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This study conducts a numerical investigation into the cyclic performance of H-shaped stainless steel beam-
columns under seismic loading. Numerical models were developed and validated using experimental data
from H-shaped carbon steel beam-columns subjected to cyclic bending. These models showed high predictive
accuracy, with a 7.5 % margin when comparing end moments and rotations. Through the finite element
approach and Taguchi method, key parameters were analysed including column length, stiffener spacing, ma-
terial classification, load ratio, stiffener thickness, and number of local buckling modes. The results highlight
austenitic stainless steel's exceptional deformation capacity, with enhanced elongation at fracture and superior
post-yield strength compared to carbon steel. With a ductility ratio of 19.09 under a 0.4 load ratio, it surpasses
ferritic and duplex stainless steels. This demonstrates superior seismic energy absorption and enhanced energy
dissipation through broader hysteresis loops. Duplex stainless steel, with 30.5 % higher yield stress than
austenitic grade, exhibited narrower hysteresis loops and earlier local buckling, balancing high cyclic strength
with moderate ductility. This makes it ideal for stiffness-critical applications under intense cyclic demands.
Ferritic stainless steel, though stronger than carbon steel, showed 50 % lower elongation than austenitic steel,
with higher brittleness and inferior energy dissipation compared to duplex steel. The study underscores the role
of axial load ratios in governing failure modes and deformations. These findings are pivotal for advancing design
codes and enhancing structural resilience in earthquake-prone regions. They emphasize the inclusion of stainless
steel in seismic design standards, addressing current limitations due to insufficient research on its cyclic
behaviour.

1. Introduction thickness ratios on the plastic deformation, strength, and ductility of

H-shaped steel beam-columns under cyclic loading has been studied

H-shaped steel structural beam-column elements are widely recog-
nized for their versatility in industrial buildings, attributed to their high
strength-to-weight ratio and excellent bending resistance [1,2]. H-sha-
ped steel cross sections are classified into four types according to
Eurocode 3, based on their local buckling resistance, which determines
their strength and rotational capacity [3]. Classes 1 and 2 reach plastic
moment resistance, while class 3 (semi-slender) buckles before plastic
capacity, and class 4 (slender) before yield load. The behaviour of class 1
and 2 sections under monotonic loading, including weak-axis buckling
and axial compression, has drawn research attention [4-6]. Steel's
monotonic behaviour is significantly affected by cyclic loading, which
reduces ductility due to early necking and fracture caused by cyclic
loops and amplitudes [7]. The impact of local buckling due to width-
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[8,9]. Tests on non-compact and slender sections under cyclic load
showed that non-compact sections provide ductility beyond the elastic
limit, with simplified equations proposed to accurately predict the ul-
timate resistance of both sections for seismic design [10].

Recently, the criterion for allowable maximum inelastic displace-
ments, based on strength-ductility relations, has been used in modern
seismic design [11]. Design strategies to improve ductility for earth-
quake resistance identified local buckling as the main failure mode in
high-performance steel H-section beam-columns [12]. Key factors
affecting cyclic behaviour included width-to-thickness and axial load
ratios, with smaller width-to-thickness ratios improving ductility and
producing fuller cyclic curves. Given the limitations of carbon steel in
seismic applications, particularly in terms of reduced ductility under
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cyclic loads, stainless steel offers a compelling alternative. Stainless steel
structural products, a sustainable alternative to carbon steel, offer
benefits like fire and corrosion resistance, high strength, and improved
ductility. These advantages are particularly notable in austenitic grades,
which are well-suited for seismic zones [13]. Austenitic stainless steel
tubular elements showed 88 % greater elongation at fracture and 35 %
higher post-yield strength compared to carbon steel in cyclic tests [14].
Unlike carbon steel, stainless steel exhibits a nonlinear stress-strain
relationship due to strain hardening [15]. The load capacity and
deformation of austenitic stainless steel depend on cyclic loading pro-
tocols, influenced by unsaturated cyclic hardening properties [16-19].
Austenitic stainless steel maintained excellent seismic performance
under the specified low cycle loading protocol [20]. Austenitic speci-
mens with the highest strength became brittle after yielding due to
austenite-to-martensite transformation, reducing ductility and energy
absorption, contrary to expectations [21]. The study comparing
austenitic and lean duplex stainless steel hollow sections under cyclic
loading found that, despite a 30.5 % higher yield stress, duplex stainless
steel experienced local buckling earlier during seismic loading [21].
Austenitic stainless steels EN 1.4301 and EN 1.4401 exhibit similar cy-
clic stress responses with initial hardening followed by softening. In
contrast, duplex stainless steel EN 1.4462 has a higher stress amplitude,
high yield strength, and effective energy dissipation, with cyclic hard-
ening followed by prolonged softening [22,23]. An experimental study
found that lean duplex stainless steel EN 1.4162 has higher maximum
cyclic strength and narrower hysteresis loops than austenitic EN 1.4301
at +2.0 % strain, but EN 1.4301 exhibits greater cyclic hardening [24].
A numerical study found that the strength and rotational capacity of
stainless steel Rectangular Hollow Section (RHS) beams under cyclic
loading depend on cross-section slenderness and strain hardening, with
austenitic beams having slightly higher rotation capacities than ferritic
and duplex beams [25]. A study found that austenitic stainless steel RHS
members achieved much higher ultimate rotation under cyclic minor
axis bending compared to carbon steel [26]. Moghaddam et al. [27]
conducted a numerical analysis on built-up box columns under cyclic
loading, revealing plastic rotation depends on the width-to-thickness
ratio. Ning et al. [28,29] evaluated the hysteretic performance of
stainless-steel box and H-shaped columns, showing EN 1993-1-4 offers a
conservative approach for class 3 and 4 cross-sections. Stainless steel
design codes conservatively predicted compressive resistance with
variation, while the Continuous Strength Method (CSM) was more
consistent, leading to a proposed ductility-oriented design approach
[30]. Despite extensive research, limited seismic evaluation of stainless-
steel members results in low confidence in their use in seismic regions,
particularly for bracing members [30]. The upcoming European
earthquake-resistant code, prEN 1998-1-2 [31], excludes stainless steel
due to insufficient research, despite its distinct hysteretic behaviour
[14,18]. This underscores the need for further study on stainless steel
grades under cyclic loading to identify key factors influencing their
response.

