The most suitable way to describe the post-

buckling behaviour of a bar in this case is through the evolution of the transverse 

displacement of the "flange- stiffener corner," designated as "vb-r," which is used to 

represent its nonlinear equilibrium path. 

Firstly, it is convenient to mention a phenomenon that is specific to distortional instability 

(i.e., not relevant to local instability) and is of great importance in its characterization. 

This phenomenon is related to the fact that distortional mode is not symmetrical regarding 

the longitudinal displacements caused by the warping of the cross-sectional shapes of the 

bars, especially in the stiffener zones. In reality, it has been observed that, as illustrated 

in Figure 11: 

(i) The fields of longitudinal displacements caused by the warping of the sections in the 

stiffeners and, to a much lesser extent, in the flange areas adjacent to the flange- stiffener 

corners are qualitatively different. 

(ii) When distortions are negative (increasing web-flange angles - see Figure 11 (a)), a 

situation where it is conventionally assumed that the values of vb-r are positive, the 

deformed configuration of the stiffeners (warping) is characterized by higher 
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displacements at the free ends, i.e., it is analogous to that of a beam subjected to negative 

bending moments. 

(iii) When distortions are positive (decreasing web-flange angles - see Figure 11 (b)), a 

situation where it is conventionally assumed that the values of vb-r are negative, precisely 

the opposite occurs, i.e., displacements are lower (negative) at the free ends, and the 

deformed configuration is analogous to that of a beam subjected to positive bending 

moments. 

 

 

 (a)       (b) 

Figure 11 Characterization of warping caused by distortional instability. [7] 

 

Figure 12 (a)-(b) show, for positive and negative values of vb-r, the evolution of the 

diagrams of normal stresses installed in the mid-span section of the bar. Observing the 

two sets of four diagrams (σ/σcr=0.8-1.0-1.2-1.4) allows us to conclude that, regardless of 

the direction of vb-r: 

(i) In the pre-buckling phase, the stress distribution remains uniform along the midline of 

the entire section. 

(ii) The trend of the stress distribution in the web is similar to what was observed for the 

post-buckling associated with the local mode (see Figure 11), although the non-linearity 

is less pronounced. Moreover, since the applied stress levels are much lower, the stress 

values are also significantly lower. 

The influence of the direction of vb-r is very noticeable in the trend of the stress 

distribution in the post-buckling phase (σ/σcr>1.0), especially in the stiffener and in the 

areas of the flanges near the flange-stiffener corners. Thus, it is observed that: 
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(i) When the values of vb-r are positive (Figure 12 (a)), the progression of the post-buckling 

phase causes compressive stresses (i1) to move away from the flange-stiffener corners 

and (i2) to concentrate near the web-flange corners and, especially, near the free ends of 

the stiffener. For values of σ/σcr not much higher than 1 (e.g., σ/σcr ≥ 1.2), the stresses in 

the vicinity of the flange-stiffener corners even become tensile. The (by far) highest 

stresses are located near the free ends of the stiffener, where the largest longitudinal 

displacements due to the warping of the section occur (see Figure 12 (a)). Their values can 

exceed more than 15 times the critical stress associated with the distortional mode. 

 

 

(a)      (b) 

Figure 12 Evolution of the stress diagram in the mid-span section (column) in distortional mode. [7] 

      a) Positive values of vb-r and (b) Negative values of vb-r 

 

Finally, it should be noted that the fact that the stress distribution in the section is radically 

different for both vb-r > 0 and vb-r < 0, compared to the post-buckling associated with the 

local mode explains the issues raised by the use of the effective width concept in assessing 

the ultimate strength of compressed bars whose local instability is controlled by the 

distortional mode. In reality, as the progression of post-buckling stresses in the flanges 

and stiffener is completely different, the theoretical foundations underlying the 

application of the concept, including the use of the Winter formula, lose all validity. In 

particular, it is not possible to adequately predict the high stress values located at the free 

ends of the stiffeners, which likely precipitate the collapse of the bar. 
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Finally, as done for uniform compression, Figure 13 (a)-(b) show the evolution of the 

stress diagram in the mid-span section (σs) for vb-r > 0 and vb-r < 0 in the case of a section 

subjected to a bending moment (beam). In addition to confirming that the trend of these 

stresses does not change in the pre-buckling phase, the observation of the diagrams allows 

us to conclude that: 

(i) In the upper flange and stiffener(compressed), which influence the post-buckling 

behaviour of the entire section, the evolutions of the stress diagrams are similar to those 

shown in Figure 12(a)-(b) for the case of a section subjected to uniform compression. 

(ii) As only tensile stresses are present in the lower flange and stiffener, the trend of the 

corresponding diagrams does not change along the post-buckling path. 

(iii) In the web, the trends of the stress diagrams are similar to what was obtained for post-

buckling associated with the local mode. Thus, tensile stresses remain linearly variable, 

and compressive stresses progressively lose that linearity due to the occurrence of a 

transfer towards the corner of the web-compressed flange. 

 

   

Figure 13 Evolution of the stress diagram in the mid-span section (beam) in distortional mode [7]  

   (a) Positive values of vb-r and (b) Negative values of vb-r. 
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2.2.2 Distribution of elasticity modulus 
 

The determination of the structural behaviour and ultimate strength of bars with open 

thin-walled sections subjected to combinations of forces involving compression generally 

requires the simultaneous consideration of local, distortional, and global instability 

phenomena, particularly the associated post-buckling effects. However, the complexity 

and computational effort involved in implementing structural analysis methods that 

directly account for these two aspects make their use impractical in common applications. 

To overcome this difficulty, methods for the indirect consideration of local post-buckling 

effects have been proposed by incorporating them into structural analyses of the others 

instability behaviour of the bars [104, 105]. This procedure is usually carried out using 

the concept of effective width, which simulates the effects of local post-buckling by 

altering the geometry of the cross-sectional shapes of the members. However, it should 

be noted that the concept of effective width was proposed, justified, and calibrated in the 

context of post-buckling associated with the local mode [50], which makes its application 

to bars with local instability occurring in the distortional mode questionable and without 

theoretical support. 

It is known that the primary consequence of the presence of instability phenomena in the 

compressed walls of a member (the local and distortional instability) is the reduction of 

its axial, bending, and torsional (warping) stiffness values [2]. Thus, in the context of 

determining the global behaviour of the bar, it is possible to consider the influence of 

local instability effects (i.e., account for the interaction between local, distortional and 

global instability modes) through the use of a reduced stiffness of the unstable section. 

The concept of "effective modulus of elasticity" (Eeff) is based on the principle of 

substituting the effects of local post-buckling (geometric nonlinearity) with a change 

(fictitious) of the material that constitutes the cross-sectional shape, specifically its 

modulus of elasticity [5]. In summary, it is as if the deformations of the cross-sectional 

shape were exchanged for a weakening of the material that constitutes it. To provide a 

better understanding of this concept, Figure 14 (a) and 13(b) illustrate its application to 

the case of a column (uniformly compressed bar) with a C-section that buckles, 

respectively, in the local mode (LM) and in the distortional mode (DM). 
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Figure 14 Effective modulus of elasticity (Eeff) concept: (a) LM (b) DM. 

 

Prola [7] calculated the average values of the bar lengths of the elasticity modules (see 

Equation 11) through a geometrically nonlinear analysis using a spline finite strip 

program, obtaining effective modulus diagrams for local and distortional modes, where 

the effective modulus is determined by the variation of stresses over the variation of 

strains in each equilibrium point of the incremental-iterative process. 
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Figure 15 depicts the evolution of the effective modulus diagram (Eeff/E) for a uniformly 

compressed bar. The values of Eeff are presented for six levels of applied stress (σ/σcr=0.6–

0.8–1.0–1.2–1.4–2.0) and were obtained from a post-buckling analysis that includes a 

geometric imperfection in the shape of the local mode with an amplitude equal to 10% of 

the section wall thickness. 

From the observation of the Eeff/E diagrams presented in Figure 15, the following 

conclusions can be drawn: 

(i) As expected, as the applied stress level approaches the critical bifurcation stress 

(σcr=78.8 MPa), and particularly after surpassing that value, the effective modulus 

diagram begins a process of deviation (reduction, to be more precise) from its original 

configuration – uniform and with a value equal to E (Eeff/E=1). 

(ii) Clearly, the areas of the section walls where geometrically nonlinear effects induce 

larger deformations (and consequently, lower stresses – see Figure 9) are precisely those 
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where a reduction in Eeff values is observed. In this particular case, this reduction occurs 

primarily (ii1) in the central zone of the web (mainly), (ii2) in the central zones of the 

flanges (also significantly), and (ii3) at the free ends of the stiffeners (to a lesser extent). 

Note that the web, on a larger scale, and the flanges are the walls whose behaviour 

conditions the instability of the section. Near the web-flange and flange-stiffener corners, 

the decrease in axial stiffness is much less pronounced and only becomes evident in 

advanced stages of post-buckling. 

(iii) For σ/σcr =2.0, the value of the Eeff/E ratio reaches approximately (iii1) 10% in the 

middle of the web and flanges, and (iii2) 55% at the free ends of the stiffeners. 

(iv) Even for σ/ σcr =0.8, a noticeable reduction in effective modulus values is already 

observed in the "weaker" zones of the section. In fact, the Eeff/E ratio drops to about (iii1) 

90% in the middle of the web and flanges and (iii2) 95% at the free ends of the stiffeners. 

This relatively early loss of stiffness is due to the presence of geometric imperfections. 

(v) The decline in Eeff values is more pronounced in the vicinity of σ/ σcr =1.0. Note that 

for σ/ σcr >1.4, the variation of effective modulus becomes almost meaningless, especially 

in the web (the diagrams for σ/ σcr =1.4 and σ/ σcr =2.0 are very close to each other). 

(vi) As expected, there is a significant analogy between the concepts of "effective width" 

and "effective modulus," as both aim to exactly represent the same phenomenon (post-

buckling associated with the local mode). Thus, the lower values of Eeff/E are precisely 

located in the ineffective zones of the section. 

 

Figure 15 Evolution of the effective modulus diagram, uniform compression, local mode. [7] 
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When the short bar is subjected to pure bending, instability (in the local mode) is 

conditioned by the behaviour of the compressed flange (upper), and only the following 

are compressed: (i) the web (partially - upper half), (ii) the upper flange (uniform 

compression), and (iii) the upper stiffener (linearly variable compression). Thus, the 

effects of post-buckling only occur in these (zone of) walls, meaning that a reduction in 

the values of the effective modulus Eeff will only occur there. This is evident in the 

diagrams presented in Figure 16, which show the evolution of the Eeff/E diagram. In 

addition to what has already been mentioned, it is also observed that (for σ/ σcr > 0.6):  

(i) In the vicinity of the midpoint of the web, there is a sharp variation in the values 

of the effective modulus, corresponding to the transition between its tensile and 

compressed zones. 

(ii) In the compressed zone of the web, the minimum values of Eeff occur about one-

eighth of the width above its midpoint. As was the case for the uniformly compressed bar, 

in the vicinity of the web-flange corner, the values of the effective modulus practically 

do not change. 

(iii) As expected, in the compressed flange and stiffener, the trend and evolution of the 

Eeff /E diagrams are entirely analogous to those determined for the uniformly compressed 

bar. Note that in this case, the instability of the section is essentially conditioned by the 

compressed flange (upper). 

 

 

Figure 16 Evolution of the effective modulus diagram, pure bending, local mode. 
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The diagrams of effective modulus (Eeff /E) presented in Figure 17 and Figure 18 

correspond to uniformly compressed bars with hinged end sections, for the distortional 

mode. In both cases, the initial imperfection has the shape of the critical mode of 

instability and an amplitude of 10% of the thickness. 

The distortional post-buckling behaviour of a uniformly compressed bar (and, in 

particular, the evolution of the distribution of normal stresses) varies with the sign of the 

membrane displacements of the flange-stiffener corners (vb-r), i.e., with whether the 

flange-stiffener sets "open" (vb-r > 0) or "close" (vb-r < 0). Therefore, it is expected that 

the values of effective modulus also depend on the sign of vb-r, making it essential to 

determine Eeff /E diagrams for both situations. 

The observation of the Eeff/E diagrams presented in Figure 17 & Figure 18 shows 

significant differences between the Eeff diagrams related to (i) post-buckling associated 

with the distortional mode and the local mode (see Figure 14) and (ii) distortional post-

buckling with vb-r > 0 and vb-r < 0. Furthermore, these diagrams also allow us to conclude 

that: 

(i) Regardless of the sign of vb-r, there are significant reductions in stiffness in the central 

zone of the web, with Eeff values even becoming negative in the post-buckling phase (σ/σcr 

> 1.0). These reductions (i1) occur earlier when vb-r > 0 (see the two diagrams for 

σ/σcr=1.0), but (i2) end up being more significant in the post-buckling phase when vb-r < 

0 (see the diagrams for σ/σcr=1.4). Note the small dip in Eeff values at the flange-web 

corners (the maximum values occur slightly inside). 

(ii) In the flanges, effective modulus values decrease significantly as one moves from the 

flange-web corner to the flange-stiffener corner (except for a small disturbance near the 

flange-web corner). This reduction is more significant when the section "opens" (vb-r 

values are positive), in which case Eeff values even become negative near the flange-

stiffener corner (recall that tension stresses develop in that section area). 

(iii) In the stiffeners, the Eeff/E diagram behaves entirely differently depending on whether 

vb-r values are positive (section "opens") or negative (section "closes"). In the former case, 

Eeff values increase from the flange-stiffener corner to the free end, while in the latter 

case, the opposite occurs. In either case, the variation is almost linear and quite 

pronounced, particularly in the advanced post-buckling phase (i.e., for σ/σcr ≥ 1.0). 
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Figure 17 Evolution of the effective modulus diagram, uniform compression, distortional mode with vb-r > 0 [7]. 

 

Figure 18 Evolution of the effective modulus diagram, uniform compression, distortional mode with vb-r < 0 [7]. 

 

Next the diagrams of the effective modulus (Eeff/E), related to the distortional post-

buckling behaviour of two bars subjected to pure bending, which exhibit, respectively, 

positive values of vb-r (upper flange-stiffener corner, i.e., compressed) causing the section 

to "open" (Figure 19) and negative values of vb-r causing the section to “close" (Figure 20), 

are presented. 

Firstly, it is noteworthy that, as expected, a reduction in axial stiffness occurs only in the 

upper half of the section, i.e., in its compressed zone. Additionally, similar to the case of 

uniformly compressed bars, there are significant differences between the Eeff/E diagrams 

for positive and negative values of vb-r (especially in the upper stiffener). 

From the observation of the diagrams presented in Figure 19 & Figure 20, it can be 

concluded that: 
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(i) In the upper compressed flange and stiffeners, the diagrams of effective modulus 

are practically identical to those obtained for uniformly compressed bars, both for vb-r > 

0 and vb-r < 0.  

(ii)  In the web, the most significant reductions in the value of Eeff occur in the central 

zone of the upper half (compressed). It should also be noted that the transition between 

the compressed (Eeff < E) and tensile (Eeff = E) zones is relatively abrupt.  

(iii) In the web, the reduction in stiffness is always (slightly) greater for vb-r < 0. Recall 

that, in the case of uniformly compressed bars, this reduction started earlier (lower value 

of σ/σcr) for positive values of vb-r (see Figure 17 & Figure 18 ) 

 

 

Figure 19 Evolution of the effective modulus diagram, pure bending, distortional mode [7] 

 

 

Figure 20 Evolution of the effective modulus diagram, pure bending, distortional mode with vb-r < 0 [7]. 
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3. CONCEPT OF THE EFFECTIVE MODULE 
 

Effective Modulus Method (EMM) is a methodology which has already been suggested 

by Rasmussen [1-3] and later studied by Camotim and Prola [4, 5], it postulates that the 

effects of local and distortional instability modes are indirectly accounted in the global 

strength of uniformly compressed columns by reducing their nominal modulus of 

elasticity �.  

Lowering the nominal modulus of elasticity, affects the value of the global critical 

strength of the column, which directly influences the axial resistance. A new (fictitious) 

decreased Modulus of Elasticity is assumed. This adjustment modifies the material's 

mechanical properties, introducing a new modulus of elasticity influenced by local and 

distortional instabilities. Regardless of the column's global instability mode (whether 

flexural or flexural-torsional, typical in thin-walled steel structures), the critical load is 

found to be linearly related to the modulus of elasticity. This relationship simplifies 

calculating the column's critical load, as shown in Equation (12). 

���������� = c
��

∙ ����(�)         (12) 

 

where ���������� represents the global critical stress of the column with an effective 

modulus of elasticity ����, ����(�) is the critical stress of the column with nominal 

modulus of elasticity � and c
��

 is the reducing factor that considers local and distortional 

mode effects, given by Equation (13) 

c
��

=
����

�
           (13) 
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3.1 DISTRIBUTION OF EFFECTIVE MODULUS 
 

3.1.1 Concept of Effective Modulus for plates 
 

Upon examining the post-buckling stress distribution in simply supported plates on all 

edges subjected to uniform compression—as described by Koiter's theory [107,108], and 

depicted in Figure 21 (a)—Von Kármán [17] proposed the Effective Width Method 

(EWM) as a solution to this issue, which is illustrated in Figure 21 (b). This method 

accounts for the effects of post-buckling strength by altering the plate's geometry. In 

Figure 21, σ denotes the applied stress, �� represents the critical stress, � signifies the 

maximum (edge) stress, � indicates the average stress, � is the width, and ���� is the 

effective width of the plate. Von Kármán established Equation (14), utilizing the 

equilibrium of the stress resultants as shown in Figure 21 (b), to define the effective width 

of a plate devoid of initial imperfections, which involves a reduction coefficient. 

 

 

Figure 21 (a) post-buckling stress distributions and (b) models for stress resultants 

c
�

=
����

�
=

�

 l�
          (14) 

where the slenderness  l� is given by Equation (4): 

l� = �
�

��
           (15) 

In the same Figure 21 (a), it can be found Equation (16) that relates the edge, mean and 

critical stresses of the plate, which can be presented in the form of Equation (17). 

� =
����

�
           (16) 
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�

�
=

�

�
�1 +

�

 l�
��          (17) 

 

In the context of post-buckling analysis, an effective modulus of elasticity, ����, is 

defined to correlate the limit strain e� with the mean stress �, as depicted in Figure 22. 

The effective modulus of elasticity is determined as the value that yields the plate to its 

maximum strain capacity. By considering that � = ����∗e� and � = �e� , and 

substituting these into Equation (17), one derives the reduction factor for the modulus of 

elasticity, c
�

 defined in Equation (18). 

