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steel lipped channel section members under eccentric
compression loads using yield line analysis

Jacek Jankowski!, Leszek Czechowski?, Maria Kotelko?,
Viorel Ungureanu?, Annabella Sanduly>

Abstract: The paper presents findings from an analytical-numerical investigation on the use of yield line
analysis (YLA) for the upper bound estimation of the ultimate strength of short thin-walled cold-formed steel
(TWCES) lipped channel section members under eccentric compression loads around both the minor and
major axes. The post-buckling paths are analysed using the finite difference method (FDM). The post-ultimate
failure curves are developed through theoretical models of plastic mechanisms, based on experimental tests
and finite element (FE) simulations. The methodology presents the results in terms of load-shortening,
alongside comparative diagrams of ultimate strength relative to eccentricity. The ultimate strength is assessed
through the estimation of the upper bound using YLA, finite element analysis, experimental testing, and
predictions based on the EN 1993-1-3 standard. Conclusions regarding the potential application of upper
bound ultimate strength estimation using the YLA approach are drawn, along with discussions on the
challenges of implementation and suggestions for future research in this area.
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1. Introduction

Thin-walled cold-formed steel (TWCFS) members are widely used in the construction
industry because of their favorable properties. Nowadays, a multiplicity of widely different
products, with a tremendous diversity of shapes, sizes, and applications are produced in steel
using the cold-forming process. The range of use of cold-formed steel sections specifically as
load-bearing structural components is very wide, encompassing the building and automobile
industry, shipbuilding, rail transport, the aircraft industry and many others. In the building sector,
TWCES structural elements have traditionally been employed as secondary load-carrying
members in a wide range of applications, such as roof purlins, wall girts, stud walls and
cladding. In a more recent trend, TWCFS structural elements are also increasingly being
used as primary structural members, especially in low- to mid-rise multi-storey buildings
and portal frames with short to intermediate spans. Thin-walled cold-formed steel (TWCES)
short members are susceptible to premature local or distortional buckling and lack significant
post- elastic capacity. Multiple local buckling modes can occur simultaneously under the same
critical load, with the possibility to interact, and their failure resulting in a localised plastic
mechanism. This represents the first form of interaction and leads to unstable post-critical
behaviour. Consequently, its collapse, whether in compression or bending, is transforming
into a spatial plastic failure mechanism. For longer members, this represents the first form of
interaction. As a result, the interactive local-global buckling is of a plastic-elastic nature [1].
They are also widely used in storage rack systems (frames). In this context, alternative methods
for predicting the ultimate strength are essential, focusing on collapse behaviour, unlike
traditional approaches such as the effective width method or the Direct Strength Method,
recommended (among others) by AISI [2]. Such an approach is Yield Line Analysis (YLA),
which can be applied to analyze the behaviour near the ultimate load and in the post-ultimate
stage of TWCFS members. The point where the elastic post- buckling path intersects with the
post-ultimate failure curve of the mechanism (see Fig. 1) offers an upper bound estimate of the
load carrying capacity (ultimate strength) of the member [3].
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Fig. 1. Equilibrium path of thin-walled member