This paper investigates the cyclic behaviour of H-shaped stainless-
steel columns using extensive numerical modelling to examine key
factors influencing their performance. Additionally, it compares
different materials, focusing on their ductility and energy dissipation
characteristics. Section 2 describes the development of the numerical
models and their validation against existing experimental results. Sec-
tion 3 summarises numerical parametric studies using the Taguchi
method and Finite Element Method (FEM) to examine the effects of key
parameters, such as column length, stiffener spacing, material classifi-
cation, load ratio, stiffener thickness, and local buckling modes. The
research aims to optimise ductility and energy dissipation, crucial fac-
tors for seismic design. Section 4 presents a discussion of the numerical
results, including a comparison of various stainless-steel grades and
carbon steel.
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2. Numerical model development and validation

Numerical analyses were conducted utilising the commercial finite
element (FE) software ANSYS [32]. The methodology for constructing
FE models of H-shaped columns was outlined in this section. To confirm
the accuracy of the developed FE models, they were tested on five
specimens from an earlier study. Following the validation process,
parametric analyses were carried out using the established FE models.

2.1. Literature-based test plan

The numerical models developed were validated using experimental
results from the literature on H-shaped carbon steel beam-column
specimens subjected to constant vertical (N) and cyclic horizontal (V)
loading, as depicted in Fig. 1. These experiments, conducted at Tongji
University's research laboratory, involved H-shaped steel specimens
with varying flange width-thickness and axial force ratios [9,33]. The
study aimed to examine how section classification and loading influence
weak-axis cyclic bending behaviour. The specimens, configured as
cantilever beam-columns with a nominal length (L) of 1500 mm, had
free rotation at the top to transfer only shear and axial forces, while the
base was fixed to a reaction frame.

The specimens were fabricated from low alloy structural steel plates
with thicknesses of 4 mm and 6 mm. The investigation delved into the
influence of axial force ratios n = N/(A.f)) by analysing two distinct
levels of 0.2 and 0.4. Here, N signifies the axial force, f, stands for the
yield stress, and A denotes the cross-sectional area of the specimens.
Initially, the specimen was subjected to an axial load, which was
maintained at a constant level for the duration of the test. Following this,
a cyclic horizontal load was introduced, gradually amplifying lateral
displacement amplitudes until reaching 10 times the nominal yield
displacement (10A4y). The nominal yield displacement, denoted by Ay,
was uniformly set at approximately 10 mm for all specimens, deter-
mined through calculations based on monotonic loading characteristics.
This ensured consistency across the specimens in terms of the applied
load conditions. The geometric properties of the specimens are detailed
in Table 1, utilising measured attributes. In this context, h and b corre-
spond to the total height and total width of the H-shaped cross-section,
while t,, and t; denote the web thickness and flange thickness, respec-
tively. This study found inelastic local buckling as the primary failure
mode, with no global buckling. The flange and web width-thickness
ratios, along with the axial force ratio, strongly influenced the hyster-
etic behaviour of H-shaped beam-columns. [9,33].

2.2. Development of FE models

This section introduces a validation study focused on refining
modelling techniques for H-shaped carbon steel beam-columns with
significant width-thickness ratios subjected to cyclic bending along the
weak axis. In this study, SOLID185, which features eight nodes with
three degrees of freedom at each node, was employed in ANSYS. Given
that the material properties were not individually reported for each
specimen, slight deviations from the numerical analysis may be antici-
pated compared to the relevant existing results. In FE models, mesh size
significantly affects the results, with smaller meshes and more elements
leading to longer solution times. To find the optimal element di-
mensions, a mesh sensitivity analysis was performed by reducing mesh
size until differences between FE model outcomes and experimental data
were minimal. Different mesh configurations, defined as very fine (2 x 2
mmz), fine(5 x5 mmz), medium (10 x 10 mmz), and coarse (30 x 30
mmz), were tested. The fine mesh size (5 x 5 mmz) was selected for its
effectiveness in converging moment-rotation hysteresis curves, thereby
ensuring accurate numerical responses. The mesh sensitivity analysis for
the W-H1-0.2 sample, conducted to evaluate the influence of mesh size
on the precision and computational efficiency of the FE model, is illus-
trated in Fig. 2.
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Fig. 1. Schematic diagram of setup and boundary condition: (a) Test setup, (b) Loading and boundary condition.

Table 1
Geometric parameters of the specimens from [33].

Specimen no. hxbxtyxt Nominal n
W-H1-0.2 300 x 200 x 6 x 4 0.2
W-H2-0.2 350 x 150 x 4 x 6 0.2
W-H3-0.3 350 x 175 x 4 x 4 0.2
W-H6-0.2 300 x 150 x 4 x 6 0.2
W-H6-0.4 300 x 150 x 4 x 6 0.4
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Fig. 2. Mesh convergence analysis for the W-H1-0.2 sample.

For the cross-section with welded joint, the contact with bonded
formula were used. A multi-linear kinematic hardening law was
employed according to [32]. The stress-strain responses were modelled
in ANSYS in multi-linear form with 15 intervals. The material properties,
measured and presented in Table 1 of [33], were used as the basis for
this study. For the 4 mm plate, the actual thickness was 4.13 mm, with a
yield stress of 479 MPa, an ultimate stress of 567 MPa, a modulus of
elasticity of 2.01 x 10° MPa, and an elongation factor of 30.9 %.
Similarly, the 6 mm plate had an actual thickness of 5.84 mm, a yield
stress of 349 MPa, an ultimate stress of 530 MPa, a modulus of elasticity
of 1.97 x 10° MPa, and an elongation factor of 37.3 %. These properties
were used to derive the engineering stress-strain behaviour of the
specimens according to [34]. This approach ensured consistency be-
tween the material properties and the numerical models used in the

study. The true stress (o) and logarithmic plastic strain (slprf) were
obtained from the engineering stress-strain responses according to Egs.
(1) and (2) respectively and integrated into the numerical models [35].
In the equations, 6,0, represents the engineering stress, enom represents
the engineering strain, and E is the Young's modulus.