 

c
�

=
����

�
=

�

�
�1 +

�

 l�
��          (18) 

 

Figure 22 Definition of the effective modulus of elasticity of a plate 

  

3.1.2 Concept of Effective Modulus for a Cross-Section 
 

The formulas of the effective width method for the components of a cross-section (such 

as flanges, webs, and stiffeners) must reflect the impact of initial imperfections in the 

member and the level of rotational restraint provided by connected plates (web-flange, 

flange-stiffener interactions). This approach ensures that the collective behaviour of all 

component plates is considered. Drawing on empirical data, Winter [50,13] suggested an 

amendment to Von Kármán's effective width formula (Equation (14)) by incorporating a 

multiplier factor, yielding Equation (19). 
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c
�

=
����

�
= �1 −

�.��

l�
� l��  with l� = �

�

����
       (19) 

 

where ���� is the critical buckling stress of each plate of the cross-section. 

 

Figure 23 Effective width and effective modules reducing factors. 

 

Figure 23 illustrates the variation of the reduction coefficients according to (i) Von 

Kármán, (ii) Winter and (iii) effective modulus. It is observed that the corrections 

suggested by Winter (equation (19)) decrease the Von Kármán reduction factor (equation 

(14)). The same should happen with correction factors to be applied to effective modules 

of the whole section. 

The formula adopted by the AISI S100-16 [109] for the load reducing factor of the Direct 

Strength Method (DSM), initially proposed by Shaffer and Peköz [111,112], is defined 

in Equation (20). 

 

c
�

=
����

�
= �1 −

�.��

l�
�.�� l�

�.��  with l� > 0.776     (20) 

 

In this context, l� is consistent with Equation (8), but ���� pertains to the critical stress of 

the entire cross-section. 
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For distortional buckling modes, the DSM utilizes Equation (21) [39,119,120,121]: 

 

c
�

=
����

�
= �1 −

�.��

l�
�.�� l�

�.��  with l� > 0.561     (21) 

where l� = �� ����⁄  and ���� is the critical distortional stress of the cross-section. 

As observed in Figure 23, it would be necessary to adapt the coefficients of Equation (18) 

to apply the EMM to cross-sections. For this purpose, a campaign of comparisons with 

experimental and numerical data will be necessary, which the authors intend to perform 

in the future. For the present work, the EMM will use the same reducing coefficients as 

the DSM (see Equations (20) and (21)), applying it to the modulus of elasticity. 

 

3.2  PROPOSAL FOR THE EFFECTIVE MODULUS METHOD, 
COMPRESSION 

 

In the course of this work, two distinct approaches for analysing buckling modes in 

structural elements were examined and tested. The first approach LD adheres to a 

sequential methodology, starting with the local buckling critical load, progressing to 

distortional, and culminating with the global critical load. This hierarchical progression 

is premised on the notion that local instabilities typically manifest at lower stress levels, 

followed by distortional and then global instabilities as the load increases. By addressing 

the modes in this order, the analysis aims to reflect the actual physical progression of 

buckling in structures. 

After obtaining the critical loads of the specimens with a software, like GBTUL [92] or 

similar, the EMM is calculated as follows: 

(i) Local mode: 

�� =
����

��
          (22) 

�� = �
�

��
          (23) 

 �
�� = 1                                                     �� ≤ 0.776

 �� = �1 − 0.15��
��.����

��.�           �� > 0.776 
     (24) 
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(ii) Distortional mode: 

�� =
����

��
          (25) 

��� = �
��

��
          (26) 

�� = 1                                                  ��   �� ≤ 0.561

 �� = �1 − 0.25��
��.����

��.�        ��   �� > 0.561
     (27) 

 

Recent investigations by Martins et al. [119] have revealed that the (NDL) Approach 

provides an accurate prediction of experimental outcomes. According to this method, if 

the ratio between distortional and local critical stresses is less than 0.7, only the reduction 

attributed to distortional buckling is considered. Should this ratio exceed 0.8, it becomes 

necessary to account for the interaction between distortional and local buckling modes. 

In such scenarios, the critical load for the local mode is influenced by a decrease in the 

modulus of elasticity resulting from distortional effects—a calculation that is determined 

beforehand. For intermediate values of this ratio, the approach suggested by Martins et 

al. [119] is utilized, modified accordingly to fit the reduction of the modulus of elasticity. 

After determining �� and  �� the reduction factor  ���� , which considers de effects of 

local/distortional on global mode, is determined according to a convergence condition 

based on the ratio of the distortional/local critical stresses as shown in Equations 28 and 

29. The convergence condition is given by equations (28) and (29). 

 

�� =
����

����
          (28) 

 

For �� ≤ 0.7   use   ��  

For  �� ≥ 0.8   use   ��� 

For 0.7 ≤ �� ≤ 0.8  use  �������� =  �� −   ��
��� ���

�.�
� �

����

����
− 0.7��   (29) 
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(iii) Global mode: 

�� =
����

��
          (30) 

���� = �
 ���������

��
          (31) 

�
���� = 0.658����

�
                                  ���� ≤ 1.5

 ���� =   
�.���

����
�                                            ���� > 1.5 

    (32) 

 

The second approach DL inverts the sequence LD, starting with the distortional buckling 

mode, followed by the local, and finally the global mode. 

After obtaining the critical loads of the specimens with a software, like GBTUL [92] or 

similar, the EMM is calculated as follows: 

(i) Distortional mode: 

�� =
����

��
          (33) 

�� = �
�

��
          (34) 

�� = 1                                                  ��   �� ≤ 0.561

 �� = �1 − 0.25��
��.����

��.�        ��   �� > 0.561 
    (35) 

 

(ii) Local mode: 

�� =
����

��
          (36) 

��� = �
��

��
          (37) 

�
��� = 1                                                     ��� ≤ 0.776

 ��� = �1 − 0.15��
��.����

��.�           ��� > 0.776 
    (38) 

 

After determining �� and  �� the reduction factor  ���� is determined according to a 

convergence condition based on the ratio of the distortional/local modes as shown in 

Equations 39 e 40.  
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�� =
����

����
          (39) 

 

For �� ≤ 0.7   use   ��  

For  �� ≥ 0.8   use   ��� 

For 0.7 ≤ �� ≤ 0.8  use  �������� =  �� −   ��
��� ���

�.�
� �

����

����
− 0.7��   (40) 

 

 

(iii) Global mode: 

�� =
����

��
          (41) 

���� = �
 ���������

��
          (42) 

�
���� = 0.658����

�
                                  ���� ≤ 1.5

 ���� =   
�.���

����
�                                            ���� > 1.5 

    (43) 

 

For both approaches iterative calculations should be made to refine the results and ensure 

accuracy. Iterations allow for the adjustment of parameters based on the outcomes of 

preceding steps, which is essential when the buckling modes interact and influence each 

other. For the purposes of this dissertation, it was determined that six iterations provided 

sufficient convergence for accurate and reliable results. This conclusion was reached 

some testing, which demonstrated that additional iterations beyond the sixth did not yield 

significant changes in the outcomes, indicating that the results had stabilized and could 

be considered convergent. 

The analysis of these approaches provided valuable insights into the interdependencies of 

buckling modes and the importance of considering such interactions in structural design. 

It also highlighted the significance of iterative calculation methods in capturing the 

complex behaviour of structures under load, affirming the need for a rigorous 

computational strategy in the evaluation of buckling resistance. 

Figure 24 shows the flowchart of the two EMM procedures described in the previous 

paragraphs. 
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Figure 24 The EMM flowchart: (a) Local distortional sequence (b) Distortional local sequence 
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Aiming to address the significant number of calculations required due to the iterative 

nature of the Effective Modulus Method (EMM), a simplification is proposed to eliminate 

its iterative aspect. To achieve this, it suffices to carry out the calculations as per 

Equations (43) to (56) for the Local-Distortional sequence and Equations (57) to (60) for 

Distortional-Local sequence. 

Approach LD 

Global: 

a� =
����

��
            (44) 

� = �
�

a�
           (45) 

c
�

 = �
0.658�

�
, � ≤ 1.5

�.���

�
� , � > 1.5

        (46) 

 

Local: 

a� =
����

��
           (47) 

�� = �
c�

a�
           (48) 

c
��

 = �
1,         � ≤ 0.776

�1 − 0.15 ∗  �
��.�� ∗  �

��.�,         � > 0.776
    

 (49) 

 

Distortional: 

a� =
����

��
           (50) 

��� = �
c�

c�� ∗ a�
         (51) 

c
���

 = �
1            � ≤ 0.561

�1 − 0.25 ∗ �
��.�� ∗  �

��.�            � > 0.561
    (52) 
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Condition 

�� =
����

����
          (53) 

 

For  �� ≤ 0.7   use   ��� 

For  �� ≥ 0.8    use   ���� 

For 0.7 ≤ �� ≤ 0.8   use  �������� =  ��� −   ��
���� ����

�.�
� �

����

����
− 0.7��  (54) 

 

Global: 

a� =
����

��
           (55) 

���� = �
1

�������� a
�

            (56) 

c
����

 = �
0.658����

�
, ���� ≤ 1.5

�.���

����
� , ���� > 1.5

       (57) 
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Approach DL 

 

Global: 

a� =
����

��
           (58) 

� = �
�

a�
            (59) 

c
�

 = �
0.658�

�
, � ≤ 1.5

�.���

�
� , � > 1.5

        (60) 

 

 

Distortional: 

a� =
����

��
           (61) 

�� = �
c�

a�
          (62) 

c
��

 = �
1            � ≤ 0.561

�1 − 0.25 ∗  �
��.�� ∗  �

��.�            � > 0.561
    (63) 

 

 

Local: 

a� =
����

��
            (64) 

��� = �
c�

c��  a
�

            (65) 

c
���

 = �
1,         � ≤ 0.776

�1 − 0.15 ∗ �
��.�� ∗  �

��.�,         � > 0.776
    (66) 
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Condition: 

�� =
����

����
          (67) 

 

For  �� ≤ 0.7   use   ��� 

For  �� ≥ 0.8    use   ���� 

For 0.7 ≤ �� ≤ 0.8   use  �������� =  ��� −  ��
���� ����

�.�
� �

����

����
− 0.7��  (68) 

 

Global: 

a� =
����

��
            (69) 

���� = �
1

�������� a
�

            (70) 

c
����

 = �
0.658����

�
, ���� ≤ 1.5

�.���

����
� , ���� > 1.5

       (71) 
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3.3  PROPOSAL FOR THE EFFECTIVE MODULUS METHOD, 
BENDING 

 

Two approaches used within the scope of the DSM [112] are proposed in the EMM to 

evaluate the effects of the interaction between local and distortional modes using (i) a 

local slenderness affected by the distortional mode (LD) and (ii) distortional slenderness 

affected by the local mode (DL). The EMM calculation scheme is represented in Figure 

25 for both methodologies. 

Note that no formulation is proposed to evaluate the iteration between local/distortional 

modes with the global modes, which will be the subject of another publication, because 

there are not enough experimental or numerical results available in the literature. In other 

words, in the present work, only the influence of the interaction between the 

local/distortional modes on the resistance of the members are evaluated. 

The EMM flow chart for beams is shown in Figure 25. 

 

Figure 25 The EMM flowchart for DL and LD methodologies 
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4. COMPARISON OF RESULTS 
 

In this thesis, a detailed investigation was conducted on the properties and final resistance 

of cold formed profiles, which included C-profiles, racks, Sigma profiles, and other 

configurations that featured stiffeners on webs or/and flanges. The analysis was based on 

a curated selection of literature that provided a comprehensive overview of these profiles, 

detailing their geometries, lengths, and material properties. 

For some literature where the critical loads for local, distortional, and global buckling 

loads were not available, they were computed utilizing the Generalized Beam Theory 

(GBTUL) software [92]. GBTUL is able at assessing buckling phenomena in thin-walled 

structures and was instrumental in estimating the missing critical loads necessary for 

subsequent analysis in some references. 

The core of the chapter 4 of this dissertation focused on applying the Effective Modulus 

Method (EMM) to the data acquired and calculated from the literature. Unlike the 

Effective Width Method, which modifies the width of plate elements in a cross-section, 

the EMM modifies the modulus of elasticity to reflect the reduced stiffness. This method 

is particularly suited for calculating the resistance of profiles by considering the post-

buckling stiffness degradation, which is critical for an accurate buckling resistance 

prediction. 

While most of the EMM analysis was dedicated to profiles under pure compression, 

attention was also given to profiles under bending loads. 

The EMM calculations, encompassing both compression and bending, aimed to validate 

the method's effectiveness in a variety of loading and geometric conditions.  

By comparing the results from the literature, with those from EMM, this study aims to 

evaluate the EMM's capabilities.  
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4.1  RESULTS FOR COMPRESSION 
 

4.1.1 Articles from 2017 part I and II: Lc and L48f sections 
 

4.1.1.1 Experimental Results  
 

Camotim et al. [119] carried out experimental tests on the C-profiles described in Table 

1. The critical loads PcrL, PcrD and PcrG were obtained using the GBTUL software and 

given in the article. 

The specimens were compressed in a vertical set-up designed for this purpose (detailed 

in Figure 26 and Figure 27) and tested with fixed-ended local and distortional support 

conditions guaranteed by a 25 mm plate welded transversely at the ends of the specimens 

The plates were bolted to a flat bearing plate to which the rotations in the major and minor 

axes, torsion and section warping were restricted. 

 

Figure 26 Compression test Set-up [119] 

 

Figure 27 Deformed specimens after testing.[119] 
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Table 1 LC column specimens’ dimensions & critical loads PcrL, PcrD , PcrG. [119] 

Specimen bw bf bs t L A PcrL PcrD PcrG 

  mm mm mm mm mm mm2 kN kN kN 

LC1 54 56.7 12.50 0.99 1395.0 189.02 47.60 56.60 58.30 

LC2-1 58 61.4 12.40 1.00 1651.0 204.48 45.20 51.70 51.60 

LC2-2 58 61.4 12.50 1.00 1649.0 205.61 45.70 52.90 52.90 

LC3 63 66.2 12.50 1.00 1951.0 220.22 42.00 46.40 46.00 

LC4 69 71.0 12.50 0.98 2300.0 230.04 35.70 40.40 40.50 

LC5 71 72.3 12.20 1.19 1896.0 286.08 63.20 59.40 69.70 

LC6 71 78.3 11.90 1.20 2004.0 302.31 60.30 54.20 64.00 

LC7 76 82.9 12.00 1.19 2302.0 317.01 55.30 50.20 59.00 

LC8 82 87.7 11.80 1.17 2603.0 329.17 48.70 43.70 54.80 

LC9 58 48.2 12.80 0.98 1401.0 176.94 47.60 63.80 65.40 

LC10 63 52.6 12.70 0.99 1602.0 191.77 43.90 57.40 61.20 

LC11 63 63.9 12.40 0.99 1699.0 212.50 41.20 48.20 53.70 

LC12 69 57.3 12.80 0.99 1899.0 205.78 39.80 51.70 53.90 

LC13 73 63.3 12.40 1.20 1851.0 270.42 67.00 69.10 78.90 

LC14 78 68.4 12.50 1.17 2100.0 281.99 57.50 60.90 71.30 

LC15 83 73.4 11.90 1.18 2402.0 298.59 53.70 53.00 64.10 

LC16 89 78.3 12.30 1.20 2750.0 324.72 54.00 53.00 61.50 

 

In Table 2 and Figure 28 the results from the various EMM approaches (LDG with 6 

iterations, ELDG, DLG with 6 iterations and EDLG) show promising results and good 

level of precision with the experimental results. The approaches with iterations perform 

better than the simplified method, with DL with 6 iterations showing the closest results 

having an average of 1.21 a maximum of 1.34 and a standard deviation of 0.055. 

Table 2 Comparison EMM × experimental results of LC specimens  

Specimen 
fy f EXP LDG 6 Iterations ELDG DLG6 Iterations EDLG  
MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / ELDG 

LC1 597 253.0 221.02 1.14 198.01 1.28 226.38 1.12 221.04 1.14 
LC2-1 597 237.8 183.25 1.30 164.00 1.45 188.65 1.26 182.26 1.30 
LC2-2 597 222.2 186.58 1.19 166.78 1.33 191.74 1.16 185.46 1.20 
LC3 597 186.5 152.36 1.22 136.88 1.36 157.66 1.18 151.78 1.23 
LC4 597 177.2 127.80 1.39 114.31 1.55 131.76 1.34 127.24 1.39 
LC5 594 225.1 171.20 1.31 148.74 1.51 181.33 1.24 175.28 1.28 
LC6 594 204.1 149.00 1.37 129.59 1.57 158.79 1.29 153.05 1.33 
LC7 594 162.4 131.09 1.24 114.07 1.42 139.49 1.16 134.50 1.21 
LC8 594 149.6 115.20 1.30 98.49 1.52 122.73 1.22 118.99 1.26 
LC9 597 300.4 259.02 1.16 239.67 1.25 260.68 1.15 259.56 1.16 
LC10 597 273.1 224.83 1.21 199.16 1.37 226.95 1.20 224.48 1.22 
LC11 597 206.7 177.57 1.16 154.05 1.34 182.08 1.14 178.13 1.16 
LC12 597 232.0 186.23 1.25 163.34 1.42 188.04 1.23 184.31 1.26 
LC13 594 258.8 205.06 1.26 179.57 1.44 214.44 1.21 208.73 1.24 
LC14 594 224.8 176.33 1.27 151.97 1.48 183.49 1.23 178.98 1.26 
LC15 594 193.5 149.12 1.30 127.93 1.51 156.70 1.23 152.50 1.27 
LC16 594 166.7 133.18 1.25 115.66 1.44 140.10 1.19 135.74 1.23 

      Av. 1.26   1.43   1.21   1.24 
   Max 1.39  1.57  1.34  1.39 
   Min 1.14  1.25  1.12  1.14 
   St. dev 0.067  0.091  0.055  0.062 
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c  

Figure 28 Comparison EMM × experimental results of LC specimens  

 

Another set of specimens form other literature was also mentioned in [120] and is shown 

in Table 3. These specimens were also tested empirically and the comparison between the 

experimental tests and EMM method is shown in Table 4 and Figure 14. The results show 

slightly unsafe results. It is worth mentioning that for some experimental results in [120] 

the confidence in the results is not high. 