Thus, the usage of post-buckling elastic path for perfect structure combined with the
post-ultimate curve (failure curve) provides an information about the upper bound point
corresponding to FUPB. It makes the YLA approach attractive for the performance-based
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design of thin-walled structures. The issue of determining the load carrying capacity of
the TWCEFS under simple loading conditions (pure bending or uniform compression) has
been addressed with satisfactory precision using thin-walled structure theory and design
code specifications. EN 1993-1-3 [4] offers reliable predictions for the buckling load and
ultimate strength of TWCFS members under concentric axial compression but is less precise
for eccentrically compressed columns. In such cases, it is worth examining the applicability
of the YLA approach, which provides an upper bound estimate of the ultimate strength.
Bakker [5] categorised the yield line analysis (YLA) into two approaches: classical and
generalised. Classical YLA focuses mainly on determining the load capacity of reinforced
concrete structural members. It assumes that only primary bending moments contribute to the
plastic strain energy dissipated within the plastic mechanism. The origins of classical YLA
date back to the early 20th century, with fundamental contributions from Ingerslev in 1923 [6],
Rzanicyn in 1949 [7], and Sawczuk and Jaeger in 1963 [8]. These studies addressed the analysis
of plastic mechanisms (yield line theory) to estimate the load capacity of reinforced concrete
plates and slabs. Although classical YLA remains part of concrete design specifications, it
cannot be applied directly to analyse the structural behaviour of TWCFS members. Generalized
yield line analysis provides a load-deformation post-ultimate relationship by deriving the
plastic strain energy dissipated in the spatial mechanism due to second-order displacement
fields. This approach was first applied in the 1970s to analyse the post-ultimate behavior
of TWCFS members. The first applications in metal structures were reported by Murray in
1975 [9]. Pioneering efforts were continued by Murray and Khoo [10], Mahendran [11], and
Rasmussen and Hancock [12], who investigated local plastic mechanisms in channel section
columns and thin-walled plates under compression. Since then, extensive research has focused
on spatial plastic mechanism analysis to evaluate the ultimate and post-ultimate behaviour
of TWCFS members. More recently, YLA has been applied to analyse failure mechanisms
and post-ultimate behaviour of corrugated plate structures by Timmers [13] and Casariego
et al. [14]. Kobashi et al. [15] used YLA to study strength deterioration in relatively long
channel section columns under compression. Segura et al. [16] introduced a new plastic
mechanism model, based on finite element simulations and experiments, which facilitated
the derivation of moment-rotation relationships for tubular T-joints in steel and stainless steel
structures. Furthermore, Kotetko et al. [17] used YLA to estimate the ultimate strength of
perforated lipped channel section columns under compression. Research on the structural
behaviour of TWCFS members under eccentric compression, particularly in relation to the
channel section members and (particularly) subject to major axis bending, remains relatively
limited. A comprehensive state-of-the-art review in this field is provided in [18-20]. He et
al. [21] examined built-up (back-to-back) section members with V- or Z-shaped web stiffeners
subjected to both concentric and eccentric compression using the Finite Element Method
(FEM), which was validated against experimental results. Zhao et al. [22] reported strength
predictions based on the Direct Strength Method (DSM) and compared them to experimental
test results for perforated TWCFEFS channel section members under eccentric compression.
In [23], the structural behaviour of eccentrically loaded TWCFS beam-columns with lipped and
sigma channel sections was studied experimentally and analytically under the combined effects
of axial loads and biaxial bending moments. Shuhao and Papangelis [24] investigated the
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distortional buckling of cold-formed steel channels bent about the minor axis with the lips in
compression. They compared the ultimate moments calculated by the non-linear finite element
analysis with the current DSM design equations and presented a new DSM design equation.
Some papers published recently are devoted to I-sections under combined load. Weber et
al. [25] investigated I-section stub columns with different cross-section profiles subjected to
axial compression as well as I-section specimens subjected to combined compression and
bending, printed via WAAM using high strength steel grade ER90S-G welding wire. The
combined loading specimens achieved resistances surpassing the Eurocode 3 (EC3) predictions,
but were prone to tensile fracture at large loading eccentricities. Feber et al. [26] performed the
experimental and numerical investigations of austenitic stainless steel I-section beam-columns
submitted to compression and major axis bending failing by major axis flexural buckling. The
experimental part consisted in beam-column tests, with varied loading eccentricities providing
a wide range of major axis bending moment-to-axial load (M/N) ratios. The results of the
parametric study were compared with the existing design rules. The problem of eccentric
compression of back-to-back built up sections with web stiffeners under axial and eccentric
compression was also analysed by Schafer et al. [27], who presented new experimental results
comprising built-up sections with V-stiffeners and with X-stiffeners of different member
lengths under the axial and eccentric compression loading to reveal the potential failures and
load-carrying capacity of these built-up sections. The experimental results provided the details
of the buckling behavior and failure modes and a set of load response curves. Tubular steel
corroded members under eccentric load were studied by Thong M. Pham et al. [28]. Huang
and Zhang [29] studied a high-strength steel welded I-section overall buckling performance
under axial compression and bending with respect to the major axis. The findings of the studies
mentioned above suggest that the design rules in the existing standards for TWCFS members
under eccentric compression are overly conservative and require improvement, particularly in
terms of interactive formulae for combined compression and bending. Subsequent research
by the authors of [20, 30] further explored this topic through experimental programs and
theoretical analyses of short members with lipped channel cross-sections subjected to eccentric
compression about both the minor and major axes across a wide range of eccentricities. The
post-ultimate rigid-plastic curves, the characterizing post-ultimate structural behaviour and
derived using plastic mechanism models, were compared with experimental and FE simulation
results. This paper builds on the research aforementioned by applying the Yield Line Analysis
(YLA) method to estimate the ultimate strength of lipped channel cross-section short columns
subjected to eccentric compression about the minor and major axes.