Otrue = Gnom(]- +gnom) (1)

& = 1n(1 + €nom) — Oirue / E @

The engineering stress-strain and true stress-strain responses for
plates with thicknesses of 4 mm and 6 mm are illustrated in Fig. 3.

Geometric imperfections, which occur during transportation, fabri-
cation, erection, and storage, can significantly affect the structural
performance and resilience of elements. To account for these, imper-
fections corresponding to the lowest global and local buckling modes,
identified through linear eigenvalue buckling analysis, were incorpo-
rated into the numerical models per [33]. The global imperfection
amplitude was set at L/1000, [36] while the local imperfection ampli-
tude followed the value proposed by Dawson and Walker [37], as shown
in Eq. (3).

o = 0028 ¢(f, / ac,)m ®3)

where, f, is the yield stress and o, is the critical elastic buckling stress of
the slenderest constituent plate element of the section and ¢ is the plate
thickness. The test results indicate that local buckling governs the failure
mechanism of all specimens, with no instances of global buckling
observed. The first mode of local buckling of all specimens is shown in
Fig. 4. While the local imperfection mode shape of W-H6-0.4 is not
explicitly depicted in Fig. 4, it is identical to that of W-H6-0.2. This is
due to the fact that both specimens share identical dimensional pa-
rameters, and the eigenvalue method was employed to extract the mode
shapes. As a result, the local buckling mode without any external load
remains consistent between the two specimens, making the represen-
tation of W-H6-0.2 applicable to W-H6-0.4.

The boundary conditions at the ends of the H-shaped columns were
meticulously selected to replicate the experimental arrangement. The
column base was fixed in all degrees of freedom to simulate the
connection between the end plate and the laboratory floor. Moreover,
the top faces were linked to a reference point located at the centroid of
the column cross-section. As shown in Fig. 1, these top faces were
restricted from lateral displacement along the Z axis and rotation in both
the axial (ZY plane) and longitudinal (XZ plane) directions.

Geometric nonlinearity was activated to facilitate large displacement
analysis by enabling the (*NLGEOM) option. Residual stresses were
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Fig. 3. Engineering and true stress-strain curves for (a) 4 mm thick plate and (b) 6 mm thick plate.
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Fig. 4. Local imperfection mode shapes: (a) W-H1-0.2; (b) W-H2-0.2; (c) W-
H3-0.2; (d) W-H6-0.2.

disregarded in this study since their effects were found to be negligible
[38,39]. Initially, the axial load was applied to the FE models and sub-
sequently maintained at a constant level. Illustrated in Fig. 5, a cyclic
horizontal load was gradually increased, following the loading protocol
presented in Fig. 4 of [33], and reached lateral displacement amplitudes
of up to 104y.

110

A (mm)

0 10 20 30 40 50 60 70 80 90 100110120130
Cycle

Fig. 5. Loading protocol [33].

2.3. Validation of the FE models

The validation study analysed five H-shaped carbon steel beam-
column specimens with varying flange width-thickness ratios, web
width-thickness ratios, and axial force ratios. Different steel plate con-
figurations were used to investigate the interactive effects of these ratios
on weak-axis hysteretic behaviour. The developed FE models were
validated against experimental results, which entailed comparing
various parameters such as the yield moment (M), ultimate moment
(M), moment-rotation hysteresis curves, M/M, -Rotation (6) curve, and
failure modes. As the number of results was extensive, only a few are
presented here. The summary of the beam-column end moments and
rotations from both the test and FE model is outlined in Table, with M,
My, and 6, denoting the yield moment, ultimate moment, and yield
rotation, respectively. Currently, no standardised method exists for
determining yield rotation (6,); however, it is generally accepted that ¢,
can be defined as the intersection point of a horizontal line at the ulti-
mate moment (M,) with the extension of the initial tangent stiffness line
[40]. Furthermore, the yield rotation can be determined using elastic
theory, where 6y is expressed as M. /Ko, with K representing the stiff-
ness of the beam-column, given by 3EI/L.

The developed models demonstrate a high level of predictive accu-
racy, as indicated in Table 2. On average, they predict the elastic and
ultimate moment resistance, as well as yield rotation of the test speci-
mens reported in the literature within a margin of 6.5 %. Additionally,
Figs. 6 and 7 demonstrate that the predicted M — 0 hysteretic curves and

Table 2
Comparison of the experimental and numerical results.

Parameter  Unit Specimen no.
H- H- H- H- H-
W1-0.2 W2-0.2 W3-0.2 W6-0.2 W6-0.4
M, (Test) (:(nl\)l' 22.6 12.3 17.4 12.3 9.2
(kN.
M, (FE) m) 21.93 11.78 18.24 11.52 8.96
N/
Ko m 2260 1352 1526 1353 1353
Error % 2.96 4.24 4.84 6.36 2.61
M, (Test) (;1\)1. 31.2 24.2 24.4 21.4 20.8
(kN.
M, (FE) m) 30.82 25.02 23.69 22.48 22.38
Error % 1.23 3.37 2.89 5.05 7.57
Oy (Test) (rad) 0.01 0.0091 0.0114 0.0091 0.0068
0y (FE) (rad) 0.0097 0.0087 0.0119 0.0085 0.0066
Error % 2.96 4.46 4.64 6.45 2.61
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Fig. 7. Comparison of FE simulation and experimental M/M),.-rotation: (a)W-H1, W-H2, W-H3 (b) W-H6.

the M/Mp. — 6 curves exhibit a similar shape and pattern to the exper-
imental curve. Nonetheless, the predicted stiffness of the hysteretic
curve from FE models exceeds the measured stiffness for the specimens.
Some inconsistencies between the test and FE results were noted in the
M-6 and M/M,. — 6 diagrams, especially in the negative segment.