 

Table 3 Colum specimen’s dimensions and critical loads [120]  

Specimen bw bf bs t L A PcrL PcrD PcrG 

  mm mm mm mm mm mm2 kN kN kN 

L48F1500 96.5 48.9 12.6 1.460 1501 320.5 78.5 109.6 182.7 

L48F2000 97.5 49.3 11.9 1.470 2001 323.3 80.5 103.4 118.6 

A-6-1-1200 40.0 40.0 10.0 0.600 1200 84.0 15.0 22.9 21.3 

A-8-1-1200 50.0 40.0 10.0 0.800 1200 120.0 28.6 37.9 41.2 

A-8-2-800 40.0 40.0 10.0 0.800 800 112.0 34.9 43.5 54.5 

A-8-2-1000 40.0 40.0 10.0 0.800 1000 112.0 34.9 40.9 39.8 

A-8-2-1200 40.0 40.0 10.0 0.800 1200 112.0 34.9 38.3 29.5 
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Table 4 Comparison EMM × experimental results of specimens 

Specimen 
fy f EXP LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / LDG MPa / LDG 

L48F1500 550 316.0 310.81 1.02 292.83 1.08 313.53 1.01 325.17 0.97 

L48F2000 550 286.0 247.27 1.16 227.43 1.26 250.49 1.14 251.77 1.14 

A-6-1-1200 628 159.0 184.19 0.86 164.66 0.97 181.53 0.88 178.31 0.89 

A-8-1-1200 633 229.5 240.19 0.96 211.92 1.08 241.94 0.95 240.27 0.96 

A-8-2-800 633 274.5 312.08 0.88 291.40 0.94 317.43 0.86 320.97 0.86 

A-8-2-1000 633 238.1 257.79 0.92 237.95 1.00 264.21 0.90 257.93 0.92 

A-8-2-1200 633 210.8 206.04 1.02 195.56 1.08 214.01 0.98 200.23 1.05 

      Av. 0.97   1.06   0.96   0.97 
   Max 1.16  1.26  1.14  1.14 
   Min 0.86  0.94  0.86  0.86 
   St. dev 0.094  0.097  0.089  0.090 

 

 

 

Figure 29 Comparison EMM × experimental results 
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4.1.1.2 Numerical results  
 

As a part II of [119] Dinis P.B.et al. [120] did numerical simulations of the specimens 

shown in Table 1 varying the material resistance fy from 300 MPa to 900 MPa for each 

specimen, to take into account several slenderness. The numerical tests were made by 

means of Abaqus shell finite element analysis (SFEA). The results of the numerical 

analyses and the comparison between the EMM methodology are shown in Table 5 to 

Table 8 and Figure 31 to Figure 34. 

Figure 30 displays (i) numerical simulations and (ii) set-up of experimental work [120] 

 

Figure 30 Typical theoretical analysis and experimental test of specimen [120] 

When comparing the results of the numerical tests with varying yield stresses with the 

EMM depicted in Table 5 to Table 8 and Figure 31 to Figure 34, the same tendency as 

with the experimental results shown in Table 2 is observed showing good results with the 

DL with 6 iterations having the closest results. Furthermore, it can be observed that the 

performance of EMM is best for a range of yield stresses showing slight 

underperformance for yield stress below 300 MPa (Table 5) and for 900 MPa and above 

(Table 6). This suggests that the EMM could have the equations adjusted, taking the yield 

stress as a factor also into account. 
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Table 5 Comparison EMM × numerical results of LC specimens with fy 300MPa 

Specimen 
fy f Numm LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa /DLG MPa / ELDG 

LC1 300 204.0 221.02 0.92 198.01 1.03 226.38 0.90 221.04 0.92 

LC2-1 300 179.0 183.25 0.98 164.00 1.09 188.65 0.95 182.26 0.98 

LC2-2 300 181.0 186.58 0.97 166.78 1.09 191.74 0.94 185.46 0.98 

LC3 300 157.0 152.36 1.03 136.88 1.15 157.66 1.00 151.78 1.03 

LC4 300 136.0 127.80 1.06 114.31 1.19 131.76 1.03 127.24 1.07 

LC5 300 169.0 171.20 0.99 148.74 1.14 181.33 0.93 175.28 0.96 

LC6 300 154.0 149.00 1.03 129.59 1.19 158.79 0.97 153.05 1.01 

LC7 300 140.0 131.09 1.07 114.07 1.23 139.49 1.00 134.50 1.04 

LC8 300 128.0 115.20 1.11 98.49 1.30 122.73 1.04 118.99 1.08 

LC9 300 227.0 259.02 0.88 239.67 0.95 260.68 0.87 259.56 0.87 

LC10 300 210.0 224.83 0.93 199.16 1.05 226.95 0.93 224.48 0.94 

LC11 300 178.0 177.57 1.00 154.05 1.16 182.08 0.98 178.13 1.00 

LC12 300 186.0 186.23 1.00 163.34 1.14 188.04 0.99 184.31 1.01 

LC13 300 196.0 205.06 0.96 179.57 1.09 214.44 0.91 208.73 0.94 

LC14 300 177.0 176.33 1.00 151.97 1.16 183.49 0.96 178.98 0.99 

LC15 300 153.0 149.12 1.03 127.93 1.20 156.70 0.98 152.50 1.00 

LC16 300 138.0 133.18 1.04 115.66 1.19 140.10 0.99 135.74 1.02 

      Av. 1.00   1.14   0.96   0.99 
   Max 1.11  1.30  1.04  1.08 
   Min 0.88  0.95  0.87  0.87 
   St. dev 0.056  0.080  0.044  0.051 

 

 

Figure 31 Comparison EMM × numerical results of LC specimens with fy 300MPa 
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Table 6 Comparison EMM × numerical results of LC specimens fy 500MPa  

Specimen 
fy f Numm LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa /DLG MPa / ELDG 

LC1 500 245.0 221.02 1.11 198.01 1.24 226.38 1.08 221.04 1.11 

LC2-1 500 205.0 183.25 1.12 164.00 1.25 188.65 1.09 182.26 1.12 

LC2-2 500 207.0 186.58 1.11 166.78 1.24 191.74 1.08 185.46 1.12 

LC3 500 175.0 152.36 1.15 136.88 1.28 157.66 1.11 151.78 1.15 

LC4 500 153.0 127.80 1.20 114.31 1.34 131.76 1.16 127.24 1.20 

LC5 500 201.0 171.20 1.17 148.74 1.35 181.33 1.11 175.28 1.15 

LC6 500 185.0 149.00 1.24 129.59 1.43 158.79 1.17 153.05 1.21 

LC7 500 166.0 131.09 1.27 114.07 1.46 139.49 1.19 134.50 1.23 

LC8 500 148.0 115.20 1.28 98.49 1.50 122.73 1.21 118.99 1.24 

LC9 500 285.0 259.02 1.10 239.67 1.19 260.68 1.09 259.56 1.10 

LC10 500 247.0 224.83 1.10 199.16 1.24 226.95 1.09 224.48 1.10 

LC11 500 201.0 177.57 1.13 154.05 1.30 182.08 1.10 178.13 1.13 

LC12 500 208.0 186.23 1.12 163.34 1.27 188.04 1.11 184.31 1.13 

LC13 500 225.0 205.06 1.10 179.57 1.25 214.44 1.05 208.73 1.08 

LC14 500 196.0 176.33 1.11 151.97 1.29 183.49 1.07 178.98 1.10 

LC15 500 172.0 149.12 1.15 127.93 1.34 156.70 1.10 152.50 1.13 

LC16 500 158.0 133.18 1.19 115.66 1.37 140.10 1.13 135.74 1.16 

      Av. 1.16   1.31   1.11   1.14 
   Max 1.28  1.50  1.21  1.24 
   Min 1.10  1.19  1.05  1.08 
   St. dev 0.059  0.083  0.042  0.049 

 

 

Figure 32 Comparison EMM × numerical results of LC specimens fy 500MPa  
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Table 7 Comparison EMM × numerical results of LC specimens fy 700MPa 

Specimen 
fy f Numm LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa /DLG MPa / ELDG 

LC1 700 261.0 221.02 1.18 198.01 1.32 226.38 1.15 221.04 1.18 

LC2-1 700 222.0 183.25 1.21 164.00 1.35 188.65 1.18 182.26 1.22 

LC2-2 700 217.0 186.58 1.16 166.78 1.30 191.74 1.13 185.46 1.17 

LC3 700 186.0 152.36 1.22 136.88 1.36 157.66 1.18 151.78 1.23 

LC4 700 164.0 127.80 1.28 114.31 1.43 131.76 1.24 127.24 1.29 

LC5 700 217.0 171.20 1.27 148.74 1.46 181.33 1.20 175.28 1.24 

LC6 700 203.0 149.00 1.36 129.59 1.57 158.79 1.28 153.05 1.33 

LC7 700 181.0 131.09 1.38 114.07 1.59 139.49 1.30 134.50 1.35 

LC8 700 165.0 115.20 1.43 98.49 1.68 122.73 1.34 118.99 1.39 

LC9 700 301.0 259.02 1.16 239.67 1.26 260.68 1.15 259.56 1.16 

LC10 700 256.0 224.83 1.14 199.16 1.29 226.95 1.13 224.48 1.14 

LC11 700 215.0 177.57 1.21 154.05 1.40 182.08 1.18 178.13 1.21 

LC12 700 215.0 186.23 1.15 163.34 1.32 188.04 1.14 184.31 1.17 

LC13 700 238.0 205.06 1.16 179.57 1.33 214.44 1.11 208.73 1.14 

LC14 700 209.0 176.33 1.19 151.97 1.38 183.49 1.14 178.98 1.17 

LC15 700 183.0 149.12 1.23 127.93 1.43 156.70 1.17 152.50 1.20 

LC16 700 169.0 133.18 1.27 115.66 1.46 140.10 1.21 135.74 1.25 

      Av. 1.24   1.41   1.19   1.22 
   Max 1.43  1.68  1.34  1.39 
   Min 1.14  1.26  1.11  1.14 
   St. dev 0.084  0.112  0.063  0.072 

 

 

 

Figure 33 Comparison EMM × numerical results of LC specimens 
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Table 8 Comparison EMM × numerical results of LC specimens fy 900MPa 

Specimen 
fy f Numm LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa /DLG MPa / ELDG 

LC1 900 268.0 221.02 1.21 198.01 1.35 226.38 1.18 221.04 1.21 

LC2-1 900 230.0 183.25 1.26 164.00 1.40 188.65 1.22 182.26 1.26 

LC2-2 900 227.0 186.58 1.22 166.78 1.36 191.74 1.18 185.46 1.22 

LC3 900 193.0 152.36 1.27 136.88 1.41 157.66 1.22 151.78 1.27 

LC4 900 177.0 127.80 1.38 114.31 1.55 131.76 1.34 127.24 1.39 

LC5 900 230.0 171.20 1.34 148.74 1.55 181.33 1.27 175.28 1.31 

LC6 900 216.0 149.00 1.45 129.59 1.67 158.79 1.36 153.05 1.41 

LC7 900 165.0 131.09 1.26 114.07 1.45 139.49 1.18 134.50 1.23 

LC8 900 174.0 115.20 1.51 98.49 1.77 122.73 1.42 118.99 1.46 

LC9 900 307.0 259.02 1.19 239.67 1.28 260.68 1.18 259.56 1.18 

LC10 900 261.0 224.83 1.16 199.16 1.31 226.95 1.15 224.48 1.16 

LC11 900 225.0 177.57 1.27 154.05 1.46 182.08 1.24 178.13 1.26 

LC12 900 220.0 186.23 1.18 163.34 1.35 188.04 1.17 184.31 1.19 

LC13 900 251.0 205.06 1.22 179.57 1.40 214.44 1.17 208.73 1.20 

LC14 900 220.0 176.33 1.25 151.97 1.45 183.49 1.20 178.98 1.23 

LC15 900 196.0 149.12 1.31 127.93 1.53 156.70 1.25 152.50 1.29 

LC16 900 179.0 133.18 1.34 115.66 1.55 140.10 1.28 135.74 1.32 

      Av. 1.28   1.46   1.24   1.27 
   Max 1.51  1.77  1.42  1.46 
   Min 1.16  1.28  1.15  1.16 
   St. dev 0.094  0.124  0.074  0.082 

 

 

 

Figure 34 Comparison EMM × numerical results of LC specimens 
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4.1.2 Article from 2016 CS-Profiles 
 

 

Figure 35 Various buckling modes of CS profiles [121] determined in GBTUL 

In 2016 Cava D. et al. [121] conducted an investigation on the strength erosion of cold 

formed steel profiles due to the interaction of the 3 buckling modes depicted in Figure 35 

(local (a), distortional (b), global(c) & (d)). For that purpose, using GBTUL a series of 

specimens named CS with proprieties shown in Table 9 were selected so that each 

specimen had critical buckling modes no more than 20% apart. Various yield stresses and 

lengths were considered to cover a wider range of slenderness totalling 459 specimen 

configurations. For better identification of every configuration tested, the numerical tests 

were named in the following manner “SPECIMEN_Length_Yield Stress” the length 

being in millimetre and yield stress in megapascal. For example, CS1_2300_61 means 

specimen CS1, length 2300 mm and yield stress 61 MPa. 

Then the ultimate strengths of the specimens were analysed with Abaqus software and 

with fixed ended cross-sections with torsional rotation and warping constrained but 

movement in the major axis allowed.  

The various specimen configurations results and comparison with EMM is shown in Table 

10 to Table 19 and Figure 36 to Figure 45. 

Table 9 CS column specimen’s dimensions & critical loads PcrL, PcrD , PcrG. 

Specimen bw bf bs t LS Ll A 

  mm mm mm mm mm mm mm2 

CS1 85 75 12 1.4 2300 2700 363 

CS2 80 75 12 1.2 2400 2800 305 

CS3 90 74 13 1.5 2350 2750 396 

CS4 110 67 12 2.0 2450 2900 536 

CS5 100 60 12 2.0 2050 2400 488 

CS6 62 55 11 1.1 1550 1900 213 

CS7 92 54 11 1.7 2000 2350 377 

CS8 75 60 10 1.0 2350 2650 215 

CS9 65 47 10 1.1 1550 1850 197 

CS10 80 45 11 1.6 1550 1800 307 
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After analysing the comparison of all the numerical 459 tests (shown in Table 10 to Table 

19 and Figure 36 to Figure 45) with the EMM method, the results seem globally very good 

with the DL with 6 iterations approach, having the closest precision level. Only in a few 

instances does the ration fu/fEMM fall below the safe zone of 1.00 but not further then 0.95 

which is still very close. 

Also when analysing the Figure 36 to Figure 45 a tendency can be observed for every 

specimen, it clearly shows that for lower yield stresses the EMM precision level is very 

close to the numerical values but decreases as the yield stress increases, giving results 

“Too safe”. Again, a suggestion to improve the EMM method would be to implement the 

yield stress factor in the equations. 

 

Table 10 Comparison EMM × numerical results of CS1 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / LDG MPa / LDG 

CS1_2300_61 61 56.7 54.95 1.03 54.95 1.03 54.95 1.03 54.95 1.03 

CS1_2300_245 245 161.6 148.98 1.08 146.28 1.10 155.60 1.04 151.51 1.07 

CS1_2300_550 550 204.8 172.19 1.19 150.15 1.36 185.15 1.11 177.81 1.15 

CS1_2300_978 978 232.3 172.37 1.35 150.19 1.55 185.15 1.25 177.83 1.31 

CS1_2300_1529 1529 254.7 172.37 1.48 150.19 1.70 185.15 1.38 177.83 1.43 

CS1_2300_2201 2201 273.2 172.37 1.58 150.19 1.82 185.15 1.48 177.83 1.54 

CS1_2350_59 59 54.7 53.17 1.03 53.17 1.03 53.17 1.03 53.17 1.03 

CS1_2350_238 238 156.9 145.40 1.08 143.00 1.10 151.83 1.03 147.50 1.06 

CS1_2350_534 534 201.4 168.54 1.19 148.02 1.36 181.32 1.11 173.63 1.16 

CS1_2350_950 950 227.6 168.70 1.35 148.06 1.54 181.32 1.26 173.64 1.31 

CS1_2350_1485 1485 248.9 168.70 1.48 148.06 1.68 181.32 1.37 173.64 1.43 

CS1_2350_2138 2138 267.4 168.70 1.59 148.06 1.81 181.32 1.47 173.64 1.54 

CS1_2400_58 58 53.8 52.20 1.03 52.20 1.03 52.20 1.03 52.20 1.03 

CS1_2400_231 231 154.1 141.67 1.09 139.70 1.10 148.06 1.04 143.48 1.07 

CS1_2400_519 519 196.2 164.90 1.19 145.94 1.34 177.49 1.11 169.45 1.16 

CS1_2400_922 922 222.6 165.03 1.35 145.94 1.53 177.49 1.25 169.45 1.31 

CS1_2400_1441 1441 243.4 165.03 1.47 145.94 1.67 177.49 1.37 169.45 1.44 

CS1_2400_2075 2075 261.2 165.03 1.58 145.94 1.79 177.49 1.47 169.45 1.54 

CS1_2450_56 56 51.8 50.43 1.03 50.43 1.03 50.43 1.03 50.43 1.03 

CS1_2450_224 224 150.8 137.97 1.09 136.42 1.11 144.30 1.05 139.50 1.08 

CS1_2450_503 503 193.7 161.35 1.20 143.84 1.35 173.75 1.11 165.34 1.17 

CS1_2450_895 895 218.2 161.44 1.35 143.87 1.52 173.75 1.26 165.35 1.32 

CS1_2450_1398 1398 237.3 161.44 1.47 143.87 1.65 173.75 1.37 165.35 1.44 

CS1_2450_2013 2013 254.5 161.44 1.58 143.87 1.77 173.75 1.46 165.35 1.54 

CS1_2500_54 54 49.9 48.66 1.03 48.66 1.03 48.66 1.03 48.66 1.03 

CS1_2500_217 217 142.9 134.25 1.06 132.96 1.07 140.52 1.02 135.51 1.05 

CS1_2500_488 488 189.5 157.73 1.20 141.71 1.34 169.98 1.11 161.20 1.18 

CS1_2500_868 868 213.4 157.80 1.35 141.74 1.51 169.97 1.26 161.21 1.32 

CS1_2500_1356 1356 231.3 157.80 1.47 141.74 1.63 169.97 1.36 161.21 1.43 

CS1_2500_1952 1952 248.4 157.80 1.57 141.74 1.75 169.97 1.46 161.21 1.54 

CS1_2550_53 53 49.1 47.70 1.03 47.70 1.03 47.70 1.03 47.70 1.03 
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CS1_2550_210 210 144.6 130.60 1.11 129.47 1.12 136.78 1.06 131.58 1.10 