2. Scope and objectives of analysis

This study focuses on the structural behaviour of TWCEFES lipped channel columns under
eccentric compression around both the minor and the major axes (Fig. 2). The dimensions of
the columns (Fig. 2, on the right) were selected to ensure they fall into class 4 [31], indicating
that local buckling occurs in these members before any part of the cross-section reaches yield
stress, according to the standard classification [4].
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Fig. 2. Lipped channel section (with dimension) subject to minor/major axes eccentric compression

An extensive research program was conducted, including both theoretical analysis and exper-
imental investigation, to explore the structural behaviour (including post-ultimate behaviour) of
TWCES lipped channel columns under eccentric compression about the minor and major axes.
The findings of this research have been presented in [18-20]. The structural behaviour of the
members was analysed theoretically using the Finite Difference Method (FDM), Finite Element
(FE) simulations, and the Yield Line Analysis (YLA) method, as well as experimentally tested
for a wide range of eccentricities, i.e. from —60 mm to +60 mm about the minor axis and from
0 to 60 mm about the major axis. The objectives of this study are the following:

1) to analyze the post-buckling elastic behaviour of the members, focusing on the applica-
bility of post-buckling paths for upper-bound estimation of the load-carrying capacity of
the investigated members,

2) to predict the upper-bound ultimate strength based on post-buckling FDM analysis and
the YLA method.

3. Methodology

As already mentioned, estimating the upper bound load capacity requires determining
the ordinate of the intersection point between the post-buckling curve and the post-ultimate
mechanism failure curve. The following sections describe the methodology used to analyse
these segments of the load-displacement path of the members. These paths obtained by the
described methods are compared with the results of the FE simulations and the experimental
data [18-20].

3.1. Pre- and post-buckling analysis

To investigate the nonlinear behaviour of thin-walled members, particularly in the post-
buckling state, the strain tensor components, constitutive relations, continuity equations
(between the two walls of the member section), and equilibrium equations were formulated.
The system of two plates is described using continuity equations [32] that were taken into
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account in further analysis with FDM. For each thin plate, the nonlinear strain-displacement
relations were defined based on Timoshenko’s approach [32]. The constitutive linear relations
(generalised Hooke’s law) for isotropic materials were assumed. The internal in-plane forces
and moments (bending moments and torque) were derived from the classical first-order theory
of thin plates [32]. The equilibrium equations were obtained by applying the principle of
potential energy variation formulated for a single.

The resulting simultaneous nonlinear algebraic equation, derived from the differentiating
equations, was computed using the one-step Newton-Raphson method. This approach accounts
for both global and local buckling modes. Furthermore, the continuity equations between
plates were considered (though not detailed in this paper). The boundary conditions for the
analysed simply supported structure were expressed in terms of sectional forces and kinematic
conditions [33]. The discretization of the equilibrium equations leads to mapping for each wall.
To address the buckling and post-buckling problems, boundary conditions were considered
separately for eccentricity about the major and minor axes. For the buckling problem, linear
boundary conditions were applied for small displacements. However, for the post-buckling
problem, nonlinear boundary conditions were used due to the occurrence of large displacements.
The boundary conditions, expressed through difference quotients, are defined at the two edges
of the lips, the two edges of the flanges, and the two edges of the web of the analysed member,
which is simply supported at both ends. A detailed description of the boundary conditions
expressed by the difference quotients can be found in [33].