References [16, 28, 38] suggest that the hysteresis diagram should show
nearly symmetrical behaviour at critical points, such as yield moment,
rotation, and ultimate moments. However, the observed asymmetry in
the experimental hysteresis diagram led to discrepancies when vali-
dating the numerical results. This asymmetry is primarily attributed to
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deformation of the supporting structure and possible slippage between
the specimen's end plate and the support's upper surface. Therefore, in
practical applications, the reinforced connection at the bottom may not
function as an ideal rigid connection.

The failure modes observed in the FE models closely aligned with
those in physical experiments, as shown in Fig. 8. Based on the com-
parisons between the FE models and the test results discussed in this
section, it can be concluded that the FE models reliably produce accu-
rate, consistent, and safe-side predictions of the test response. Therefore,
they are suitable for conducting parametric studies on the cyclic per-
formance of H-shaped steel beam-columns.

3. Parametric study
3.1. Design of experiments using Taguchi method

Genichi Taguchi developed statistical techniques, known as Taguchi
methods, to improve the quality of manufactured goods. Recently, these
methods have found applications in engineering as well [41-43]. The
Taguchi method is a systematic and effective tool for system design,
optimising parameter settings to minimise variation. In this section, this
method is used to streamline multiple numerical analyses into a select
few, ensuring accuracy.

The Taguchi method uses orthogonal arrays to optimise multiple
variables with minimal experiments, outperforming traditional designs
[42]. This study employed the Taguchi L27 orthogonal array with seven
control factors, each at three levels: column length, stiffener spacing,
material classification, section classification, load ratio, stiffener thick-
ness, and number of local buckling modes. Table 3 outlines the control
factors and levels. MINITAB software [44] generated the L27 array,
covering all combinations of the seven factors across three levels, as
shown in Table 4, which enables detailed analysis of factor interactions.

This study uses the Taguchi method's Main Effects Plot for Means to
evaluate the impact of control factors on column ductility. By analysing
mean responses, it identifies optimal ductility levels. Combining Tagu-
chi design with ANOVA helps pinpoint significant variables and refine
process parameters, enhancing the precision and effectiveness of

Journal of Constructional Steel Research 227 (2025) 109370

Table 3
Control factors and levels.
Factor No. Input parameters (Factors) Levels
1 2 3
1 Length of column (mm) 1000 1500 2000
2 Stiffener spacing (mm) 250 500 750
3 Material Austenitic Ferritic Duplex
4 Classification Class 1 Class 3 Class 4
5 Load ratio 0.2 0.3 0.4
6 Stiffeners thickness (mm) 10 12 15
7 Local buckling modes No. 1 3 5

optimisation. The Taguchi method was crucial in this study, significantly
reducing the number of experiments. A factorial design would have
required 2187 experiments, but the Taguchi method minimised effort
while ensuring robust, reliable results.

3.2. Finite element approach

After validating the FE models, a parametric study was conducted
using the commercial software ANSYS [32]. Mesh operations followed
the procedures outlined earlier. The eigenvalue buckling method iden-
tified global and local buckling modes, with the first global mode being
bending. Initial load eccentricity was simulated by introducing a geo-
metric imperfection of L/1000 at the column's mid-height. Column
lengths (L) are listed in Table 4. Local imperfection amplitudes were
incorporated into the FE models for stainless steel material using the
Dawson and Walker model [45] according to Eq. (4), where o2 is the
0.2 % proof stress, t represents the plate thickness and o, denotes the
plate's critical elastic buckling stress. The Taguchi Design of Experiments
control factor determines the number of the first local buckling mode,
denoted as “ local buckling modes No.”.

wo = 0.023t(fo.2/0c) 4

The experiment used stiffeners of 10 mm, 12 mm, and 15 mm
thickness, placed at distances of 250 mm, 500 mm, and 750 mm from the
column's fixed bottom end. This arrangement, outlined in Table 4,

W-H6-0.4

Fig. 8. Comparison of failure mode between FE result and test result (experimental work by [33]).
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Table 4
TAGUCHI Design of Experiments L27 orthogonal array.

Journal of Constructional Steel Research 227 (2025) 109370

Case Length (mm) Stiffener spacing (mm) Material Classification Load-ratio Stiffener Thickness (mm) Local buckling modes No.
1 1000 250 Austenitic Class 1 0.2 10 1
2 0.3 12 3
3 0.4 15 5
4 1000 500 Ferritic Class 3 0.2 10 1
5 0.3 12 3
6 0.4 15 5
7 1000 750 Duplex Class 4 0.2 10 1
8 0.3 12 3
9 0.4 15 5
10 1500 250 Ferritic Class 4 0.2 12 5
11 0.3 15 1
12 0.4 10 3
13 1500 500 Duplex Class 1 0.2 12 5
14 0.3 15 1
15 0.4 10 3
16 1500 750 Austenitic Class 3 0.2 12 5
17 0.3 15 1
18 0.4 10 3
19 2000 250 Duplex Class 3 0.2 15 3
20 0.3 10 5
21 0.4 12 1
22 2000 500 Austenitic Class 4 0.2 15 3
23 0.3 10 5
24 0.4 12 1
25 2000 750 Ferritic Class 1 0.2 15 3
26 0.3 10 5
27 0.4 12 1
followed the Taguchi experimental setup to ensure consistency across all my
parametric study cases. =200, (M _fy'()) +ey0.fr0 < 0 < fuo ®)
The parametric study used common carbon steel defined in Section 2 Eoze fuo =Fro

and key stainless steel grades: austenitic (EN 1.4571), ferritic (EN
1.4003), and duplex (EN 1.4462). Austenitic stainless steels with 17-18
% chromium and 8-11 % nickel offer excellent ductility, toughness, and
corrosion resistance. Ferritic stainless steel is stronger than carbon steel
but less ductile than Austenitic. Duplex stainless steel combines
austenite and ferrite, providing greater strength but reduced deform-
ability compared to austenitic grades. [28,46]. The modelling proced-
ures from Section 2 were applied using the hot-rolled stainless steel
properties from Afshan et al. [19], as detailed in Table 5, for the para-
metric numerical studies. This ensured an accurate representation of
stainless steel's characteristics, including key mechanical properties
[47], cross-sectional dimensions, and section classifications. Addition-
ally, a multi-linear kinematic hardening model was employed in ANSYS
where appropriate to capture the material's nonlinear behaviour.