CS1_2550_473 473 183.1 154.27 1.19 139.66 1.31 166.34 1.10 157.22 1.16 

CS1_2550_842 842 209.2 154.33 1.36 139.69 1.50 166.34 1.26 157.23 1.33 

CS1_2550_1315 1315 227.1 154.33 1.47 139.69 1.63 166.34 1.37 157.23 1.44 

CS1_2550_1894 1894 243.8 154.33 1.58 139.69 1.75 166.34 1.47 157.23 1.55 

CS1_2600_51 51 46.8 45.94 1.02 45.94 1.02 45.94 1.02 45.94 1.02 

CS1_2600_204 204 137.9 127.26 1.08 126.26 1.09 133.39 1.03 128.00 1.08 

CS1_2600_459 459 180.2 150.90 1.19 137.63 1.31 162.80 1.11 153.34 1.18 

CS1_2600_816 816 204.9 150.95 1.36 137.66 1.49 162.79 1.26 153.35 1.34 

CS1_2600_1275 1275 222.0 150.95 1.47 137.66 1.61 162.79 1.36 153.35 1.45 

CS1_2600_1836 1836 238.1 150.95 1.58 137.66 1.73 162.79 1.46 153.35 1.55 

CS1_2650_49 49 44.5 44.17 1.01 44.17 1.01 44.17 1.01 44.17 1.01 

CS1_2650_198 198 124.1 123.86 1.00 122.98 1.01 129.95 0.95 124.41 1.00 

CS1_2650_445 445 175.3 147.41 1.19 135.42 1.29 159.19 1.10 149.40 1.17 

CS1_2650_791 791 201.0 147.44 1.36 135.45 1.48 159.19 1.26 149.41 1.35 

CS1_2650_1237 1237 216.4 147.44 1.47 135.45 1.60 159.19 1.36 149.41 1.45 

CS1_2650_1781 1781 234.5 147.44 1.59 135.45 1.73 159.19 1.47 149.41 1.57 

CS1_2700_48 48 43.4 43.23 1.00 43.23 1.00 43.23 1.00 43.23 1.00 

CS1_2700_192 192 119.9 120.52 0.99 119.74 1.00 126.31 0.95 126.31 0.95 

CS1_2700_432 432 169.1 143.77 1.18 133.22 1.27 155.75 1.09 145.69 1.16 

CS1_2700_768 768 196.3 143.80 1.37 133.22 1.47 155.75 1.26 145.69 1.35 

CS1_2700_1199 1199 212.2 143.80 1.48 133.22 1.59 155.75 1.36 145.69 1.46 

CS1_2700_1727 1727 228.9 143.80 1.59 133.22 1.72 155.75 1.47 145.69 1.57 

      Av. 1.28   1.39   1.21   1.26 
   Max 1.59  1.82  1.48  1.57 
   Min 0.99  1.00  0.95  0.95 
   St. dev 0.206  0.276  0.172  0.197 

 

 

 

Figure 36 Comparison EMM × numerical results of CS1 specimens  
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Table 11 Comparison EMM × numerical results of CS2 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  
MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS2_2400_51 51 46.9 45.91 1.02 45.91 1.02 45.91 1.02 45.91 1.02 
CS2_2400_203 203 131.2 124.05 1.06 121.98 1.08 128.53 1.02 125.41 1.05 
CS2_2400_457 457 166.5 143.85 1.16 126.15 1.32 152.61 1.09 146.98 1.13 
CS2_2400_812 812 188.4 143.96 1.31 126.15 1.49 152.61 1.23 146.98 1.28 
CS2_2400_1268 1268 207.2 143.96 1.44 126.15 1.64 152.61 1.36 146.98 1.41 
CS2_2400_1826 1826 223.7 143.96 1.55 126.15 1.77 152.61 1.47 146.98 1.52 
CS2_2450_49 49 44.9 44.16 1.02 44.16 1.02 44.16 1.02 44.16 1.02 
CS2_2450_197 197 128.2 121.02 1.06 119.19 1.08 125.39 1.02 122.06 1.05 
CS2_2450_444 444 163.9 140.82 1.16 124.33 1.32 149.51 1.10 143.59 1.14 
CS2_2450_789 789 185.0 140.92 1.31 124.33 1.49 149.51 1.24 143.59 1.29 
CS2_2450_1233 1233 201.8 140.92 1.43 124.33 1.62 149.51 1.35 143.59 1.41 
CS2_2450_1775 1775 218.0 140.92 1.55 124.33 1.75 149.51 1.46 143.59 1.52 
CS2_2500_48 48 44.2 43.22 1.02 43.22 1.02 43.22 1.02 43.22 1.02 
CS2_2500_192 192 126.5 118.27 1.07 116.63 1.08 122.55 1.03 119.03 1.06 
CS2_2500_431 431 161.0 137.85 1.17 122.52 1.31 146.46 1.10 140.23 1.15 
CS2_2500_767 767 180.6 137.94 1.31 122.55 1.47 146.46 1.23 140.24 1.29 
CS2_2500_1198 1198 198.0 137.94 1.44 122.55 1.62 146.46 1.35 140.24 1.41 
CS2_2500_1725 1725 213.7 137.94 1.55 122.55 1.74 146.46 1.46 140.24 1.52 
CS2_2550_47 47 43.2 42.29 1.02 42.29 1.02 42.29 1.02 42.29 1.02 
CS2_2550_186 186 124.0 115.26 1.08 113.84 1.09 119.43 1.04 115.71 1.07 
CS2_2550_419 419 156.9 134.93 1.16 120.78 1.30 143.44 1.09 136.93 1.15 
CS2_2550_744 744 177.1 135.00 1.31 120.78 1.47 143.44 1.23 136.93 1.29 
CS2_2550_1163 1163 194.3 135.00 1.44 120.78 1.61 143.44 1.35 136.93 1.42 
CS2_2550_1675 1675 209.8 135.00 1.55 120.78 1.74 143.44 1.46 136.93 1.53 
CS2_2600_45 45 41.4 40.55 1.02 40.55 1.02 40.55 1.02 40.55 1.02 
CS2_2600_181 181 121.2 112.44 1.08 111.29 1.09 116.60 1.04 112.72 1.08 
CS2_2600_407 407 153.9 132.07 1.17 119.04 1.29 140.44 1.10 133.66 1.15 
CS2_2600_723 723 173.6 132.13 1.31 119.04 1.46 140.44 1.24 133.66 1.30 
CS2_2600_1129 1129 190.0 132.13 1.44 119.04 1.60 140.44 1.35 133.66 1.42 
CS2_2600_1626 1626 205.0 132.13 1.55 119.04 1.72 140.44 1.46 133.66 1.53 
CS2_2650_44 44 40.3 39.61 1.02 39.61 1.02 39.61 1.02 39.61 1.02 
CS2_2650_175 175 117.9 109.34 1.08 108.48 1.09 113.48 1.04 109.43 1.08 
CS2_2650_395 395 149.6 129.25 1.16 117.31 1.28 137.49 1.09 130.43 1.15 
CS2_2650_702 702 170.2 129.30 1.32 117.31 1.45 137.49 1.24 130.43 1.30 
CS2_2650_1096 1096 186.0 129.30 1.44 117.31 1.59 137.49 1.35 130.43 1.43 
CS2_2650_1579 1579 200.9 129.30 1.55 117.31 1.71 137.49 1.46 130.43 1.54 
CS2_2700_43 43 39.5 38.69 1.02 38.69 1.02 38.69 1.02 38.69 1.02 
CS2_2700_170 170 114.8 106.56 1.08 105.82 1.08 110.69 1.04 106.50 1.08 
CS2_2700_383 383 145.6 126.52 1.15 115.59 1.26 134.64 1.08 127.29 1.14 
CS2_2700_681 681 166.9 126.56 1.32 115.62 1.44 134.63 1.24 127.30 1.31 
CS2_2700_1064 1064 182.5 126.56 1.44 115.62 1.58 134.63 1.36 127.30 1.43 
CS2_2700_1532 1532 197.2 126.56 1.56 115.62 1.71 134.63 1.46 127.30 1.55 
CS2_2750_41 41 37.4 36.96 1.01 36.96 1.01 36.96 1.01 36.96 1.01 
CS2_2750_165 165 108.1 103.79 1.04 103.14 1.05 107.91 1.00 103.58 1.04 
CS2_2750_372 372 144.7 123.81 1.17 113.90 1.27 131.81 1.10 124.20 1.17 
CS2_2750_661 661 163.5 123.84 1.32 113.90 1.44 131.81 1.24 124.20 1.32 
CS2_2750_1033 1033 178.1 123.84 1.44 113.90 1.56 131.81 1.35 124.20 1.43 
CS2_2800_40 40 36.3 36.04 1.01 36.04 1.01 36.04 1.01 36.04 1.01 
CS2_2800_160 160 106.3 101.06 1.05 100.49 1.06 105.16 1.01 100.71 1.06 
CS2_2800_361 361 140.3 121.17 1.16 112.20 1.25 129.07 1.09 121.20 1.16 
CS2_2800_642 642 160.5 121.19 1.32 112.22 1.43 129.07 1.24 121.21 1.32 
CS2_2800_1003 1003 174.9 121.19 1.44 112.22 1.56 129.07 1.36 121.21 1.44 
CS2_2800_1444 1444 188.9 121.19 1.56 112.22 1.68 129.07 1.46 121.21 1.56 

      Av. 1.25   1.35   1.19   1.24 
   Max 1.56  1.77  1.47  1.56 
   Min 1.01  1.01  1.00  1.01 
   St. dev 0.192  0.258  0.165  0.186 
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Figure 37 Comparison EMM × numerical results of CS2 specimens 
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Table 12 Comparison EMM × numerical results of CS3 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  
MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS3_2350_67 67 62.2 60.38 1.03 60.38 1.03 60.38 1.03 60.38 1.03 
CS3_2350_269 269 180.6 164.68 1.10 161.99 1.11 170.84 1.06 166.51 1.08 
CS3_2350_606 606 223.2 191.20 1.17 167.82 1.33 203.35 1.10 195.57 1.14 
CS3_2350_1077 1077 250.7 191.35 1.31 167.86 1.49 203.34 1.23 195.59 1.28 
CS3_2350_1684 1684 281.4 191.35 1.47 167.86 1.68 203.34 1.38 195.59 1.44 
CS3_2350_2424 2424 298.0 191.35 1.56 167.86 1.78 203.34 1.47 195.59 1.52 
CS3_2400_65 65 60.6 58.57 1.03 58.57 1.03 58.57 1.03 58.57 1.03 
CS3_2400_261 261 178.1 160.51 1.11 158.14 1.13 166.50 1.07 161.88 1.10 
CS3_2400_588 588 217.5 186.89 1.16 165.33 1.32 198.89 1.09 190.71 1.14 
CS3_2400_1045 1045 245.3 187.02 1.31 165.33 1.48 198.89 1.23 190.71 1.29 
CS3_2400_1632 1632 266.5 187.02 1.42 165.33 1.61 198.89 1.34 190.71 1.40 
CS3_2450_63 63 58.6 56.77 1.03 56.77 1.03 56.77 1.03 56.77 1.03 
CS3_2450_253 253 173.3 156.36 1.11 154.30 1.12 162.19 1.07 157.29 1.10 
CS3_2450_570 570 212.9 182.69 1.17 162.83 1.31 194.52 1.09 185.92 1.15 
CS3_2450_1013 1013 240.2 182.80 1.31 162.83 1.48 194.52 1.23 185.92 1.29 
CS3_2450_1582 1582 260.7 182.80 1.43 162.83 1.60 194.52 1.34 185.92 1.40 
CS3_2500_61 61 56.6 54.97 1.03 54.97 1.03 54.97 1.03 54.97 1.03 
CS3_2500_245 245 169.1 152.12 1.11 150.46 1.12 157.89 1.07 152.73 1.11 
CS3_2500_552 552 207.7 178.58 1.16 160.35 1.30 190.23 1.09 181.20 1.15 
CS3_2500_982 982 235.1 178.68 1.32 160.38 1.47 190.23 1.24 181.21 1.30 
CS3_2500_1534 1534 255.1 178.68 1.43 160.38 1.59 190.23 1.34 181.21 1.41 
CS3_2550_59 59 54.9 53.18 1.03 53.18 1.03 53.18 1.03 53.18 1.03 
CS3_2550_238 238 164.7 148.14 1.11 146.87 1.12 153.92 1.07 148.52 1.11 
CS3_2550_535 535 205.1 174.56 1.17 157.90 1.30 186.02 1.10 176.58 1.16 
CS3_2550_951 951 230.9 174.63 1.32 157.94 1.46 186.02 1.24 176.59 1.31 
CS3_2550_1486 1486 247.8 174.63 1.42 157.94 1.57 186.02 1.33 176.59 1.40 
CS3_2550_2140 2140 265.2 174.63 1.52 157.94 1.68 186.02 1.43 176.59 1.50 
CS3_2600_58 58 53.9 52.20 1.03 52.20 1.03 52.20 1.03 52.20 1.03 
CS3_2600_230 230 159.9 143.95 1.11 142.89 1.12 149.68 1.07 144.06 1.11 
CS3_2600_519 519 200.0 170.68 1.17 155.56 1.29 181.94 1.10 172.12 1.16 
CS3_2600_922 922 226.1 170.74 1.32 155.56 1.45 181.94 1.24 172.12 1.31 
CS3_2600_1440 1440 242.7 170.74 1.42 155.56 1.56 181.94 1.33 172.12 1.41 
CS3_2600_2074 2074 258.8 170.74 1.52 155.56 1.66 181.94 1.42 172.12 1.50 
CS3_2650_56 56 51.6 50.42 1.02 50.42 1.02 50.42 1.02 50.42 1.02 
CS3_2650_223 223 152.6 140.06 1.09 139.15 1.10 145.77 1.05 139.96 1.09 
CS3_2650_503 503 195.5 166.85 1.17 153.19 1.28 177.94 1.10 167.74 1.17 
CS3_2650_894 894 221.6 166.89 1.33 153.19 1.45 177.94 1.25 167.74 1.32 
CS3_2650_1396 1396 237.9 166.89 1.43 153.19 1.55 177.94 1.34 167.74 1.42 
CS3_2650_2010 2010 253.1 166.89 1.52 153.19 1.65 177.94 1.42 167.74 1.51 
CS3_2700_54 54 49.6 48.65 1.02 48.65 1.02 48.65 1.02 48.65 1.02 
CS3_2700_217 217 141.6 136.48 1.04 135.67 1.04 142.19 1.00 136.19 1.04 
CS3_2700_487 487 191.0 163.03 1.17 150.69 1.27 173.98 1.10 163.42 1.17 
CS3_2700_866 866 217.6 163.06 1.33 150.72 1.44 173.98 1.25 163.43 1.33 
CS3_2700_1353 1353 232.1 163.06 1.42 150.72 1.54 173.98 1.33 163.43 1.42 
CS3_2700_1949 1949 247.9 163.06 1.52 150.72 1.64 173.98 1.42 163.43 1.52 
CS3_2750_52 52 47.9 46.88 1.02 46.88 1.02 46.88 1.02 46.88 1.02 
CS3_2750_210 210 138.4 132.64 1.04 131.94 1.05 138.18 1.00 138.18 1.00 
CS3_2750_472 472 185.8 159.30 1.17 148.15 1.25 170.20 1.09 159.31 1.17 
CS3_2750_840 840 213.1 159.32 1.34 148.18 1.44 170.20 1.25 159.32 1.34 
CS3_2750_1312 1312 227.6 159.32 1.43 148.18 1.54 170.20 1.34 159.32 1.43 
CS3_2750_1890 1890 243.2 159.32 1.53 148.18 1.64 170.20 1.43 159.32 1.53 