3.2. Yield-line analysis

The YLA assumes that deformations leading to the formation of failure plastic mechanisms
are concentrated along zero-width yield lines. The assumption is that the plastic mechanism is
fully developed, with plastic zones in the walls of thin-walled steel members concentrated in
the yield lines, which can be stationary or travelling [20]. At the yield line level, the material is
considered to be entirely plastic. The material properties are assumed to be either rigid-perfectly
plastic or rigid-plastic with strain hardening. The theory distinguishes two types of plastic
mechanisms: the “true mechanism” and the “quasi-mechanism”, where the flat sections of
the walls are limited by yield lines, but the walls still undergo membrane deformation. The
plastic mechanism approach is based on two methods: the energy method (work method) and
the equilibrium strip method [9, 10]. In this study, only the energy method is used. When the
energy method is applied, the Principle of Virtual Velocities is used. For TWCFS members,
the following form of this principle, related to the rate of change in the energy dissipated, is
typically employed, Eq. (3.1), where IT is the potential energy of the system.

3.1 (8. x) =Z/A (Noep)dAi + ) Evj (B} 71p )
i YA J
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Equation (3.1) represents the sum of the rate of change in the membrane strain energy
within the walls of the global plastic hinge and the bending strain energy dissipated in the
yield lines, where N is a vector of membrane forces per unit length. The membrane forces
Ny are determined using the associated flow rule, based on the corresponding yield criterion
(e.g., Huber—Mises). A; refers to the area of the i-th plastic zone (tension field), Bi is the
angular velocity vector on the i-th yield line, &, is the plastic strain tensor, y is the vector
of independent geometric parameters that describe plastic mechanism, and 71 ,; is the plastic
moment vector along that line. The first component of Eq. (3.1) is considered only in the case
of quasi-mechanisms, which include both yield lines and plastic zones (tension fields). For
the true mechanism, only the second component of Eq. (3.1) should be taken into account,
where Ej,; represents the bending strain energy dissipated at the i-th yield line. This relation is
usually rearranged into the following form (3.2):

(3.2) Wext = OEp + 6 Enm

0Wex 18 the variation in the work of external forces, 0 E}, is the variation in the bending plastic
deformation energy, and 6E,, is the variation in the membrane plastic deformation energy.
Equation (3.2) establishes a relationship between the generalised load (e.g., compressive load,
bending moment) and the generalised displacement (e.g., shortening, angle of rotation). The
graphical representation of this relationship is the failure (post-ultimate) curve. The plastic
moment vector 1 ,; at yield lines perpendicular to the load direction is expressed as a full
plastic moment using the relation (3.3):

oy - 12
(3.3) mp = =

However, in the case of yield lines inclined to the load direction (referred to as inclined

yield lines), the plastic moment is reduced due to the combined effects of membrane forces,
shear forces, and twisting moments. Various researchers have proposed different formulas to
calculate the plastic moment capacity in inclined yield lines [3,34], with significant variations
depending on the stress distribution under fully plastic conditions at these inclined yield lines.
Since a spatial collapse mechanism involves multiple inclined yield lines, the predicted failure
(post-ultimate) curve is influenced by the assumed stress distribution model at these lines and
the corresponding formulas for the plastic moment vector. Zhao and Hancock have extensively
described this issue in their studies [35, 36].

Three selected stress distribution models at the yield line are illustrated in Fig. 3. The first
model (Fig. 3a) represents the full plastic moment. The Murray model (Fig. 3b) accounts for
the reduction in plastic moment capacity due to the interaction of axial force and bending
moment, while neglecting shear stresses in the yield line cross-section [37]. As a result, the
plastic moment capacity is expressed as Eq. (3.4). Murray provided further clarification in the
model shown in Fig. 3c [38].