Table 5 defines the following symbols: E represents Young's modulus,
fy is the yield stress (0.2 % proof stress), f, is the ultimate tensile stress,
and ¢, is the strain at ultimate tensile stress. The parameters n and m
relate to the Ramberg-Osgood formulation [47], used to model the
nonlinear stress-strain response of stainless steel. This material model,
often used in a two-stage form, is described by Egs. (5) and (6).

The cross-sections used were H sections, with four numbers indi-
cating section depth, width, web thickness, and flange thickness. Section
classification calculations followed EN 1993-1-4 [48], categorising the
cross-sections as shown in Table 5. This classification ensures compli-
ance with design codes while accurately assessing local buckling resis-
tance and determining slenderness limits. The impact of axial force ratio
was analysed at three levels (n = N/Ny): 0.2, 0.3, and 0.4, where Ny is the
nominal yield axial load.

Fig. 9 presents the true stress-strain curves used as input for the finite
element (FE) models for all stainless steel materials, with the corre-
sponding material properties detailed in Table 5.

4. Results and discussions
4.1. Hysteresis diagrams and ductility

This research examines the effects of seven parameters (Table 3) on
the ductility of steel columns subjected to axial and cyclic lateral loads,

utilising ANSYS. This is critical for seismic design, as ductility reflects
the members' plastic deformability. The analysis focuses on the ductility

69 = (00/Ey) +0.002 (J / 5, ﬂ)”ﬂ?o <fro ) rfatio (u :.Hu/Hy), where ultimate rotation (6,) corresponds to the rota-
tion at ultimate moment strength.
Table 5
Material properties [47] and section classification [48].
Stainless steel grade E (N/mm?) fy (N/mm?) fu (N/mm?) £y n m Cross-section Classification
Austenitic; 200,000 280 580 0.5 9.1 2.3 H- 300 x 150 x 6 x 10 Class 1
EN 1.4571 H-300 x 150 x 4 x 6 Class 3
H- 300 x 200 x 4 x 6 Class 4
Ferritic; 200,000 320 480 0.16 17.2 2.8 H- 300 x 150 x 6 x 10 Class 1
EN 1.4003 H- 300 x 200 x 6 x 10 Class 3
H-300 x 150 x 4 x 6 Class 4
Duplex; 200,000 530 770 0.3 9.3 3.6 H- 300 x 100 x 6 x 10 Class 1
EN 1.4662 H- 300 x 150 x 6 x 10 Class 3
H- 300 x 200 x 6 x 10 Class 4
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Fig. 9. True stress-strain curves for FE input of stainless steel materials.

By varying parameters within the design of experiments, the study
examined their impact on structural performance under seismic condi-
tions The hysteresis diagram results shown in Fig. 10 are compiled in
Table 6, displaying the ductility ratios of the specimens.

After the FE analysis, Taguchi analysis was performed using Minitab
v.22 to identify optimal conditions for each control factor and assess
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their impact on column ductility. Mean responses for each control factor
level were calculated and organised in Table 7, showing the average
effect of each factor. The results were plotted in Fig. 11 to illustrate the
impact on ductility. (See Table 8.)

In Table 7, the mean responses represent average values for each
factor and level. Delta shows the impact range by indicating the differ-
ence between the maximum and minimum mean responses for each
factor. Factors are ranked by Delta, with column length ranked 1,
indicating the most significant effect. The results in Table 7 and Fig. 11
show that length, stiffener spacing, material grade, and classification are
the most influential factors, while imperfection, stiffener thickness, and
load ratio have minimal impact.

Column length, with a Delta value of 4.833, significantly affects
cyclic performance by influencing slenderness, buckling, stress distri-
bution, and bending. Longer columns are more prone to buckling, lateral
displacement, and flexural stress, reducing ductility and cyclic perfor-
mance. Material nonlinearity and P-Delta effects further destabilise
longer columns. Stiffener spacing ranks second, improving ductility by
preventing local buckling and maintaining stability [49,50]. Though less
impactful than column length and material grades, it helps manage
buckling modes and delays plastic hinge formation, enhancing resil-
ience. Column length affects buckling through slenderness, while ma-
terial grades influence mechanical properties and energy dissipation,
vital for overall stability. Material grade ranks third, with a mean
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Fig. 10. Hysteresis diagram.
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Table 6
Results for numerical analyses.
Case M, (kN.  Ko(N/ 6, M, kN. 6, = 0,/0,
No. m) m) (rad) m) (rad)
1 20.926 3378 0.0062 41.407 0.0949 15.31
2 20.298 3378 0.0060 40.106 0.0841 14.02
3 10.739 3378 0.0032 37.756 0.0611 19.09
(max)
4 49.512 8004 0.0062 79.308 0.0479 7.73
5 48.171 8004 0.0060 78.458 0.0483 8.05
6 46.746 8004 0.0058 72.429 0.0265 4.57
7 90.575 8004 0.0113 127.46 0.0507 4.49
8 88.396 8004 0.0110 122.04 0.0506 4.60
9 50.087 8004 0.0063 117.64 0.0397 6.30
10 16.394 1352 0.0121 23.328 0.0517 4.27
11 16.571 1352 0.0123 22.546 0.0447 3.63
12 12.025 1352 0.0089 20.971 0.037 4.16
13 13.92 668 0.0208 22.707 0.100 4.81
14 9.63 668 0.0144 19.968 0.069 4.79
15 5.57 668 0.0083 14.21 0.032 3.86
16 11.30 1352 0.0083 20.91 0.0518 6.24
17 10.70 1352 0.0079 20.31 0.0526 6.66
18 10.20 1352 0.0075 18.44 0.0369 4.92
19 26.80 1689 0.0159 54.56 0.0733 4.61
20 25.20 1689 0.0149 50.07 0.0758 5.09
21 13.30 1689 0.0079 44.21 0.0782 9.90
22 15.70 2400 0.0065 33.18 0.0339 5.22
23 15.30 2400 0.0064 31.04 0.0279 4.36
24 14.60 2400 0.0061 27.27 0.0217 3.56
25 40.20 1689 0.0238 72.76 0.0632 2.66
26 39.20 1689 0.0232 71.67 0.0637 2.75
27 38.80 1689 0.0229 69.14 0.059 2.58
(min)