      Av. 1.25   1.34   1.18   1.23 
   Max 1.56  1.78  1.47  1.53 
   Min 1.02  1.02  1.00  1.00 
   St. dev 0.173  0.234  0.146  0.170 
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Figure 38 Comparison EMM × numerical results of CS3 specimens 
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Table 13 Comparison EMM × numerical results of CS4 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  
MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS4_2450_87 87 81.3 78.39 1.04 78.39 1.04 78.39 1.04 78.39 1.04 
CS4_2450_350 350 246.5 214.34 1.15 210.93 1.17 221.76 1.11 216.26 1.14 
CS4_2450_787 787 289.0 248.89 1.16 219.10 1.32 263.48 1.10 253.60 1.14 
CS4_2450_1398 1398 320.3 249.06 1.29 219.10 1.46 263.48 1.22 253.60 1.26 
CS4_2450_2185 2185 336.2 249.06 1.35 219.10 1.53 263.48 1.28 253.60 1.33 
CS4_2450_3146 3146 340.6 249.06 1.37 219.10 1.55 263.48 1.29 253.60 1.34 
CS4_2500_84 84 76.9 75.69 1.02 75.69 1.02 75.69 1.02 75.69 1.02 
CS4_2500_338 338 214.5 208.25 1.03 205.34 1.04 215.39 1.00 209.44 1.02 
CS4_2500_760 760 282.3 242.79 1.16 215.65 1.31 257.08 1.10 246.56 1.14 
CS4_2500_1351 1351 312.6 242.93 1.29 215.65 1.45 257.08 1.22 246.56 1.27 
CS4_2500_2111 2111 328.9 242.93 1.35 215.65 1.53 257.08 1.28 246.56 1.33 
CS4_2500_3040 3040 333.6 242.93 1.37 215.65 1.55 257.08 1.30 246.56 1.35 
CS4_2550_82 82 75.6 73.82 1.02 73.82 1.02 73.82 1.02 73.82 1.02 
CS4_2550_326 326 210.1 202.24 1.04 199.79 1.05 209.10 1.00 202.75 1.04 
CS4_2550_734 734 276.0 236.95 1.16 212.26 1.30 250.96 1.10 239.80 1.15 
CS4_2550_1306 1306 305.7 237.07 1.29 212.31 1.44 250.96 1.22 239.82 1.27 
CS4_2550_2040 2040 321.6 237.07 1.36 212.31 1.51 250.96 1.28 239.82 1.34 
CS4_2550_2938 2938 327.0 237.07 1.38 212.31 1.54 250.96 1.30 239.82 1.36 
CS4_2600_79 79 73.7 71.14 1.04 71.14 1.04 71.14 1.04 71.14 1.04 
CS4_2600_316 316 209.5 196.72 1.06 194.69 1.08 203.48 1.03 196.76 1.06 
CS4_2600_710 710 269.8 231.25 1.17 208.83 1.29 245.02 1.10 233.28 1.16 
CS4_2600_1262 1262 298.8 231.35 1.29 208.87 1.43 245.01 1.22 233.30 1.28 
CS4_2600_1972 1972 308.5 231.35 1.33 208.87 1.48 245.01 1.26 233.30 1.32 
CS4_2650_76 76 70.2 68.48 1.03 68.48 1.03 68.48 1.03 68.48 1.03 
CS4_2650_305 305 200.6 190.82 1.05 189.35 1.06 197.61 1.02 190.58 1.05 
CS4_2650_687 687 263.7 225.69 1.17 205.37 1.28 239.26 1.10 227.01 1.16 
CS4_2650_1221 1221 291.8 225.77 1.29 205.37 1.42 239.26 1.22 227.01 1.29 
CS4_2650_1908 1908 311.1 225.77 1.38 205.37 1.51 239.26 1.30 227.01 1.37 
CS4_2650_2747 2747 318.7 225.77 1.41 205.37 1.55 239.26 1.33 227.01 1.40 
CS4_2700_74 74 68.5 66.63 1.03 66.63 1.03 66.63 1.03 66.63 1.03 
CS4_2700_295 295 195.9 185.29 1.06 184.08 1.06 192.09 1.02 184.79 1.06 
CS4_2700_665 665 257.6 220.30 1.17 201.91 1.28 233.67 1.10 220.90 1.17 
CS4_2700_1182 1182 284.8 220.36 1.29 201.91 1.41 233.67 1.22 220.90 1.29 
CS4_2700_1846 1846 295.1 220.36 1.34 201.91 1.46 233.67 1.26 220.90 1.34 
CS4_2700_2659 2659 303.1 220.36 1.38 201.91 1.50 233.67 1.30 220.90 1.37 
CS4_2750_72 72 66.4 64.80 1.02 64.80 1.02 64.80 1.02 64.80 1.02 
CS4_2750_286 286 190.8 180.15 1.06 179.10 1.07 186.98 1.02 179.42 1.06 
CS4_2750_644 644 251.7 215.15 1.17 198.56 1.27 228.33 1.10 215.07 1.17 
CS4_2750_1144 1144 277.7 215.20 1.29 198.56 1.40 228.33 1.22 215.07 1.29 
CS4_2750_1788 1788 288.9 215.20 1.34 198.56 1.45 228.33 1.27 215.07 1.34 
CS4_2750_2574 2574 297.4 215.20 1.38 198.56 1.50 228.33 1.30 215.07 1.38 
CS4_2800_69 69 64.0 62.17 1.03 62.17 1.03 62.17 1.03 62.17 1.03 
CS4_2800_277 277 188.4 175.09 1.08 174.19 1.08 181.93 1.04 174.15 1.08 
CS4_2800_623 623 245.2 210.12 1.17 195.22 1.26 223.17 1.10 209.42 1.17 
CS4_2800_1108 1108 271.2 210.15 1.29 195.26 1.39 223.17 1.22 209.44 1.29 
CS4_2800_1731 1731 283.1 210.15 1.35 195.26 1.45 223.17 1.27 209.44 1.35 
CS4_2800_2493 2493 291.7 210.15 1.39 195.26 1.49 223.17 1.31 209.44 1.39 
CS4_2850_67 67 61.5 60.36 1.02 60.36 1.02 60.36 1.02 60.36 1.02 
CS4_2850_268 268 180.4 170.13 1.06 169.36 1.07 176.48 1.02 176.48 1.02 
CS4_2850_604 604 239.2 205.33 1.16 192.01 1.25 218.25 1.10 204.06 1.17 
CS4_2850_1074 1074 265.5 205.35 1.29 192.05 1.38 218.25 1.22 204.07 1.30 
CS4_2850_1678 1678 277.3 205.35 1.35 192.05 1.44 218.25 1.27 204.07 1.36 
CS4_2850_2416 2416 286.2 205.35 1.39 192.05 1.49 218.25 1.31 204.07 1.40 
CS4_2900_65 65 60.4 58.55 1.03 58.55 1.03 58.55 1.03 58.55 1.03 
CS4_2900_260 260 179.9 165.52 1.09 164.86 1.09 171.16 1.05 171.16 1.05 
CS4_2900_586 586 233.7 200.67 1.16 188.87 1.24 213.46 1.09 198.85 1.18 
CS4_2900_1041 1041 260.0 200.68 1.30 188.87 1.38 213.46 1.22 198.85 1.31 
CS4_2900_1627 1627 272.0 200.68 1.36 188.87 1.44 213.46 1.27 198.85 1.37 
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CS4_2900_2343 2343 282.9 200.68 1.41 188.87 1.50 213.46 1.33 198.85 1.42 

      Av. 1.21   1.30   1.16   1.21 
   Max 1.41  1.55  1.33  1.42 
   Min 1.02  1.02  1.00  1.02 
   St. dev 0.137  0.193  0.113  0.137 

 

 

 

Figure 39 Comparison EMM × numerical results of CS4 specimens 
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Table 14 Comparison EMM × numerical results of CS5 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS5_2050_105 105 98.7 94.55 1.04 94.55 1.04 94.55 1.04 94.55 1.04 

CS5_2050_419 419 299.2 257.91 1.16 254.18 1.18 266.42 1.12 259.45 1.15 

CS5_2050_943 943 346.6 300.50 1.15 266.12 1.30 317.46 1.09 305.03 1.14 

CS5_2050_1677 1677 379.7 300.68 1.26 266.19 1.43 317.46 1.20 305.05 1.24 

CS5_2050_2620 2620 397.5 300.68 1.32 266.19 1.49 317.46 1.25 305.05 1.30 

CS5_2050_3772 3772 399.8 300.68 1.33 266.19 1.50 317.46 1.26 305.05 1.31 

CS5_2100_101 101 91.8 90.93 1.01 90.93 1.01 90.93 1.01 90.93 1.01 

CS5_2100_402 402 253.6 249.11 1.02 246.02 1.03 257.32 0.99 249.76 1.02 

CS5_2100_905 905 335.4 291.63 1.15 260.83 1.29 308.30 1.09 294.99 1.14 

CS5_2100_1609 1609 369.2 291.78 1.27 260.89 1.42 308.29 1.20 295.01 1.25 

CS5_2100_2515 2515 385.4 291.78 1.32 260.89 1.48 308.29 1.25 295.01 1.31 

CS5_2100_3621 3621 388.0 291.78 1.33 260.89 1.49 308.29 1.26 295.01 1.32 

CS5_2150_97 97 88.5 87.33 1.01 87.33 1.01 87.33 1.01 87.33 1.01 

CS5_2150_386 386 246.4 240.67 1.02 238.15 1.03 248.63 0.99 240.54 1.02 

CS5_2150_869 869 326.1 283.13 1.15 255.65 1.28 299.50 1.09 285.34 1.14 

CS5_2150_1546 1546 359.5 283.24 1.27 255.71 1.41 299.49 1.20 285.36 1.26 

CS5_2150_2415 2415 375.6 283.24 1.33 255.71 1.47 299.49 1.25 285.36 1.32 

CS5_2150_3478 3478 378.6 283.24 1.34 255.71 1.48 299.49 1.26 285.36 1.33 

CS5_2200_93 93 84.7 83.75 1.01 83.75 1.01 83.75 1.01 83.75 1.01 

CS5_2200_371 371 238.8 232.40 1.03 230.64 1.04 240.41 0.99 231.85 1.03 

CS5_2200_836 836 317.1 275.09 1.15 250.72 1.26 291.15 1.09 276.22 1.15 

CS5_2200_1485 1485 349.8 275.18 1.27 250.72 1.40 291.15 1.20 276.22 1.27 

CS5_2200_2321 2321 366.2 275.18 1.33 250.72 1.46 291.15 1.26 276.22 1.33 

CS5_2200_3342 3342 369.9 275.18 1.34 250.72 1.48 291.15 1.27 276.22 1.34 

CS5_2250_89 89 80.0 80.18 1.00 80.18 1.00 80.18 1.00 80.18 1.00 

CS5_2250_357 357 228.5 224.56 1.02 223.19 1.02 232.59 0.98 223.62 1.02 

CS5_2250_803 803 307.1 267.39 1.15 245.80 1.25 283.12 1.08 267.40 1.15 

CS5_2250_1428 1428 341.0 267.46 1.27 245.85 1.39 283.11 1.20 267.42 1.28 

CS5_2250_2232 2232 356.7 267.46 1.33 245.85 1.45 283.11 1.26 267.42 1.33 

CS5_2250_3214 3214 361.0 267.46 1.35 245.85 1.47 283.11 1.28 267.42 1.35 

CS5_2300_86 86 78.7 77.45 1.02 77.45 1.02 77.45 1.02 77.45 1.02 

CS5_2300_344 344 225.4 217.16 1.04 216.00 1.04 225.22 1.00 215.88 1.04 

CS5_2300_773 773 300.0 260.01 1.15 241.00 1.24 275.44 1.09 259.01 1.16 

CS5_2300_1374 1374 332.2 260.06 1.28 241.05 1.38 275.44 1.21 259.03 1.28 

CS5_2300_2147 2147 348.7 260.06 1.34 241.05 1.45 275.44 1.27 259.03 1.35 

CS5_2300_3092 3092 348.7 260.06 1.34 241.05 1.45 275.44 1.27 259.03 1.35 

CS5_2350_83 83 75.4 74.73 1.01 74.73 1.01 74.73 1.01 74.73 1.01 

CS5_2350_331 331 217.3 209.89 1.04 208.94 1.04 217.74 1.00 217.74 1.00 

CS5_2350_774 774 291.5 252.89 1.15 236.35 1.23 268.07 1.09 250.98 1.16 

CS5_2350_1323 1323 324.2 252.90 1.28 236.35 1.37 268.07 1.21 250.98 1.29 

CS5_2350_2068 2068 337.1 252.90 1.33 236.35 1.43 268.07 1.26 250.98 1.34 

CS5_2350_2977 2977 342.1 252.90 1.35 236.35 1.45 268.07 1.28 250.98 1.36 

CS5_2400_80 80 73.3 72.02 1.02 72.02 1.02 72.02 1.02 72.02 1.02 

CS5_2400_319 319 214.2 203.01 1.06 202.21 1.06 209.82 1.02 209.82 1.02 

CS5_2400_717 717 283.7 245.94 1.15 231.53 1.23 261.00 1.09 243.27 1.17 

CS5_2400_1275 1275 316.2 245.96 1.29 231.57 1.37 260.99 1.21 243.29 1.30 

CS5_2400_1992 1992 325.7 245.96 1.32 231.57 1.41 260.99 1.25 243.29 1.34 

CS5_2400_2869 2869 333.1 245.96 1.35 231.57 1.44 260.99 1.28 243.29 1.37 

      Av. 1.19   1.27   1.14   1.19 
   Max 1.35  1.50  1.28  1.37 
   Min 1.00  1.00  0.98  1.00 
   St. dev 0.132  0.184  0.109  0.133 
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Figure 40 Comparison EMM × numerical results of CS5 specimens 
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Table 15 Comparison EMM × numerical results of CS6 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS6_1550_76 76 70.8 68.44 1.03 68.44 1.03 68.44 1.03 68.44 1.03 

CS6_1550_304 304 202.3 186.47 1.08 183.58 1.10 192.27 1.05 187.70 1.08 

CS6_1550_684 684 250.4 216.76 1.16 191.14 1.31 228.14 1.10 219.90 1.14 

CS6_1550_1215 1215 276.4 216.89 1.27 191.14 1.45 228.14 1.21 219.90 1.26 

CS6_1550_1899 1899 308.8 216.89 1.42 191.14 1.62 228.14 1.35 219.90 1.40 

CS6_1550_2734 2734 325.9 216.89 1.50 191.14 1.71 228.14 1.43 219.90 1.48 

CS6_1600_73 73 67.8 65.73 1.03 65.73 1.03 65.73 1.03 65.73 1.03 

CS6_1600_291 291 195.1 179.83 1.08 177.46 1.10 185.40 1.05 180.36 1.08 

CS6_1600_655 655 241.1 210.12 1.15 187.25 1.29 221.28 1.09 212.37 1.14 

CS6_1600_1165 1165 271.5 210.22 1.29 187.25 1.45 221.28 1.23 212.37 1.28 

CS6_1600_1820 1820 310.3 210.22 1.48 187.25 1.66 221.28 1.40 212.37 1.46 

CS6_1600_2620 2620 312.2 210.22 1.49 187.25 1.67 221.28 1.41 212.37 1.47 

CS6_1650_70 70 64.7 63.01 1.03 63.01 1.03 63.01 1.03 63.01 1.03 

CS6_1650_279 279 178.1 173.46 1.03 171.52 1.04 178.81 1.00 173.33 1.03 

CS6_1650_627 627 232.8 203.56 1.14 183.37 1.27 214.47 1.09 204.89 1.14 

CS6_1650_1115 1115 259.8 203.64 1.28 183.37 1.42 214.47 1.21 204.89 1.27 

CS6_1650_2508 2508 301.1 203.64 1.48 183.37 1.64 214.47 1.40 204.89 1.47 

CS6_1700_67 67 61.6 60.31 1.02 60.31 1.02 60.31 1.02 60.31 1.02 

CS6_1700_266 266 170.3 166.75 1.02 165.31 1.03 171.95 0.99 166.08 1.03 

CS6_1700_600 600 227.1 197.17 1.15 179.50 1.27 207.81 1.09 197.57 1.15 

CS6_1700_1066 1066 252.1 197.23 1.28 179.50 1.40 207.81 1.21 197.57 1.28 

CS6_1700_1666 1666 273.7 197.23 1.39 179.50 1.52 207.81 1.32 197.57 1.39 

CS6_1700_2398 2398 290.5 197.23 1.47 179.50 1.62 207.81 1.40 197.57 1.47 

CS6_1750_64 64 58.9 57.61 1.02 57.61 1.02 57.61 1.02 57.61 1.02 

CS6_1750_255 255 164.8 160.35 1.03 159.37 1.03 165.69 0.99 159.48 1.03 

CS6_1750_573 573 219.4 190.63 1.15 175.11 1.25 201.19 1.09 190.34 1.15 

CS6_1750_1019 1019 244.8 190.68 1.28 175.15 1.40 201.18 1.22 190.35 1.29 

CS6_1750_1592 1592 265.0 190.68 1.39 175.15 1.51 201.18 1.32 190.35 1.39 

CS6_1800_61 61 56.3 54.93 1.02 54.93 1.02 54.93 1.02 54.93 1.02 

CS6_1800_244 244 161.0 154.00 1.05 153.18 1.05 159.48 1.01 152.99 1.05 

CS6_1800_548 548 211.9 184.20 1.15 170.63 1.24 194.73 1.09 183.32 1.16 

CS6_1800_974 974 237.0 184.24 1.29 170.66 1.39 194.72 1.22 183.34 1.29 

CS6_1800_1522 1522 255.8 184.24 1.39 170.66 1.50 194.72 1.31 183.34 1.40 

CS6_1800_2192 2192 271.8 184.24 1.48 170.66 1.59 194.72 1.40 183.34 1.48 

CS6_1850_58 58 53.6 52.26 1.03 52.26 1.03 52.26 1.03 52.26 1.03 

CS6_1850_233 233 155.1 147.76 1.05 147.09 1.05 153.29 1.01 153.29 1.01 

CS6_1850_524 524 205.5 177.99 1.15 166.26 1.24 188.49 1.09 176.56 1.16 

CS6_1850_932 932 230.8 178.01 1.30 166.29 1.39 188.49 1.22 176.57 1.31 

CS6_1850_1456 1456 248.6 178.01 1.40 166.29 1.49 188.49 1.32 176.57 1.41 

CS6_1850_2096 2096 264.9 178.01 1.49 166.29 1.59 188.49 1.41 176.57 1.50 

CS6_1900_56 56 51.7 50.41 1.03 50.41 1.03 50.41 1.03 50.41 1.03 

CS6_1900_223 223 151.7 141.97 1.07 141.42 1.07 146.68 1.03 146.68 1.03 

CS6_1900_501 501 195.0 172.07 1.13 162.07 1.20 182.53 1.07 170.11 1.15 

CS6_1900_891 891 223.9 172.08 1.30 162.10 1.38 182.53 1.23 170.12 1.32 

CS6_1900_1393 1393 241.8 172.08 1.41 162.10 1.49 182.53 1.32 170.12 1.42 

CS6_1900_2005 2005 257.4 172.08 1.50 162.10 1.59 182.53 1.41 170.12 1.51 

      Av. 1.23   1.31   1.17   1.22 
   Max 1.50  1.71  1.43  1.51 
   Min 1.02  1.02  0.99  1.01 
   St. dev 0.172  0.228  0.149  0.173 
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Figure 41 Comparison EMM × numerical results of CS6 specimens 
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Table 16 Comparison EMM × numerical results of CS7 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS7_2000_93 93 87.1 83.78 1.04 83.78 1.04 83.78 1.04 83.78 1.04 