(3.4) m=m, [l - (o-/a'pl)2 - cos* y]
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Tns=0
(@)

Fig. 3. Stress distribution in the yield line cross-section: (a) fully plastic moment, (b) Murray model
(1973) [37], (c) Murray model (1984) [38]

This model incorporates uniformly distributed shear stresses in the cross- section of the
yield line inclined in the principal direction. Based on the Huber—Mises yield criterion, the
plastic moment capacity in this case is expressed as Eq. (3.5).

[1 - (O'/Upl)z]

\/1 -0.75 (O_Lpl)z sin®y [sinzy +4 (1 — sin? 7)]

In this paper, the fully plastic moment, together with Eq. (3.4) and Eq. (3.5) were considered
to investigate the influence of the stress distribution model at the applied yield line. The normal
stress -, which corresponds to the stress induced by the axial force, was assumed to be equal
to the buckling stress obtained from the FDM analysis [33]. For the examined members and
eccentricities, the ratio o~/ o7, is approximately 0.7-0.8. According to the analysis by Hiriyur
and Schafer [3], in this range of the ratio, the reduction in plastic moment capacity for both
Murray models is approximately 10% for a 40° inclined yield line to the principal direction.

3.5) m=mp

4. Plastic mechanism database

The key aspect of the YLA approach, as well as its main challenge, lies in accurately
identifying yield line patterns and tension fields. This involves establishing the geometry of the
spatial plastic mechanism and understanding how the mechanism evolves. This identification is
achieved through experiments and FE simulations. Once an initial model of the mechanism is
developed, its geometric parameters require detailed calibration [19]. In this paper, a database of
plastic mechanisms created from previous research was used [18,20]. The theoretical models of
these plastic mechanisms were largely derived from experimental data [19,20]. The experimental
setup is depicted in Fig. 4, where failed components were scanned using 3D scanning technology,
and the initially developed theoretical models were subsequently calibrated.



ULTIMATE STRENGTH ESTIMATION OF SHORT TWCFS MEMBERS . .. 293

ol |
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Fig. 4. Experimental stand: eccentricity about minor axis (a) and eccentricity about major axis (b) [19]

The calibration process is illustrated in Fig. 5. This calibration process helps in refining the
geometry of the theoretical model.

Identification of Create a model drawing,
I Real mechanism the shape of the calibration of geometrical
mechanism — 3D scan parameters

Fig. 5. Calibration example of the theoretical mechanisms for a member in eccentric compression around
the major axis [20]

The authors developed models and analytical formulations for plastic mechanisms in two
accompanying papers [18, 19], with the aim of characterising the post-ultimate strength of
members subjected to eccentric compression around the minor axis.

Based on experimental observations and FE numerical results, five plastic mechanism
models were validated for the eccentricities about minor axis (Fig. 6).

(a) (b) (©) (@) (e)

Fig. 6. Plastic mechanism models for various eccentricities about minor axis: (a) CF1 (small positive
“e”), (b) CFQ (medium and large positive “€”), (c) pitched roof — (small negative “¢”), (d) Pitched roof I
(medium and large negative “e”), (e) (very large negative “e”
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These models were calibrated, and the post-ultimate mechanism curves derived using YLA
showed a strong correlation with FE simulations and experimental findings [19]. Furthermore,
two theoretical models for plastic collapse mechanisms were created for members subjected to ec-
centric compression about the major axis [30], based on experimental and FE results (see Fig. 7).

() (b)

Fig. 7. Plastic mechanism models for various eccentricities about major axis: axis: (a) “V” (e = 0-30 mm),
(b) “W” (e > 30 mm)

In this scenario, the post-ultimate curves derived from the “V” model aligned more closely
for eccentricities between 0 and 30 mm and wall thicknesses of 1 mm and 1.5 mm. In contrast,
the mechanism curves derived from the “W”” model better described eccentricities greater than
30 mm and wall thicknesses of 1.5 mm and 2 mm. In the subsequent upper-bound estimate of
the load capacity of the examined members, both mechanism models were incorporated.