response of 8.822. Stainless steel grades like austenitic, duplex, and
ferritic significantly affect column performance under seismic loads due
to their mechanical properties. Austenitic steel offers high deformation
capacity, ideal for absorbing seismic energy, while duplex balances
strength and deformability. Ferritic steel has lower deformability and is
more prone to brittle failure. Material grade and stiffener spacing are
nearly equal in influence, with only a 0.2 % difference in their delta
values. As illustrated in Fig. 11, Class 1 sections have high ductility,
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plastic moment, show moderate ductility and reduced stability. Class 4
sections, buckling below the yield point, exhibit minimal ductility and
poor cyclic response with rapid strength and stiffness loss. The number
of local buckling modes has little effect on column ductility and cyclic
performance, as local buckling mostly impacts slender section stability.
Imperfections cause small geometric deviations that can accelerate local
buckling during cyclic loading. However, global buckling and overall
structural stability have a greater impact on performance. While im-
perfections slightly reduce ductility, they do not significantly affect
energy dissipation or dominate the cyclic behaviour. Investigating
stiffener thickness in H-section steel columns shows that minor changes
do not significantly impact performance. Increasing the thickness from
10 mm to 12 mm improves ductility by enhancing stress distribution and
preventing local buckling, allowing the structure to handle higher cyclic
loads. However, at 15 mm, ductility decreases slightly due to reduced
flexibility. Thicker stiffeners increase stiffness, limiting inelastic defor-
mation and creating higher stress concentrations. This makes the
structure more rigid, reducing its energy absorption and deformation
capacity under cyclic loading. The balance between flexibility and
stiffness shifts, hindering the structure's ability to dissipate energy and
deform plastically. Optimal stiffness-flexibility balance is key to max-
imising cyclic performance. For the load ratio also, we observe struc-
ture's ability to absorb more energy during hysteretic cycles at load ratio
of 0.4. The reason behind this is that higher load ratios induce larger
plastic deformations, contributing to greater energy dissipation. How-
ever, the performance at lower load ratios shows an improved ductility,
as these ratios don't reach the threshold for significant plastic defor-
mation. Therefore, the load ratio's influence is tied not only to ductility
but also to the overall energy dissipation capacity of the structure, which
is critical during cyclic loading.

According to Fig. 11, the Standard Error of the Regression (S) is
1.806, indicating how closely observed values align with the regression
line. The R-Squared (R-Sq) is 0.906, showing strong variability expla-
nation by the independent variables, while the Adjusted R-Squared (R-

Table 8
Modal summary.

allowing significant plastic deformation and excellent cyclic perfor- S R-Sq R-5q (ad))
mance. Class 3 sections, limited by local buckling before reaching full 1.806 90.68 % 79.80 %
Table 7
The mean response for each level of every control factor.
Level Length (mm) Stiffener spacing (mm) Material grade Classification Local buckling mode No. Stiffener Thickness (mm) Load ratio
1 9.360 8.917 8.822 7.777 6.520 5.857 6.142
2 4.812 5.213 4.483 6.412 5.778 6.440 5.988
3 4.527 4.569 5.393 4.510 6.401 6.402 6.569
Delta 4.833 4.348 4.339 3.267 0.742 0.583 0.581
Rank 1 2 3 4 5 6 7
Length Stiffener spacing Material Cross-section Load ratio Stiffener thickness  Imperfection
10 10 10 10 10 10 10
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Fig. 11. Effect of levels of control factors on ductility (Values for lengths, stiffener spacing, and thickness are in millimeters).
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Sq(adj)) is 0.798, accounting for predictors. High R-Sq and R-Sq(adj)
values indicate a strong model fit, though residual error suggests un-
accounted factors. Overall, lower S indicates precision, and the R-Sq
metrics confirm model effectiveness, though further exploration of un-
explained factors is advised.

To identify significant control parameters affecting column ductility,
analysis of variance (ANOVA) was conducted, as shown in Table 9. The
ANOVA table attributes data variability to the different factors in the
model.

Table 9 shows that the first four control factors impact column
ductility by 31.54 %, 23.61 %, 22.45 %, and 11.54 %, respectively.
Lower P-values (< 0.05) indicate statistical significance. Thus, column
length, stiffener spacing, material grade, and cross-section were identi-
fied as significant control parameters.

In general, Fig. 10 shows that increasing the axial load ratio from 0.2
to 0.3 slightly decreases ductility, but increasing it further to 0.4 im-
proves overall ductility. Table 6 reveals that the lowest ductility ratios
are found in the last three cases with ferritic material and a column
length of 2000 mm, with case 27 (load ratio 0.4) showing the lowest.
Conversely, the highest ductility ratios are observed in the first three
cases, which feature a column length of 1000 mm and Austenitic ma-
terial grade. The third case, with a load ratio of 0.4 and high axial force,
shows the greatest ductility, followed by the first case with a load ratio
of 0.2. These findings indicate that real plastic capacity may not be fully
captured by the ductility ratio alone, underscoring the importance of
also evaluating energy dissipation capacity.

4.2. Energy dissipation capacity

Given that structures must absorb seismic energy during earth-
quakes, assessing columns' energy dissipation capacity is crucial. In this
section, the hysteresis curves of 27 cases depicted in Fig. 10 are analysed
to evaluate this capacity. The hysteresis curve is key in seismic analysis,
showing energy dissipation, stiffness and strength degradation, and
ductility [51], all critical for seismic resilience. The accumulated energy
dissipation (AED) is quantified from the hysteresis curve, representing
the total energy dissipated during all loading cycles, illustrated by the
area within each hysteresis loop.