CS7_2000_373 373 266.0 230.41 1.15 227.34 1.17 236.43 1.13 230.58 1.15 

CS7_2000_839 839 310.1 269.13 1.15 239.68 1.29 281.08 1.10 270.62 1.15 

CS7_2000_1492 1492 333.8 269.25 1.24 239.74 1.39 281.07 1.19 270.64 1.23 

CS7_2000_2331 2331 347.2 269.25 1.29 239.74 1.45 281.07 1.24 270.64 1.28 

CS7_2000_3356 3356 349.7 269.25 1.30 239.74 1.46 281.07 1.24 270.64 1.29 

CS7_2050_89 89 83.3 80.19 1.04 80.19 1.04 80.19 1.04 80.19 1.04 

CS7_2050_357 357 254.3 222.13 1.14 219.64 1.16 227.93 1.12 221.50 1.15 

CS7_2050_804 804 301.1 260.85 1.15 234.80 1.28 272.58 1.10 261.30 1.15 

CS7_2050_1429 1429 324.2 260.94 1.24 234.80 1.38 272.58 1.19 261.30 1.24 

CS7_2050_2233 2233 337.9 260.94 1.29 234.80 1.44 272.58 1.24 261.30 1.29 

CS7_2050_3215 3215 340.7 260.94 1.31 234.80 1.45 272.58 1.25 261.30 1.30 

CS7_2100_86 86 80.1 77.42 1.03 77.42 1.03 77.42 1.03 77.42 1.03 

CS7_2100_342 342 244.9 214.27 1.14 212.27 1.15 219.88 1.11 212.96 1.15 

CS7_2100_771 771 292.8 253.04 1.16 230.03 1.27 264.53 1.11 252.46 1.16 

CS7_2100_1370 1370 315.4 253.10 1.25 230.03 1.37 264.53 1.19 252.46 1.25 

CS7_2100_2140 2140 328.8 253.10 1.30 230.03 1.43 264.53 1.24 252.46 1.30 

CS7_2100_3082 3082 332.2 253.10 1.31 230.03 1.44 264.53 1.26 252.46 1.32 

CS7_2150_82 82 76.6 73.87 1.04 73.87 1.04 73.87 1.04 73.87 1.04 

CS7_2150_329 329 236.2 207.08 1.14 205.47 1.15 212.56 1.11 205.19 1.15 

CS7_2150_739 739 284.2 245.57 1.16 225.30 1.26 256.84 1.11 244.00 1.16 

CS7_2150_1314 1314 306.9 245.61 1.25 225.35 1.36 256.83 1.19 244.01 1.26 

CS7_2200_79 79 73.5 71.14 1.03 71.14 1.03 71.14 1.03 71.14 1.03 

CS7_2200_315 315 227.1 199.47 1.14 198.47 1.14 205.04 1.11 197.30 1.15 

CS7_2200_710 710 276.0 238.45 1.16 220.78 1.25 249.49 1.11 235.96 1.17 

CS7_2200_1262 1262 298.8 238.48 1.25 220.78 1.35 249.49 1.20 235.96 1.27 

CS7_2200_1972 1972 306.3 238.48 1.28 220.78 1.39 249.49 1.23 235.96 1.30 

CS7_2200_2839 2839 312.3 238.48 1.31 220.78 1.41 249.49 1.25 235.96 1.32 

CS7_2250_76 76 70.6 68.43 1.03 68.43 1.03 68.43 1.03 68.43 1.03 

CS7_2250_303 303 219.1 192.55 1.14 191.73 1.14 198.24 1.11 190.17 1.15 

CS7_2250_682 682 267.9 231.55 1.16 216.14 1.24 242.42 1.11 228.24 1.17 

CS7_2250_1212 1212 291.0 231.57 1.26 216.14 1.35 242.42 1.20 228.24 1.27 

CS7_2250_1894 1894 298.6 231.57 1.29 216.14 1.38 242.42 1.23 228.24 1.31 

CS7_2250_2728 2728 304.6 231.57 1.32 216.14 1.41 242.42 1.26 228.24 1.33 

CS7_2300_73 73 67.6 65.74 1.03 65.74 1.03 65.74 1.03 65.74 1.03 

CS7_2300_291 291 211.0 185.75 1.14 185.08 1.14 191.57 1.10 183.23 1.15 

CS7_2300_656 656 260.3 224.94 1.16 211.52 1.23 235.70 1.10 220.93 1.18 

CS7_2300_1166 1166 284.2 224.95 1.26 211.52 1.34 235.70 1.21 220.93 1.29 

CS7_2350_70 70 64.8 63.06 1.03 63.06 1.03 63.06 1.03 63.06 1.03 

CS7_2350_280 280 203.3 179.37 1.13 178.83 1.14 184.38 1.10 184.38 1.10 

CS7_2350_631 631 252.7 218.60 1.16 206.95 1.22 229.27 1.10 213.91 1.18 

CS7_2350_1753 1753 284.1 218.61 1.30 206.99 1.37 229.27 1.24 213.93 1.33 

CS7_2350_2524 2524 290.8 218.61 1.33 206.99 1.40 229.27 1.27 213.93 1.36 

      Av. 1.19   1.26   1.15   1.19 
   Max 1.33  1.46  1.27  1.36 
   Min 1.03  1.03  1.03  1.03 
   St. dev 0.097  0.145  0.078  0.101 
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Figure 42 Comparison EMM × numerical results of CS7 specimens 
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Table 17 Comparison EMM × numerical results of CS8 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS8_2350_47 47 43.1 42.36 1.02 42.36 1.02 42.36 1.02 42.36 1.02 

CS8_2350_189 189 125.8 116.37 1.08 114.68 1.10 119.26 1.05 116.64 1.08 

CS8_2350_426 426 152.4 135.64 1.12 120.02 1.27 141.29 1.08 136.53 1.12 

CS8_2350_1183 1183 187.4 135.71 1.38 120.02 1.56 141.29 1.33 136.53 1.37 

CS8_2400_46 46 42.1 41.41 1.02 41.41 1.02 41.41 1.02 41.41 1.02 

CS8_2400_183 183 122.1 113.15 1.08 111.68 1.09 115.99 1.05 113.13 1.08 

CS8_2400_412 412 149.4 132.27 1.13 117.97 1.27 137.90 1.08 132.80 1.13 

CS8_2450_44 44 40.0 39.65 1.01 39.65 1.01 39.65 1.01 39.65 1.01 

CS8_2450_177 177 118.3 109.94 1.08 108.68 1.09 112.72 1.05 109.64 1.08 

CS8_2450_398 398 146.2 128.94 1.13 115.92 1.26 134.53 1.09 129.10 1.13 

CS8_2500_43 43 39.2 38.70 1.01 38.70 1.01 38.70 1.01 38.70 1.01 

CS8_2500_171 171 114.2 106.78 1.07 105.72 1.08 109.51 1.04 106.22 1.08 

CS8_2500_384 384 143.0 125.77 1.14 113.93 1.26 131.30 1.09 125.55 1.14 

CS8_2500_684 684 160.0 125.80 1.27 113.95 1.40 131.30 1.22 125.56 1.27 

CS8_2500_1068 1068 178.2 125.80 1.42 113.95 1.56 131.30 1.36 125.56 1.42 

CS8_2500_1538 1538 190.4 125.80 1.51 113.95 1.67 131.30 1.45 125.56 1.52 

CS8_2550_41 41 37.3 36.95 1.01 36.95 1.01 36.95 1.01 36.95 1.01 

CS8_2550_165 165 110.5 103.64 1.07 102.75 1.08 106.31 1.04 102.84 1.07 

CS8_2550_372 372 139.9 122.66 1.14 111.97 1.25 128.14 1.09 122.10 1.15 

CS8_2550_1487 1487 187.2 122.69 1.53 111.97 1.67 128.14 1.46 122.10 1.53 

CS8_2600_40 40 36.3 36.02 1.01 36.02 1.01 36.02 1.01 36.02 1.01 

CS8_2600_160 160 107.4 100.82 1.07 100.09 1.07 103.47 1.04 99.83 1.08 

CS8_2600_360 360 134.4 119.72 1.12 110.08 1.22 125.13 1.07 118.80 1.13 

CS8_2600_999 999 167.5 119.74 1.40 110.08 1.52 125.13 1.34 118.80 1.41 

CS8_2600_1438 1438 183.1 119.74 1.53 110.08 1.66 125.13 1.46 118.80 1.54 

CS8_2650_39 39 35.2 35.09 1.00 35.09 1.00 35.09 1.00 35.09 1.00 

CS8_2650_155 155 104.4 97.96 1.07 97.44 1.07 100.66 1.04 96.87 1.08 

CS8_2650_348 348 133.9 116.87 1.15 108.22 1.24 122.20 1.10 115.60 1.16 

CS8_2650_618 618 150.1 116.88 1.28 108.22 1.39 122.20 1.23 115.60 1.30 

CS8_2650_966 966 166.5 116.88 1.42 108.22 1.54 122.20 1.36 115.60 1.44 

      Av. 1.18   1.25   1.14   1.18 
   Max 1.53  1.67  1.46  1.54 
   Min 1.00  1.00  1.00  1.00 
   St. dev 0.171  0.225  0.152  0.173 
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Figure 43 Comparison EMM × numerical results of CS8 specimens 
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Table 18 Comparison EMM × numerical results of CS9 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS9_1550_83 83 77.4 74.75 1.04 74.75 1.04 74.75 1.04 74.75 1.04 

CS9_1550_332 332 228.9 203.28 1.13 200.02 1.14 207.70 1.10 203.89 1.12 

CS9_1550_746 746 271.1 236.08 1.15 207.48 1.31 244.48 1.11 237.28 1.14 

CS9_1550_1327 1327 293.2 236.19 1.24 207.53 1.41 244.48 1.20 237.30 1.24 

CS9_1550_2073 2073 313.3 236.19 1.33 207.53 1.51 244.48 1.28 237.30 1.32 

CS9_1550_2986 2986 327.8 236.19 1.39 207.53 1.58 244.48 1.34 237.30 1.38 

CS9_1600_79 79 73.5 71.14 1.03 71.14 1.03 71.14 1.03 71.14 1.03 

CS9_1600_315 315 217.4 194.64 1.12 192.02 1.13 198.91 1.09 194.46 1.12 

CS9_1600_710 710 261.3 227.43 1.15 202.30 1.29 235.81 1.11 227.78 1.15 

CS9_1600_1972 1972 300.4 227.51 1.32 202.30 1.48 235.81 1.27 227.78 1.32 

CS9_1600_2839 2839 314.1 227.51 1.38 202.30 1.55 235.81 1.33 227.78 1.38 

CS9_1650_75 75 69.6 67.55 1.03 67.55 1.03 67.55 1.03 67.55 1.03 

CS9_1650_300 300 206.5 186.64 1.11 184.54 1.12 190.80 1.08 185.78 1.11 

CS9_1650_675 675 251.5 219.17 1.15 197.19 1.28 227.49 1.11 218.63 1.15 

CS9_1650_1876 1876 290.6 219.23 1.33 197.23 1.47 227.49 1.28 218.64 1.33 

CS9_1650_2701 2701 304.9 219.23 1.39 197.23 1.55 227.49 1.34 218.64 1.39 

CS9_1700_71 71 65.9 63.98 1.03 63.98 1.03 63.98 1.03 63.98 1.03 

CS9_1700_286 286 199.8 179.05 1.12 177.40 1.13 183.10 1.09 177.58 1.13 

CS9_1700_642 642 241.7 211.32 1.14 192.31 1.26 219.51 1.10 209.87 1.15 

CS9_1700_1142 1142 265.7 211.36 1.26 192.35 1.38 219.51 1.21 209.89 1.27 

CS9_1700_1785 1785 281.6 211.36 1.33 192.35 1.46 219.51 1.28 209.89 1.34 

CS9_1700_2570 2570 295.9 211.36 1.40 192.35 1.54 219.51 1.35 209.89 1.41 

CS9_1750_68 68 63.1 61.24 1.03 61.24 1.03 61.24 1.03 61.24 1.03 

CS9_1750_272 272 188.6 171.58 1.10 170.33 1.11 175.53 1.07 169.57 1.11 

CS9_1750_612 612 232.7 203.88 1.14 187.63 1.24 211.93 1.10 201.57 1.15 

CS9_1750_1087 1087 257.1 203.91 1.26 187.63 1.37 211.93 1.21 201.57 1.28 

CS9_1750_1699 1699 281.3 203.91 1.38 187.63 1.50 211.93 1.33 201.57 1.40 

CS9_1750_2446 2446 294.1 203.91 1.44 187.63 1.57 211.93 1.39 201.57 1.46 

CS9_1800_65 65 60.1 58.52 1.03 58.52 1.03 58.52 1.03 58.52 1.03 

CS9_1800_259 259 182.0 164.38 1.11 163.58 1.11 168.38 1.08 162.04 1.12 

CS9_1800_583 583 224.0 196.80 1.14 182.99 1.22 204.69 1.09 193.64 1.16 

CS9_1800_1036 1036 248.6 196.82 1.26 182.99 1.36 204.69 1.21 193.64 1.28 

CS9_1800_1618 1618 271.9 196.82 1.38 182.99 1.49 204.69 1.33 193.64 1.40 

CS9_1800_2330 2330 284.5 196.82 1.45 182.99 1.55 204.69 1.39 193.64 1.47 

CS9_1850_62 62 57.3 55.81 1.03 55.81 1.03 55.81 1.03 55.81 1.03 

CS9_1850_247 247 173.5 157.51 1.10 156.95 1.11 161.66 1.07 155.00 1.12 

CS9_1850_555 555 215.5 190.07 1.13 178.43 1.21 197.81 1.09 186.09 1.16 

CS9_1850_987 987 245.6 190.09 1.29 178.47 1.38 197.81 1.24 186.10 1.32 

CS9_1850_1543 1543 263.4 190.09 1.39 178.47 1.48 197.81 1.33 186.10 1.42 

CS9_1850_2221 2221 276.2 190.09 1.45 178.47 1.55 197.81 1.40 186.10 1.48 

      Av. 1.22   1.30   1.18   1.22 
   Max 1.45  1.58  1.40  1.48 
   Min 1.03  1.03  1.03  1.03 
   St. dev 0.140  0.193  0.124  0.144 
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Figure 44 Comparison EMM × numerical results of CS9 specimens 
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Table 19 Comparison EMM × numerical results of CS10 specimens 

Specimen 
fy f u LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

CS10_1550_120 120 113.0 108.04 1.05 108.04 1.05 108.04 1.05 108.04 1.05 

CS10_1550_478 478 345.6 294.35 1.17 290.09 1.19 299.95 1.15 294.15 1.17 

CS10_1550_1077 1077 397.9 343.15 1.16 303.73 1.31 353.91 1.12 343.17 1.16 

CS10_1550_1914 1914 406.0 343.28 1.18 303.73 1.34 353.91 1.15 343.17 1.18 

CS10_1550_2990 2990 414.5 343.28 1.21 303.73 1.36 353.91 1.17 343.17 1.21 

CS10_1600_113 113 106.1 101.79 1.04 101.79 1.04 101.79 1.04 101.79 1.04 

CS10_1600_453 453 327.3 281.26 1.16 277.96 1.18 286.58 1.14 279.76 1.17 

CS10_1600_1019 1019 383.2 329.79 1.16 296.01 1.29 340.26 1.13 328.12 1.17 

CS10_1600_1811 1811 391.7 329.88 1.19 296.01 1.32 340.26 1.15 328.12 1.19 

CS10_1600_2830 2830 401.1 329.88 1.22 296.01 1.36 340.26 1.18 328.12 1.22 

CS10_1600_4075 4075 401.5 329.88 1.22 296.01 1.36 340.26 1.18 328.12 1.22 

CS10_1650_107 107 100.5 96.40 1.04 96.40 1.04 96.40 1.04 96.40 1.04 

CS10_1650_429 429 311.9 268.72 1.16 266.23 1.17 273.82 1.14 266.13 1.17 

CS10_1650_965 965 368.6 317.31 1.16 288.49 1.28 327.50 1.13 314.03 1.17 

CS10_1650_1716 1716 378.7 317.36 1.19 288.55 1.31 327.50 1.16 314.05 1.21 

CS10_1650_2682 2682 388.1 317.36 1.22 288.55 1.35 327.50 1.19 314.05 1.24 

CS10_1650_3862 3862 388.9 317.36 1.23 288.55 1.35 327.50 1.19 314.05 1.24 

CS10_1700_102 102 95.6 91.85 1.04 91.85 1.04 91.85 1.04 91.85 1.04 

CS10_1700_407 407 296.5 256.93 1.15 255.08 1.16 261.88 1.13 253.45 1.17 

CS10_1700_916 916 354.0 305.49 1.16 281.17 1.26 315.42 1.12 300.78 1.18 

CS10_1700_1628 1628 365.4 305.53 1.20 281.17 1.30 315.42 1.16 300.78 1.21 

CS10_1700_2544 2544 374.3 305.53 1.23 281.17 1.33 315.42 1.19 300.78 1.24 

CS10_1700_3664 3664 375.1 305.53 1.23 281.17 1.33 315.42 1.19 300.78 1.25 

CS10_1750_97 97 90.9 87.33 1.04 87.33 1.04 87.33 1.04 87.33 1.04 

CS10_1750_387 387 282.6 245.87 1.15 244.51 1.16 250.76 1.13 241.71 1.17 

CS10_1750_870 870 339.8 294.24 1.15 273.81 1.24 303.98 1.12 288.24 1.18 

CS10_1750_1546 1546 353.4 294.26 1.20 273.81 1.29 303.98 1.16 288.24 1.23 

CS10_1750_2416 2416 362.3 294.26 1.23 273.81 1.32 303.98 1.19 288.24 1.26 

CS10_1750_3480 3480 363.8 294.26 1.24 273.81 1.33 303.98 1.20 288.24 1.26 

CS10_1800_92 92 86.0 82.85 1.04 82.85 1.04 82.85 1.04 82.85 1.04 

CS10_1800_368 368 269.1 235.05 1.14 234.27 1.15 240.21 1.12 230.65 1.17 

CS10_1800_827 827 326.5 283.61 1.15 266.49 1.23 293.25 1.11 276.47 1.18 

CS10_1800_1471 1471 342.3 283.62 1.21 266.54 1.28 293.25 1.17 276.49 1.24 

CS10_1800_2298 2298 351.5 283.62 1.24 266.54 1.32 293.25 1.20 276.49 1.27 

CS10_1800_3309 3309 353.0 283.62 1.24 266.54 1.32 293.25 1.20 276.49 1.28 

      Av. 1.17   1.24   1.14   1.18 
   Max 1.24  1.36  1.20  1.28 
   Min 1.04  1.04  1.04  1.04 
   St. dev 0.063  0.109  0.050  0.070 
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Figure 45 Comparison EMM × numerical results of CS10 specimens 
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4.1.3 Article from 2014 Rack 
 

To evaluate the interaction between local and distortional buckling modes, in 2014 Dinis 

et al. [122], conducted a series of experimental tests on cold formed rack sections (Figure 

46) shown in Table 20. To ensure a sufficient occurrence of local/ distortional interactions 

the specimens’ proprieties were designed using GBTUL [92].  

 

 

Figure 46 Depictions of Rack-sections and buckling modes. 

To test the specimens a servo-controlled hydraulic machine with top and end plates bolted 

to a rigid flat bearing was used to continuously apply a compression force (see Figure 47). 

The specimens were fully restrained against warping and minor and major axis torsions. 

 

 

Figure 47 Pictures of set-up during compression tests 

 

The results of the tests, experimental resistances and comparisons with EMM is shown in 

Table 21 and Figure 48. 
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Table 20 Rack column specimen’s dimensions & critical loads PcrL, PcrD , PcrG. 

Specimen bw bf bs bl L t A PcrL PcrD PcrG 

  mm mm mm mm mm mm mm2 kN kN kN 

RS-1 73 37.1 17.3 21.3 1300 1.002 224.85 52.4 71.7 110.9 

RS-2 78.4 47.4 17.2 21 1800 0.998 249.10 48.9 66.1 98.2 

RS-3 83.6 52.3 17.1 20.4 2100 0.982 258.46 43.1 63.1 92.4 

RS-4-1 88.6 57.2 17.2 21.3 2499 0.999 279.72 42.8 60.1 87 

RS-4-2 88.6 57.2 17.5 21.4 2500 0.981 275.46 40.7 58.9 84 

RS-5 83.5 52.5 17.3 21.6 1397 1.193 317.70 77.6 101.7 155.8 

RS-6 88.5 57.9 17.7 21 1599 1.186 334.10 71.5 98.9 151.7 

RS-7 93.7 67.3 17.4 20.8 1902 1.227 373.87 74.8 98.1 146.2 

RS-8-1 98.7 72.2 17 21 2501 1.201 383.24 66.2 87.1 120.8 

RS-8-2 98.8 72.2 17.2 20.8 2501 1.175 375.06 62.1 84.5 117.8 

 

As depicted in Table 21 and Figure 48 the EMM method produced, for this section type, 

slightly unsafe results when compared with the experimental tests, where the most unsafe 

ratio falling to 0.84. The results for the ELDG approach are relatively acceptable since 

only 3 ratios out of the 10 fall below 1.0 but not less than 0.96. However a pattern among 

the different approaches in the EMM is apparent which shows that for almost all of the 

EMM comparisons, DL with iterations is the approach with the best accuracy followed 

up by EDLG, LDG 6 with iterations and finally ELDG. It indicates that rather than 

matching the ELDG approach with this type of section for accurate results, the equations 

could slightly be adapted when dealing with Rack-sections to improve accuracy. 