5. Results of upper bound estimate of load capacity

5.1. Load- displacement paths

Using the methodology presented in the first part of the paper, load- displacement paths for
the members under investigation were developed for the entire loading range, extending beyond
the ultimate load. These paths were compared with experimental and finite element results.
Sample diagrams illustrating the load-shortening paths of members subjected to eccentric
compression about the minor axis are presented in Fig. 8.

20

F (kN)
18
/
16 N
N
14 >
/
12 - — —FDM
10 - — —YLA
FEM
8
experiment
6
4
2
0 shortening (mm)
0 0,5 1 1,5 2 2,5 3 3,5 4

Fig. 8. Load-shortening path for 150 x 60 X 20 x 1 mm lipped channel specimen, e = —40 mm (minor
axis), YLA — mechanism “Pitched Roof I"’; fully plastic moment
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Similar diagrams showing the load-shortening paths of the member under eccentric
compression along the major axis are presented in Fig. 9.

SoF (k)

FDM, ECC=60 mm, thickness=1.5
as UPB-Fully pl. mom. mm
— — — — FEM-ECC=60 mm, thickness=1.5 mm

Experiment, thickness=1.5 mm
A— failure curve, Murray 1573 year
—e— failure curve, Murray 1984 year

—=— failure curve, fully plastic moment

UPB-Reduced pl. mom.

o shortening (mm)
0 05 1 15 2 25 3 35 4

Fig. 9. Load-shortening path for 150 X 47 x 16 x 1.5 mm lipped channel specimen, ¢ = 60 mm (major
axis), YLA — mechanisms “W”

In this diagram, the post-ultimate, failure curves relate to the mechanism model “W”.
Three mechanism curves are shown, derived from the equations corresponding to the full
plastic moment capacity (3.3) and the reduced plastic moment capacity from Eq. (3.4) and
Eq. (3.5), along with an upper- bound load capacity estimation. As underlined, while the
reduction in plastic moment capacity does not have a significant effect on the upper bound
load capacity, the positioning of the post-ultimate curves varies considerably. Consequently,
in further evaluations of the upper bound load capacity estimation, the fully plastic moment
capacity was considered.

5.2. Ultimate strength — comparison of results

The ultimate strength of the studied members was assessed using the upper bound approach,
incorporating post-buckling and post-ultimate YL analyses. The upper-bound estimates were
compared with experimental results, finite element (FE) analyses, and standard predictions [2].
The comparative diagrams illustrating ultimate strength versus eccentricity for members
subjected to eccentricity about the minor axis are presented in Fig. 10 and Fig. 11.

— ® —UPB-thickness=1mm
—8— FEM-thickness=1 mm
—@- - Experiment, Fmax-

thickness=1mm
— ®— EC3-thickness=1mm

eccentricity (mm)

-60 -40 -20 0 20 40 60

Fig. 10. Ultimate strength versus eccentricity about minor axis for 150 X 60 x 20 X 1 mm lipped channel
specimen
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— @ - UPB, thickness=2 mm
—@— FEM, thickness=2mm
- @— Experiment,

thickness=2mm
—@ - EC3, thickness=2 mm

35 eccentricity (mm) ~o

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60

Fig. 11. Ultimate strength versus eccentricity about minor axis for 150 x 60 x 20 x 2 mm lipped channel
specimen

Similarly, Fig. 12, Fig. 13 and Fig. 14 show comparative diagrams of ultimate strength for
members subjected to eccentricity around the major axis for # = 1 mm, 1.5 mm and 2 mm,
respectively.