The plots in Fig. 12 show the relationship between AED and loading
cycles for all 27 cases. Initially, the AED changes minimally, indicating
the column remains in its elastic range. Around 15-20 cycles, the AED
increases across all cases, marking the column's transition into the
elastic-plastic phase. The analysis shows an inverse relationship be-
tween AED and load ratio, with AED values highest at a load ratio of 0.2,
followed by 0.3, and lowest at 0.4. This trend is most evident in the first
nine cases, though some combinations of load ratio, local buckling
modes, and stiffener thickness show slight deviations. While case 3 (load
ratio 0.4) has the highest ductility, case 7 (load ratio 0.2) has the highest
AED. Given the multiple factors affecting cyclic performance, including
section size, classification, material grades, and load ratios, both AED
and ductility must be considered to fully understand structural
behaviour.
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4.3. Effect of load ratio

To explore load ratio effects, Fig. 13 shows failure modes for three
cases with the same material and length but load ratios of 0.2, 0.3, and
0.4. Despite slight changes in stiffener thickness, key differences emerge
in the column's bottom sections. Case 1 (load ratio 0.2) shows a
maximum strain of 0.083, Case 2 (ratio 0.3) reaches 0.178, and Case 3
(ratio 0.4) records 0.41, with plastic deformation more than doubling
from 0.2 to 0.3 and increasing fivefold from 0.2 to 0.4. At lower load
ratios, bending failure is predominant, with symmetric deformation at
0.2. However, increasing the load ratio to 0.3 disrupts this symmetry,
resulting in uneven failure behaviour across the web, though the
maximum deformation still occurs in the flanges. At a load ratio of 0.4,
the deformation pattern resembles that at a load ratio of 0.3, but the
maximum stress shifts to the web. As axial load levels increase, columns
experience greater local buckling in the flanges and web, leading to
more brittle and abrupt failures.

To highlight the differences in failure behaviour between stub and
slender columns, Fig. 14 shows the failure mechanism and plastic strain
propagation in 2000 mm columns for cases 19, 20, and 21. In these
longer columns, the maximum plastic strain occurs on the flange farthest
from the web. As the column length increases, higher load ratios amplify
axial compressive forces, shifting the maximum strain toward the col-
umn's centre. The buckling pattern transitions from the first to higher
modes, with plastic strain progressively spreading from the flanges to
the web as the load ratio rises. This highlights the critical importance of
considering both column length and load ratio when evaluating failure
mechanisms in steel H-section columns.

4.4. Material comparison

To compare material performance, Case 10, with a 1500 mm column
length, was analysed using austenitic, ferritic, and duplex stainless
steels, along with carbon steel (CS). Axial force ratios of 0.2, 0.4, and 0.6
were used to assess the impact of load ratio across these materials. The
hysteresis curves at a 0.2 load ratio, shown in Fig. 15(a), indicate that
austenitic stainless steel has the highest ductility at 3.71, followed by
ferritic and duplex steels at 3.69 and 3.02, respectively. Carbon steel
exhibited the lowest ductility, at 2.1.

The moment-rotation hysteresis curves reveal that stainless steels,
especially austenitic and duplex grades, outperform carbon steel under
cyclic loading. Stainless steels show broader loops, indicating higher
energy dissipation and better ductility, while carbon steel exhibits
pinching and narrow loops, reflecting more stiffness loss and fatigue
risk. Austenitic stainless steel shows strong cyclic stability with minimal
degradation. Ferritic stainless steel behaves similarly but with narrower
loops and more stiffness loss. Duplex stainless steel balances strength
and ductility, whereas carbon steel experiences the greatest stiffness loss
and fatigue susceptibility.

Carbon steel structures fail sooner and endure fewer loading cycles
than stainless steel. Stainless steel's superior ductility allows for greater
deformation and energy absorption, making it ideal for seismic appli-
cations. Its strain hardening, especially in austenitic and duplex grades,

Table 9

Analysis of Variance for Means.
Source DF Seq SS Adj SS Adj MS F P Percent%
Length 2 132.377 132.377 66.1883 20.30 0.000 31.54
Stiffener spacing 2 99.098 99.098 49.5492 15.20 0.001 23.61
Material grade 2 94.234 94.234 47.1168 14.45 0.001 22.45
Classification 2 48.453 48.453 24.2264 7.43 0.008 11.54
Local buckling mode No. 2 2.861 2.861 1.4304 0.44 0.655 0.68
Stiffener thickness 2 1.918 1.918 0.9589 0.29 0.750 0.46
Load ratio 2 1.631 1.631 0.8154 0.25 0.783 0.39
Residual Error 12 39.128 39.128 3.2606 9.32
Total 26 419.699 100.00
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Fig. 14. Failure mechanism and plastic strain propagation- Case 19,20, and 21.

increases strength under repeated loads. With excellent corrosion
resistance, stainless steel provides better long-term performance and
durability. Examining the hysteresis curves at different load levels (0.2,
0.4, and 0.6) reveals distinct material performance differences. At 0.2,
all materials show broader loops, indicating higher energy dissipation,
with duplex and ferritic stainless steels absorbing more energy. Carbon
steel, however, shows less hysteresis, indicating lower energy dissipa-
tion and stiffness degradation. At 0.4, pinching increases, especially for
carbon steel, signalling significant stiffness loss. Stainless steels retain

better cyclic stability. At 0.6, all materials experience pronounced
pinching, with carbon steel showing the narrowest curve and reduced
energy dissipation, while duplex stainless steel remains more resilient,
though its performance also declines.

Fig. 16 shows the hysteretic load-displacement curves for various
stainless steel grades and carbon steel under cyclic loading. The skeleton
curves, connecting peak load-displacement points, depict the overall
cyclic response. Austenitic and ferritic stainless steels exhibit relatively
symmetric cyclic behaviour with smooth transitions between positive
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Fig. 15. Moment-rotation hysteresis curves for all materials for case 10, comparing load levels of 0.2, 0.4, and 0.6.

and negative loads, indicating consistent performance. In contrast,
duplex steel shows a sharper response, suggesting increased stiffness.