Furthermore, this was the only sample of Rack-sections testes and compared with EMM, 

which should be taken with a grain of salt and comparison with a lot more specimen 

samples need to be done in order to properly determine the accuracy of EMM for Rack 

typed sections. 
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Table 21 Comparison EMM × experimental results of Rack specimens 

Specimen 
fy f EXP LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / LDG MPa / LDG 

RS-1 500 259.0 278.54 0.93 262.98 0.98 281.13 0.92 289.79 0.89 

RS-2 500 218.3 238.99 0.91 215.77 1.01 241.73 0.90 250.27 0.87 

RS-3 500 210.2 220.56 0.95 192.18 1.09 220.59 0.95 229.81 0.91 

RS-4-1 464 183.7 195.28 0.94 166.81 1.10 195.90 0.94 203.08 0.90 

RS-4-2 500 185.0 194.62 0.95 161.02 1.15 193.54 0.96 200.07 0.92 

RS-5 550 256.8 286.79 0.90 266.13 0.96 291.04 0.88 300.23 0.86 

RS-6 550 238.9 269.68 0.89 244.60 0.98 272.26 0.88 282.95 0.84 

RS-7 550 213.5 242.17 0.88 211.27 1.01 245.61 0.87 254.13 0.84 

RS-8-1 550 196.9 205.04 0.96 169.99 1.16 206.51 0.95 210.58 0.93 

RS-8-2 550 198.1 203.55 0.97 167.85 1.18 203.91 0.97 208.49 0.95 

      Av. 0.93   1.06   0.92   0.89 
   Max 0.97  1.18  0.97  0.95 
   Min 0.88  0.96  0.87  0.84 
   St. dev 0.031  0.078  0.035  0.037 

 

 

 

Figure 48 Comparison EMM × experimental results of Rack specimens 
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4.1.4 Article from 2012 C-profiles Loughlan  
 

In an effort to analyse and compare the failure of thin-walled lipped channel members 

under compression due to coupled local/distortional interactions, in 2012 Loughlan J et 

al [123] took the finite element approach to analyse a set of specimens already 

experimentally tested some 20 years before by other authors. In the article the simulations 

were made with quadrilateral shell elements of the Patran/ Nastran finite element 

software. 

The critical loads PcrL, PcrD , PcrG were not given in [REFF] so for the purpose of comparing 

EMM with the results obtained in this paper the critical loads were first determined using 

GBTUL [92] with the boundary conditions set as shown in Figure 49. 

 

 

Figure 49 Boundary conditions used to determine the critical loads PcrL, PcrD , PcrG of the specimens.(GBTUL [92]) 

 

The specimens proprieties are shown in Table 22 and the comparison of the results with 

EMM is shown in Table 23 and Figure 50. 
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Table 22 column specimen’s dimensions & critical loads PcrL, PcrD , PcrG. 

Specimen bw bf bs t L A PcrL PcrD PcrG 

  mm mm mm mm mm mm2 kN kN kN 

1 178.04 62.7 12.22 0.96 1800 314.8 10.68 34.25 336.81 

2 178.7 63.1 11.8 0.96 1600 315.4 10.36 33.57 427.62 

3 178.54 62.8 12.29 0.96 1400 315.6 10.15 37.94 560.84 

4 179.54 63.0 11.77 0.96 1200 316.0 10.07 40.70 762.01 

5 178.64 63.0 11.87 0.96 1000 315.3 10.24 43.40 1092.40 

6 152.24 56.1 10.52 0.96 1800 274.0 12.91 32.80 224.85 

7 151.84 56.9 10.52 0.96 1600 275.2 12.80 34.76 288.58 

8 151.54 56.8 11.02 0.96 1400 275.7 12.58 36.99 380.10 

9 151.54 56.6 10.92 0.96 1200 275.2 12.21 39.31 513.72 

10 151.04 57.0 10.58 0.96 1000 274.8 12.31 44.28 735.76 

11 127.34 49.0 9.72 0.96 1800 235.1 16.13 35.64 144.40 

12 127.34 49.7 8.52 0.96 1600 233.9 15.79 31.63 178.34 

13 127.64 49.6 9.52 0.96 1400 236.1 15.55 36.63 240.61 

14 127.04 49.0 9.02 0.96 1200 233.4 15.16 36.31 315.00 

15 127.04 49.5 9.02 0.96 1000 234.4 14.71 37.82 458.98 

16 101.05 63.0 12.02 0.96 1800 241.1 24.59 43.53 137.58 

17 100.64 63.0 12.02 0.96 1600 240.7 24.81 44.84 172.58 

18 100.58 63.0 12.02 0.96 1400 240.7 24.50 46.20 224.86 

19 100.44 63.0 12.02 0.96 1200 240.5 24.05 50.94 304.92 

20 100.54 63.0 12.02 0.96 1000 240.6 23.35 58.40 439.44 

 

Table 23 Comparison EMM × numerical results of C-profile specimens 

Specimen 
fy f NUM LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / DLG MPa / EDLG 

1 209 91.5 122.96 0.74 110.17 0.83 119.56 0.77 135.89 0.67 

2 209 99.9 133.53 0.75 122.86 0.81 131.00 0.76 147.95 0.67 

3 209 99.4 144.83 0.69 136.57 0.73 143.20 0.69 159.75 0.62 

4 209 100.5 156.28 0.64 150.34 0.67 155.57 0.65 170.84 0.59 

5 209 101.0 171.17 0.59 168.17 0.60 169.61 0.60 181.85 0.56 

6 209 108.8 118.38 0.92 107.19 1.01 115.50 0.94 127.54 0.85 

7 209 106.7 130.66 0.82 121.29 0.88 128.68 0.83 141.85 0.75 

8 209 108.8 144.90 0.75 138.40 0.79 142.23 0.77 155.22 0.70 

9 209 102.1 155.69 0.66 150.68 0.68 154.43 0.66 166.94 0.61 

10 209 107.3 168.61 0.64 165.56 0.65 168.02 0.64 178.70 0.60 

11 209 124.1 114.71 1.08 107.13 1.16 111.43 1.11 117.98 1.05 

12 209 114.3 123.81 0.92 115.83 0.99 122.50 0.93 130.98 0.87 

13 209 126.4 138.86 0.91 132.95 0.95 137.02 0.92 146.36 0.86 

14 209 128.9 150.42 0.86 145.83 0.88 149.19 0.86 158.69 0.81 

15 209 127.1 164.52 0.77 161.57 0.79 163.85 0.78 172.65 0.74 

16 209 120.7 146.35 0.82 142.67 0.85 146.95 0.82 152.20 0.79 

17 209 134.4 156.61 0.86 153.87 0.87 157.11 0.86 162.37 0.83 

18 209 123.8 166.23 0.74 164.25 0.75 166.72 0.74 171.87 0.72 

19 209 135.9 175.10 0.78 173.71 0.78 175.86 0.77 180.67 0.75 

20 209 123.8 184.66 0.67 183.93 0.67 184.81 0.67 188.75 0.66 

      Av. 0.78   0.82   0.79   0.74 
   Max 1.08  1.16  1.11  1.05 
   Min 0.59  0.60  0.60  0.56 
   St. dev 0.118  0.136  0.123  0.119 
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Figure 50 Comparison EMM × numerical results of C-profile specimens 

 

As one can see the EMM × numerical results for this set of specimens is slightly poor. 

This can be explained by the very high global critical load when compared with the local 

and distortional critical loads affecting the formulas. In an attempt to see if the EMM × 

numerical results could be improved the same calculations were made leaving the part of 

the global safety factor out. 

The EMM results in Table 24 and Figure 51 show a drastic improvement but in order to 

gain confidence in the EMM methodology when the global buckling load is significantly 

higher than the local and distortional loads a bigger sample of specimens and varying 

proprieties should be tested. 
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Table 24 Comparison EMM × numerical results of C-profile specimens (only LD & DL) 

Specimen 
fy f EXP LD DL 

MPa MPa MPa / LD MPa / DL 

1 209 91.5 71.34 1.28 72.97 1.25 

2 209 99.9 70.36 1.42 72.02 1.39 

3 209 99.4 69.64 1.43 71.44 1.39 

4 209 100.5 68.43 1.47 70.64 1.42 

5 209 101.0 73.77 1.37 72.60 1.39 

6 209 108.8 82.06 1.33 84.81 1.28 

7 209 106.7 81.43 1.31 84.19 1.27 

8 209 108.8 85.28 1.28 85.06 1.28 

9 209 102.1 82.27 1.24 83.52 1.22 

10 209 107.3 82.12 1.31 83.47 1.29 

11 209 124.1 100.35 1.24 101.93 1.22 

12 209 114.3 94.78 1.21 99.34 1.15 

13 209 126.4 97.98 1.29 99.73 1.27 

14 209 128.9 97.33 1.32 99.09 1.30 

15 209 127.1 96.43 1.32 97.99 1.30 

16 209 120.7 113.23 1.07 119.77 1.01 

17 209 134.4 115.14 1.17 120.73 1.11 

18 209 123.8 115.21 1.07 120.23 1.03 

19 209 135.9 112.86 1.20 118.63 1.15 

20 209 123.8 115.90 1.07 118.64 1.04 

      Av. 1.27   1.24 
   Max 1.47  1.42 
   Min 1.07  1.01 
   St. dev 0.112  0.119 

 

 

Figure 51 Comparison EMM × numerical results of C-profile specimens (only LD & DL) 
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4.1.5 Article from 2017 Sigma -Profiles  
 

As a response to designers and contractors needs, the sigma shaped section (Figure 52) 

has in recent years been used as an alternative section. Sigma sections main advantages 

is having an intermediate web and more stiffeners. So, to better understand and investigate 

the behaviour of this sections El Aghoury M.A.et al [124] carried out experimental and 

theoretical studies. Eight specimens were used for that purpose the specimen’s 

characteristics are depicted in Table 25 and Figure 52.  

The numerical tests were made using the finite elements software ANSYS. The specimen 

models were designed as four node isoparametric thin-shell elements and had six degrees 

of freedom, 3 translations and 3 rotations and boundary conditions set to satisfy pin end 

configuration with warping of the cross section constrained.  

The experimental tests (see Figure 52) were done in a vertical set-up that applied a 

controlled compressive load on the centroid of the cross-sections. To ensure the same 

boundary conditions as the specimens models the two ends of each specimen were 

connected to thick head bearing plates. 

 

Figure 52 Geometrical proprieties of sigma sections used [124] 
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Figure 53 Comparison between of A specimen experimentally and theoretically tested [124] 

 

The critical loads PcrL PcrD and PcrG were not given in the article and were determined 

using GBTUL [92] with boundary conditions as depicted in Figure 54. 

 

Figure 54 Support conditions used in CBTUL to obtain the critical values of the Sigma specimens. 

 

Table 25 column specimen’s dimensions & critical loads PcrL, PcrD , PcrG. 

Specimen L B D H H1 H2 H3 A PcrL PcrD PcrG 

  mm mm mm mm mm mm mm mm2 kN kN kN 

S60-25-50 1060 60 20 240 75 21.21 60 609.6 279.6 150.9 456.7 

S60-75-50 1036 60 20 240 45 63.64 60 646.9 342.8 275.9 520.9 

S75-25-50 1318 75 20 240 71.25 26.52 60 659.3 264.0 167.6 496.6 

S75-75-50 1279 75 20 240 33.75 79.53 60 705.8 268.4 211.2 541.2 

S60-25-100 2060 60 20 240 75 21.21 60 609.6 337.5 152.6 120.9 

S60-75-100 2013 60 20 240 45 63.64 60 646.9 419.6 242.8 163.4 

S75-25-100 2500 75 20 240 71.25 26.52 60 659.3 316.9 168.5 138.0 

S75-75-100 2500 75 20 240 33.75 79.53 60 705.8 344.6 185.0 141.6 
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4.1.5.1 Experimental Results  
 

Table 26 and Figure 55 display mixed review on the comparison of EMM x experimental 

results, in fact on the first four specimen observed the results are unsatisfactory but as 

good as it comes on the last four specimens. 

As this set of specimen has both good and bad results, it shows that the EMM equations 

should be adjusted for this (and possibly other) types of profiles, particularly those with 

internal bends and stiffeners. 

 

Table 26 Comparison EMM × experimental results of Sigma specimens 

Specimen 
fy f EXP LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / LDG MPa / LDG 

S60-25-50 265 153.7 228.53 0.67 228.53 0.67 219.51 0.70 218.86 0.70 

S60-75-50 265 201.4 228.36 0.88 228.26 0.88 230.90 0.87 230.90 0.87 

S75-25-50 265 148.4 228.71 0.65 228.71 0.65 220.09 0.67 219.49 0.68 

S75-75-50 265 188.2 223.85 0.84 223.57 0.84 226.89 0.83 224.70 0.84 

S60-25-100 265 169.6 151.50 1.12 151.50 1.12 143.28 1.18 141.87 1.20 

S60-75-100 265 180.2 170.80 1.06 170.80 1.06 168.01 1.07 167.77 1.07 

S75-25-100 265 161.7 156.01 1.04 156.01 1.04 147.74 1.09 146.38 1.10 

S75-75-100 265 180.2 152.48 1.18 152.48 1.18 145.09 1.24 143.90 1.25 

      Av. 0.93   0.93   0.96   0.96 
   Max 1.18  1.18  1.24  1.25 
   Min 0.65  0.65  0.67  0.68 
   St. dev 0.188  0.188  0.204  0.207 

 

 

Figure 55 Comparison EMM × experimental results of Sigma specimens 
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4.1.5.2 Numerical results  
 

The observation can be made for the EMM Numerical results comparison as with the 

EMM experimental results comparison. Indeed Table 27 and Figure 56 also show a better 

outcome on the last four specimens compared to the first four. 

 

Table 27 Comparison EMM × numerical results of Sigma specimens 

Specimen 
fy f NUMM LDG 6 Iterations ELDG DLG6 Iterations EDLG  

MPa MPa MPa / LDG MPa / ELDG MPa / LDG MPa / LDG 

S60-25-50 265 185.5 228.53 0.81 228.53 0.81 219.51 0.85 218.86 0.85 

S60-75-50 265 198.8 228.36 0.88 228.26 0.88 230.90 0.87 230.90 0.87 

S75-25-50 265 185.5 228.71 0.65 228.71 0.65 220.09 0.67 219.49 0.68 

S75-75-50 265 201.4 223.85 0.84 223.57 0.84 226.89 0.83 224.70 0.84 

S60-25-100 265 169.6 151.50 1.12 151.50 1.12 143.28 1.18 141.87 1.20 

S60-75-100 265 190.8 170.80 1.06 170.80 1.06 168.01 1.07 167.77 1.07 

S75-25-100 265 180.2 156.01 1.04 156.01 1.04 147.74 1.09 146.38 1.10 

S75-75-100 265 185.5 152.48 1.18 152.48 1.18 145.09 1.24 143.90 1.25 

      Av. 0.95   0.95   0.98   0.98 
   Max 1.18  1.18  1.24  1.25 
   Min 0.65  0.65  0.67  0.68 
   St. dev 0.169  0.168  0.186  0.189 

 

 

Figure 56 Comparison EMM × numerical results of Sigma specimens 
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4.2  RESULTS FOR BENDING 
 

Two sets of results available in the literature to sections subjected to bending (beams) 

were chosen for comparison with the EMM results. These experimental results refer to 

pure (uniform) [114.115] and non-uniform [116] bending. 

 

4.2.1  Uniform Bending 
 

4.2.1.1 Article from 2020 
 

To test simple C-sections (named LC) subjected to uniform and nonuniform bending 

moments, Chen et. all [113,115] conducted experimental studies using the scheme 

represented in the Figure 57. When Ls1 length is equal Ls2, the bending moment diagram 

between two applied loads are uniform [113]. Otherwise, when, Ls1= Ls2, the bending 

moment is uniform (pure) [115]. 

 

 

Figure 57 Bending moment diagram acting on the beam specimens tested [114] 

 

Table 28 shows the dimensions of the LC-section, the column specimens’ uniform bending 

moment resistance obtained from the experimental results (Mexp) the critical bending 

moment associated with LM (McrL) and DM (McrD) (see [113, 116]).and the bending 

moment obtained by the EMM: (i) LD (MR-LD) and (ii) DL (MR-DL).  
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Table 28 Beam specimen’s dimensions. 