—— FEM, t=1 mm
—®— Exp., t=1mm
- @& —EC3-t=1mm

—=e: - UPB-mech.V, t=1

mm
=« = UPB, mech. W, t=1
mm
10
5
0 eccentricity (mm)

15 25 35 45 55

Fig. 12. Ultimate strength versus eccentricity about major axis for 150 X 60 x 20 mm lipped channel
specimen for # = 1 mm
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50
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45
~——@— UPB-mech. V, t=1.5 mm-
coincident curve
UPB-W, mech. W, t=1.5
mm-coincident curve

40

35
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h J
20 eccentricity (mm)
15 25 35 45 55

Fig. 13. Ultimate strength versus eccentricity about major axis for 150 X 60 x 20 mm lipped channel
specimen for r = 1.5 mm
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Fig. 16. Comparative results for 150 X 60 X 20 mm lipped channel specimen with 7 = 1 mm, = 1.5 mm
and ¢ = 2 mm. Ultimate strength versus eccentricity about major axis (
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6. Conclusions and final remarks

This paper presents an analytical-numerical study on the application of the YLA method
for upper bound estimation (UPB) of ultimate strength in short TWCEFS lipped channel section
members subjected to eccentric compression about both minor and major axes. The results
obtained validate the use of the YLA approach, along with pre- and post-buckling analyses, to as-
sess the load carrying capacity of the investigated members. For members subjected to eccentric
compression about the minor axis with a wall thickness of 1 mm, there is satisfactory agreement
between the upper bound prediction, finite element (FE) and experimental results, with the low-
est relative discrepancy being less than 1%. However, this agreement increases with increasing
wall thickness. The largest discrepancy between UPB and both FE simulations and experimental
results for members of both wall thicknesses occurs at a positive eccentricity of approximately
20 mm, which corresponds to the maximum ultimate load. For the major axis, satisfactory agree-
ment between UPB, FE, and experimental results was observed for wall thicknesses of 1 mm
and 1.5 mm. On the contrary, for members with the greatest wall thickness of 2 mm, the upper
bound estimation does not fully align with FE and the experimental results. The UPB estimation
derived from both theoretical models applied, “V”’ and “W”, produces very similar outcomes.

These findings highlight the need for further refinement of theoretical plastic mechanism
models, especially for positive eccentricities near the maximum ultimate load and across the
full range of positive and negative eccentricities for column height to wall thickness ratios below
100. Standard predictions of ultimate strength for the examined cases (members under eccentric
compression, involving combined compression and bending) are conservative compared to FE
simulations and experimental values across the entire range of tested eccentricities. Therefore,
the UPB ultimate strength prediction method using the YL A approach discussed in this study is
promising. Ongoing research aims to enhance this method, particularly by refining theoretical
models of plastic mechanisms and developing relatively simple algorithms for UPB evaluation.
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Szacowanie gérnej granicy no$nosci dla cienkosciennych zimno
formowanych stalowych profili ceowych $ciskanych mimosrodowo

Stowa kluczowe: zimno formowane profile cienkoscienne, Sciskanie mimosrodowe, nosnos¢ gra-
niczna, plastyczny mechanizm, analiza krzywej plastycznej

Streszczenie:

Artykul dotyczy wynikéw obliczeni analityczno- numerycznych w oparciu o analiz¢ krzywej
zalomo6w plastycznych pozwalajacg uzyskiwac gérne szacowanie nosnosci krétkich i cienkosciennych
profili ceowych pod obcigZzeniem mimosrodowego $ciskania. Sciezki pokrytyczne byly otrzymywane i
analizowane w oparciu o metode réznic skoficzonych. Krzywe zniszczenia w zakresie pokrytycznym
byly uzyskiwane dzieki teoretycznym modelom plastycznych mechanizméw z testéw empirycznych i
symulacji metoda elementéw skoriczonych. Wyniki kalkulacji opracowanej metody zostaty przedstawione
jako wykresy obciazenia w funkcji skrécenia oraz momentu w funkcji kata ugiecia dla ré6znych wartosci
mimosrodu sily Sciskajacej. Nosnosci profili byly obliczane dzigki zastosowaniu analizy krzywej zaloméw
plastycznych, obliczen numerycznych metoda elementéw skoriczonych, wynikéw empirycznych oraz
obliczeri analitycznych w oparciu o norme¢ EN 1993-1-3. Rezultaty wszystkich obliczen zestawiono i
poréwnano ze soba.
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