In Fig. 16, austenitic steel (red) shows a ductile response with wider
hysteresis loops, indicating higher energy dissipation. Ferritic (green)
and carbon steel (yellow) exhibit pinched loops, reflecting reduced en-
ergy dissipation and potential degradation. Duplex steel (blue) has
higher peak load capacity but narrower loops, suggesting less energy
absorption than austenitic steel.

The skeleton curves provide critical insights into the failure modes of
these materials, as shown in Fig. 17. reveal failure modes for different
steels under cyclic loading, with maximum strain values shown.
Austenitic stainless steel (0.122 max strain) has relatively uniform strain
distribution, indicating moderate deformation without excessive local-
ised failure. Ferritic stainless steel (0.143 max strain) shows more strain
concentration near the flanges, suggesting a higher tendency for defor-
mation but still stable behaviour. Duplex stainless steel (0.149 max
strain) exhibits more localised strain, indicating higher stiffness and
increased susceptibility to localised failure. Carbon steel (0.652 max
strain) displays significant strain concentration, especially near the
cross-sectional area, reflecting substantial localised deformation and a
higher likelihood of failure.

In Fig. 18(a), the AED vs. cycles graph shows that duplex and
austenitic stainless steels dissipate significantly more energy as cycles
increase compared to carbon steel, which has the lowest AED. Ferritic
stainless steel performs better than carbon steel but lags behind duplex
and austenitic steels. As cycles increase, the gap widens, with duplex
stainless steel showing the steepest AED rise, indicating superior energy
absorption capacity under repeated loading.

In Fig. 18(b), duplex stainless steel shows the highest stress
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amplitude across cycles, followed by ferritic and austenitic steels, with
carbon steel consistently lowest. Carbon steel stabilises after a modest
initial increase, indicating limited strain hardening. In contrast, stainless
steels, especially duplex, continue increasing in stress amplitude,
showing superior strain hardening and cyclic performance. Ferritic and
austenitic steels also rise but with lower amplitudes than duplex. As
cycles increase, the gap widens, highlighting carbon steel's lower resil-
ience compared to stainless steels.

A key limitation of this study is its use of simplified cyclic loading
protocols, which don't fully reflect the complexity of real seismic events.
Future research should explore more realistic multi-directional forces
and include temperature variations, particularly under fire exposure, as
these can affect steel's performance. Additionally, studying long-term
fatigue under repeated, low-intensity tremors could improve design
codes for regions with frequent seismic activity. Finally, while duplex
and austenitic stainless steels perform well, their high costs limit use, so
future work should focus on cost-effective solutions and life-cycle as-
sessments to increase their viability.

5. Conclusion

This study investigates the seismic performance of steel columns
using the Taguchi method for experimental design and the Finite
Element Method (FEM) for simulations. Seven key parameters—column
length, stiffener spacing, material classification, load ratio, stiffener
thickness, and local buckling modes—were analysed. The Taguchi
method, using an L27 orthogonal array, reduced the necessary tests from
2187 to 27 while ensuring reliable results. ANOVA identified column
length, stiffener spacing, and material grade as the most critical factors
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Fig. 17. Comparative Failure Mechanisms of Different Materials: a) Austenitic Stainless Steel, b) Ferritic Stainless Steel, ¢) Duplex Stainless Steel, d) Carbon steel.

affecting ductility under cyclic loading.

Ductility ratios ranged from 19.09 for austenitic steel columns with a
0.4 load ratio to 2.58 for ferritic steel columns of 2000 mm at the
same ratio.

Longer columns showed reduced ductility due to increased slender-
ness and a higher risk of buckling.

Stiffener spacing also played a key role, with closer spacing pre-
venting local buckling and enhancing load-carrying capacity.
Austenitic stainless steel showed the highest accumulated energy
dissipation (AED), especially at a 0.2 load ratio, with broader hys-
teresis loops indicating better energy absorption and lower stiffness
degradation.

Duplex stainless steel exhibited narrower loops but higher maximum
cyclic strength, indicating better stiffness retention. Its higher cyclic
strength makes duplex steel ideal for seismic applications requiring
strength under repeated loading.
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Austenitic stainless steel displayed the highest ultimate rotation ca-
pacity, meaning it can undergo large plastic deformations before
failure, crucial for absorbing energy during earthquakes.

Duplex stainless steel, with its higher cyclic strength, is beneficial for
structures in seismic regions where resilience against intense loads is
needed, though its narrower loops suggest lower energy absorption.

The analysis of failure modes revealed distinct behaviours among the

materials.

Austenitic stainless steel exhibited uniform strain distribution with a
maximum strain of 0.122, indicating moderate deformation and
strong resilience under cyclic loading.

Ferritic stainless steel showed localised strain near the flanges, with a
maximum strain of 0.143, reflecting a higher tendency for defor-
mation but stable performance.

Duplex stainless steel, with a maximum strain of 0.149, demon-
strated increased stiffness and more concentrated strain, raising
susceptibility to localised failures.
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Fig. 18. Comparison of a) AED vs. cycles and b) stress amplitude (MPa) vs. cycles for carbon steel and different grades of stainless steel in case 10 column.

e Carbon steel experienced the most significant strain concentration
(0.652), indicating a higher likelihood of brittle failure under seismic
loads.

In conclusion, the study emphasizes optimising column length,
stiffener spacing, and material selection for seismic applications.
Austenitic stainless steel is ideal for seismic zones due to its high
ductility and energy absorption, while duplex stainless steel offers
strength and resilience where moderate ductility is sufficient. Ferritic
stainless steel performs better than carbon steel and is suitable for less
demanding applications, though it lacks the ductility of austenitic
grades. For practical design applications, when the column length is
significant and slenderness becomes a concern, it is recommended to use
closer stiffener spacing in conjunction with high-performance materials,
such as austenitic or duplex grades. This approach helps prevent local
buckling and enhances the overall seismic resilience of the structure,
particularly in critical seismic zones. However, this study simplifies real
seismic conditions by using basic cyclic loading protocols. Future
research should explore multi-directional loading and temperature ef-
fects to fully capture real-world behaviour.
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