Specimen bw bf bs t L A 

  mm mm mm mm mm mm2 

LC1 130 120 12 1.5 1800 591.0 

LC2 130 120 12 1.5 2200 591.0 

LC3 150 130 12 1.5 2200 651.0 

LC4 150 130 12 1.5 2600 651.0 

LC5 130 120 12 1.5 2600 591.0 

LC6 170 130 12 1.5 2600 681.0 

LC7 170 110 12 1.5 2600 621.0 

LC8 190 130 12 1.5 2600 711.0 

LC8R 190 130 12 1.5 2600 711.0 

LC9 190 130 12 1.5 2200 711.0 

LC10 170 100 12 1.2 2600 472.8 

LC11 210 150 12 1.5 2600 801.0 

LC12 210 130 12 1.5 2600 741.0 

LC13 230 160 12 1.5 2600 861.0 

LC14 230 140 12 1.5 2600 801.0 

LC14R 230 140 12 1.5 2600 801.0 

LC15 230 120 12 1.5 2600 741.0 

LC16 130 110 12 1.5 2600 561.0 

LC17 130 110 12 1.2 2600 448.8 

LC18 130 100 12 1.2 2600 424.8 

 

 

The results in Table 28 and in Figure 58 (MEXP/MRD) show that, for uniform bending 

moment, the values of the DL methodology are very close to the experimental ones (mean 

0.94 and standard deviation 0.047), however showing non-conservative values. The LD 

methodology presents reliable results although with significantly lower precision 

(average 1.4 and standard deviation 0.1).  
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Table 29 Comparison EMM × experimental results 

Specimen Mexp McrL McrD MR-DL Mexp MR-LD Mexp 

  kNcm kNcm kNcm kNcm /MR-DL kNcm /MR-LD 

LC1 560 439 568 643.54 0.87 455.34 1.23 

LC2 558 435 507 624.04 0.89 420.71 1.33 

LC3 687 467 574 711.97 0.96 472.56 1.45 

LC4 645 464 515 691.49 0.93 438.02 1.47 

LC5 535 433 473 612.53 0.87 400.85 1.33 

LC6 746 536 598 782.17 0.95 505.81 1.47 

LC7 709 656 683 805.71 0.88 571.50 1.24 

LC8 877 611 690 877.94 1.00 579.41 1.51 

LC8R 801 611 690 877.94 0.91 579.41 1.38 

LC9 838 619 802 914.92 0.92 643.71 1.30 

LC10 541 380 462 538.98 1.00 376.50 1.44 

LC11 915 585 743 965.33 0.95 612.67 1.49 

LC12 954 686 791 976.79 0.98 658.00 1.45 

LC13 1065 609 828 1063.08 1.00 672.45 1.58 

LC14 1030 699 883 1073.25 0.96 720.71 1.43 

LC14R 1044 699 883 1073.25 0.97 720.71 1.45 

LC15 1052 817 935 1079.63 0.97 767.49 1.37 

LC16 520 482 514 622.02 0.84 431.18 1.21 

LC17 395 249 323 407.29 0.97 264.01 1.50 

LC18 384 281 355 416.85 0.92 287.84 1.33 

    Av. 0.94 Av. 1.40 

    Max 1.00 Max 1.58 

    Min 0.84 Min 1.21 

    St. dev 0.047 St. dev 0.101 

 

 

Figure 58 Comparison EMM × experimental results  
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4.2.1.2 Article from 2012 
 

In 2012 Pham and Hancock [115] conducted experiments on simple C-sections (C) and 

web stiffened C-sections (SC) subject to uniform bending (Figure 59). The dimensions 

and the of the C-section and SC-section are shown in Table 30. 

 

Table 30 Column specimen’s dimensions [18 

Test Section t D B L l lr GS S θ1 θ2 

    mm mm mm mm mm mm mm mm ° ° 

Ms C15015 1.5 153.46 64.53 15.02 - - - - - - 

Ms C15019 1.9 153.54 65.01 16.27 - - - - - - 

Ms C15024 2.4 153.43 63.58 20.88 - - - - - - 

Ms C20015 1.5 203.74 75.88 16.16 - - - - - - 

Ms C20019 1.9 203.53 79.27 17.51 - - - - - - 

Ms C20024 2.4 202.3 77.58 21.26 - - - - - - 

Ms SC15012 1.2 153.68 42.31 - 5.78 6.35 63.84 40.37 53.5 83.5 

Ms SC15015 1.5 152.61 42.85 - 4.75 5.91 63.53 41.31 55.5 82.5 

Ms SC15024 2.4 153.75 44.57 - 4.84 5.25 60.89 42.32 51.5 82.5 

Ms SC20012 1.2 205.37 54.57 - 6.92 6.29 109.39 42.36 56 83 

Ms SC20015 1.5 203.99 54.36 - 7.01 6.72 109.56 42.17 57 85 

Ms SC20024 2.4 203.21 54.63 - 6.79 8.38 110.34 41.54 55.5 85.5 

                        

Mw C15015 1.5 152.7 64.77 16.51 - - - - - - 

Mw C15019 1.9 153.38 64.47 16 - - - - - - 

Mw C15024 2.4 152.6 62.7 19.7 - - - - - - 

Mw C20015 1.5 203.7 76.08 16.42 - - - - - - 

Mw C20019 1.9 202.6 77.92 17.28 - - - - - - 

Mw C20024 2.4 203.35 76.61 20.88 - - - - - - 

Mw SC15012 1.2 153.78 43.02 - 5.41 6.03 63.39 40.75 55 86 

Mw SC15015 1.5 153.47 42.82 - 4.97 6.93 64.68 41.64 56.5 83.5 

Mw SC15024 2.4 153.88 43.95 - 5.43 5.71 60.53 42.55 53 84 

Mw SC20012 1.2 205.65 54.35 - 6.36 7.09 109.49 42.51 56.5 85 

Mw SC20015 1.5 203.91 54.05 - 7.18 6.95 109.49 42.54 55 85.5 

Mw SC20024 2.4 203.64 54.87 - 6.87 8.41 110.51 41.74 57 86.5 

 

 

Figure 59 simple C sections “C” & web stiffened C-sections “SC” [117] 
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With the purpose to force the members to buckle locally rather than distortionaly, in the 

experiments, Phan and Hancock [115] used the steps showed in Figure 60. Thus, Ms is 

used to name members with straps, and Mw, without straps. The bending moment 

distribution between two support is uniform.  

 

 

Figure 60 tests with and without straps [116] 

 

Table 31 compares the column specimens’ uniform bending moment resistance obtained 

from the experimental results (Mexp) [115] with the bending moment obtained by the two 

of methodologies of the EMM: (i) LD (MR-LD) and (ii) DL (MR-DL). The minimum value 

of critical bending moments for local (McrL) and distortional (McrD) modes are considered 

in calculations, as usual in DSM, and the same values considered by Pham and Hancock 

[18]. Figure 61 presents the relation between the experimental and EMM results. 

From Table 31 and Figure 61 it can be concluded that the EMM results show a good 

correlation with the experimental ones: (i) for DL methodology, with average equal 1.44 

and standard deviation equal 0.198, for Ms SC20015 specimen (all results are on the safe 

side) and (ii) for LD methodology with average equal 1.2 and standard deviation equal 

0.105, for Ms C20019 specimen (only one specimen, Mw SC15012, presents unsafe result 

- about 3%).  
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Table 31 Comparison EMM × experimental results 

Test Specimen Mexp McrL McrD MR-DL Mexp MR-LD Mexp 

   kNm kNm kNm kNm /MR-DL kNcm /MR-LD 

Ms C15015 10.43 10.37 7.36 8.03 1.30 6.23 1.67 

Ms C15019 15.86 21 13 12.58 1.26 10.34 1.53 

Ms C15024 19.84 43 27 16.84 1.18 15.81 1.26 

Ms C20015 13.47 10 9 10.00 1.35 7.36 1.83 

Ms C20019 21.76 21 15 16.08 1.35 12.47 1.74 

Ms C20024 31.39 42 29 25.03 1.25 21.59 1.45 

Ms SC15012 8.19 8 7 6.54 1.25 5.36 1.53 

Ms SC15015 11.4 13 10 9.04 1.26 7.83 1.46 

Ms SC15024 21.19 46 27 17.37 1.22 16.18 1.31 

Ms SC20012 10.71 7 8 8.13 1.32 6.15 1.74 

Ms SC20015 16.48 13 13 11.74 1.40 9.77 1.69 

Ms SC20024 33.82 46 36 26.81 1.26 24.26 1.39 

         
Mw C15015 9.47 10 8 8.21 1.15 6.56 1.44 

Mw C15019 12.94 21 13 12.51 1.03 10.27 1.26 

Mw C15024 17.76 42 26 16.45 1.08 15.34 1.16 

Mw C20015 12.2 10 9 10.05 1.21 7.43 1.64 

Mw C20019 18.85 21 15 15.93 1.18 12.41 1.52 

Mw C20024 27.88 42 29 24.96 1.12 21.53 1.30 

Mw SC15012 6.56 8 7 6.55 1.00 5.34 1.23 

Mw SC15015 10.1 13 11 9.24 1.09 8.13 1.24 

Mw SC15024 18.84 47 28 17.41 1.08 16.46 1.14 

Mw SC20012 9.27 7 8 8.19 1.13 6.27 1.48 

Mw SC20015 13.7 13 13 11.74 1.17 9.77 1.40 

Mw SC20024 29.15 46 36 26.98 1.08 24.47 1.19 

     Av. 1.20 Av. 1.44 

     Max 1.40 Max 1.83 

     Min 1.00 Min 1.14 

     St. dev 0.105 St. dev 0.198 

 

 

Figure 61 Comparison EMM × experimental results  
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4.2.2  Non-uniform Bending 
 

To test simple C-sections (named LC) subjected to non-uniform bending moments, Chen 

et. all [115] conducted experimental studies using the same scheme represented in the 

Figure 57. When Ls1 length is different than Ls2, when the bending moment diagram 

between two applied loads are non-uniform. 

Table 32 shows the dimensions of the LC-section, the column specimens’ bending 

moment resistance obtained from the experimental results (Mexp), the critical bending 

moment associated with LM (McrL) and DM (McrD) (see [115,116]) and the bending 

moment obtained by the EMM: (i) LD (MR-LD) and (ii) DL (MR-DL). Figure 62 presents the 

relation between EMM and experimental results. 

Table 32 Beam specimen’s dimensions. 

Specimen bw bf bs t LS2 Lm A 

  mm mm mm mm mm mm mm2 

LC4-0.5-a 149.2 128 12.9 1.49 234 1716 642.19 

LC4-0.5-b 148.9 127.9 12.9 1.48 234 1716 637.14 

LC4-0.625-a 148.9 128.1 13 1.49 312 1638 642.34 

LC4-0.625-b 149.4 128 13.1 1.49 312 1638 643.08 

LC4-0.75-a 149.2 128 12.9 1.49 390 1560 642.19 

LC4-0.75-b 149.3 127.9 13.1 1.49 390 1560 642.64 

LC4-0.875-a 149.2 127.6 13.2 1.48 520 1430 637.58 

LC4-0.875-b 149.2 127.7 13.4 1.49 520 1430 642.79 

LC6-0.5-a 168.9 127.6 13.1 1.47 234 1716 661.94 

LC6-0.5-b 168.7 128 13 1.49 234 1716 671.54 

LC6-0.625-a 168.7 127.8 13.2 1.48 312 1638 667.04 

LC6-0.625-b 168.9 127.8 13.1 1.48 312 1638 667.04 

LC6-0.75-a 168.8 127.8 13 1.48 390 1560 666.59 

LC6-0.75-b 169.3 127.8 13.1 1.48 390 1560 667.63 

LC6-0.875-a 169.1 127.8 13.1 1.48 520 1430 667.33 

LC6-0.875-b 168.9 127.7 13 1.49 520 1430 670.95 

LC8-0.5-a 188.4 128.1 13 1.48 234 1716 696.49 

LC8-0.5-b 189 127.6 13.1 1.48 234 1716 696.19 

LC8-0.625-a 188.5 128.3 12.7 1.48 312 1638 696.34 

LC8-0.625-b 188.6 128 13 1.48 312 1638 696.49 

LC8-0.75-a 188.2 128.2 13 1.48 390 1560 696.49 

LC8-0.75-b 188.3 128.3 13.1 1.48 390 1560 697.23 

LC8-0.875-a 188.5 128 13.2 1.48 520 1430 696.93 

LC8-0.875-b 188.4 128.2 13 1.47 520 1430 692.08 

LC12-0.5-a 209.6 128.1 12.8 1.5 234 1716 737.10 

LC12-0.5-b 209.4 128.3 12.9 1.49 234 1716 732.78 
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LC12–0.625-a 208.9 128.3 12.6 1.5 312 1638 736.05 

LC12–0.625-b 209.2 128.3 12.8 1.48 312 1638 727.27 

LC12–0.75-a 209.2 128.1 12.8 1.49 390 1560 731.59 

LC12–0.75-b 209.2 128.3 12.8 1.48 390 1560 727.27 

LC12–0.875-a 209 128.1 12.8 1.48 520 1430 726.38 

LC12–0.875-b 209.3 128 12.8 1.49 520 1430 731.44 

 

The results in Table 33 and Figure 62 show that, for non-uniform bending moment, the 

values of the DL methodology practically coincide with the experimental results, with 

some unsafe values (average equal 0.98 and standard deviation equal 0.032). The LD 

methodology produces secure estimated values (with average equal 1.34 and standard 

deviation equal 0.057). 

 

Table 33 Comparison EMM × experimental results 

Specimen Mexp McrL McrD MR-DL Mexp MR-LD Mexp 

  kNm kNm kNm kNm /MR-DL kNcm /MR-LD 

LC4-0.5-a 745 507 639 715.31 1.04 515.45 1.45 

LC4-0.5-b 745 510 646 715.63 1.04 518.46 1.44 

LC4-0.625-a 741 525 641 729.13 1.02 516.62 1.43 

LC4-0.625-b 741 528 669 740.18 1.00 532.33 1.39 

LC4-0.75-a 728 514 628 721.61 1.01 506.01 1.44 

LC4-0.75-b 728 516 638 719.90 1.01 516.16 1.41 

LC4-0.875-a 680 487 617 695.09 0.98 499.10 1.36 

LC4-0.875-b 680 498 636 715.63 0.95 506.32 1.34 

LC6-0.5-a 864 603 810 846.42 1.02 638.93 1.35 

LC6-0.5-b 864 624 831 875.44 0.99 650.27 1.33 

LC6-0.625-a 863 600 807 848.08 1.02 635.65 1.36 

LC6-0.625-b 863 600 804 853.09 1.01 630.37 1.37 

LC6-0.75-a 826 585 754 831.95 0.99 599.57 1.38 

LC6-0.75-b 826 588 762 832.99 0.99 607.57 1.36 

LC6-0.875-a 760 563 721 812.25 0.94 576.99 1.32 

LC6-0.875-b 760 574 727 814.81 0.93 588.28 1.29 

LC8-0.5-a 991 697 992 990.59 1.00 764.33 1.30 

LC8-0.5-b 991 703 1003 1005.65 0.99 764.50 1.30 

LC8-0.625-a 971 678 912 963.81 1.01 718.18 1.35 

LC8-0.625-b 971 682 928 975.23 1.00 722.53 1.34 

LC8-0.75-a 907 663 875 943.86 0.96 696.31 1.30 

LC8-0.75-b 907 664 880 949.25 0.96 697.36 1.30 

LC8-0.875-a 881 639 853 935.05 0.94 670.82 1.31 

LC8-0.875-b 881 624 816 912.16 0.97 649.67 1.36 

LC12-0.5-a 1106 816 1172 1151.50 0.96 902.94 1.22 

LC12-0.5-b 1106 799 1151 1137.81 0.97 883.82 1.25 

LC12–0.625-a 1076 792 1079 1127.52 0.95 839.19 1.28 

LC12–0.625-b 1076 764 1098 1105.17 0.97 844.18 1.27 

LC12–0.75-a 1057 762 1013 1086.78 0.97 800.38 1.32 
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LC12–0.75-b 1057 746 1048 1083.97 0.98 816.46 1.29 

LC12–0.875-a 972 716 958 1046.07 0.93 757.63 1.28 

LC12–0.875-b 972 732 977 1061.14 0.92 774.71 1.25 

    Av. 0.98 Av. 1.34 

    Max 1.04 Max 1.45 

    Min 0.92 Min 1.22 

    St. dev 0.032 St. dev 0.057 

 

 

Figure 62 Comparison EMM × experimental results 
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5. CONCLUSIONS AND FUTURE WORKS 
 

5.1  Conclusions 
 

The dissertation presents the concept of the Effective Modulus Method (EMM) of a plate 

and suggests a new methodology for evaluating the strength of columns beams affected 

by local-distortional-distortional interaction. This methodology applies the concept of 

effective modulus using correction factors like those used in the Direct Strength Method 

(DSM) to reduce the strength due to post-buckling behaviour.  

The EMM assumes that the post-buckling effect of the local and distortional modes 

interact with each other and with the global mode by the loss of stiffness. This effect is 

modelled with a reduction in the modulus of elasticity of the material, which manifests 

itself in a direct relationship with the reduction of the critical stresses and, consequently, 

the reduction of the compressive strength.  

The dissertation begins with a literature review on plate instability. Then a literature 

review on section instability is conducted to demonstrate the consistency of applying the 

concept of effective modulus to post-buckling resistance, illustrating examples of 

effective elasticity modulus distributions in the post-buckling stage of columns and 

beams. 

An algorithm for calculating the resistance of columns and beams based is proposed. 

Initially, an innovative criterion for post-buckling resistance of plates without 

imperfections is derived, using a new relationship between stresses and deformations. In 

this propose the post-buckling resistance of the plate is found when the average stress 

corresponds to yield deformation, by means an effective elasticity modulus. After, since 

a consistent parametric study has not yet been conducted to calibrate the equations of 

effective modulus for local and global instability modes, reduction coefficients of 

elasticity modulus equivalent to the well-known Direct Strength Method are used. 

Results obtained by the new proposal are compared with data available in the literature. 

It is observed that: 

(i) for columns.  

 



 

99 
 

An excellent correlation is found with the experimental [119] and numerical [120] results 

of lipped channel columns. Since the chosen examples have critical stresses with close 

values for studies of mode interaction, it was not possible to test the limits of the 

interaction between the instability modes as suggested by Martins et al. [118] because the 

ratio between the critical distortional and local stresses is greater than 0.8.  

 

It is important to note that to address some issues, a condition and different formulas 

should be considered for cases where the global critical buckling mode load is much 

higher then the local and distortional buckling modes. Furthermore, for specimens 

particularly those that have geometries with internal bends and more stiffeners, the 

formulas should be adjusted and calibrated. 

Lastly, the yield stress of the specimen should also be considered in future equations 

optimisation in cases where the yield stress falls outside the “normal” range. 

 

(ii) for beams, 

From the tests carried out, it was concluded that DL is the methodology that presents the 

most accurate results, although it makes some estimates (very close to experimental 

results) that are unsafe. On the other hand, the LD methodology presents always safe 

results, but with less accuracy.  

The unsafe results provided by the DL methodology can be explained by using the 

reduction coefficients of the DSM elasticity modulus. The effective modulus reduction 

coefficients are based on the concept that the average stress is limited by the yield 

deformation, while the DSM uses the stress limitation criterion. This suggests that 

parametric studies must be carried out to adjust the coefficients of equation (18). 
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5.2   Future works 

 

To validate, ensure consistency, and broaden the application scope of the method, the 

following future works are suggested:  

(i) the method should be tested for other types of sections, boundary conditions, 

and loading conditions. 

(ii) cases of interaction of local, distortional, and global modes for beams should 

also be performed by means of the EMM.  

(iii) it is planned to carry out parametric studies to validate the better approach LD 

or DL. 

(iv) in addition, there are ongoing studies to find new formulations for reducing 

the coefficient of elasticity modulus for columns and beams.  

(v) another potential use of the EMM, to be tested, is in the determination of 

member deflection, as it is enough to change the modulus of elasticity of the 

material. 
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