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Abstract

Light steel-framed buildings using cold-formed steel (CFS) profiles are common in
low- to mid-rise structures, with CFS strap-braced frames as primary lateral force-
resisting systems. This study investigates CFS strap-braced walls, in which the studs
are optimised as beam-column elements, to improve seismic performance and de-
sign efficiency. A representative cross-section, based on commercially available pro-
files, is selected and optimised to achieve maximum load-bearing capacity while
complying with standard and market constraints. Finite element (FE) models of CFS
strap-braced walls with both commercially available and optimised stud sections are
then developed. The influence of gravity loads, which is ignored in the conventional
design of CFS strap-braced walls, is examined by applying various load intensities
based on the total compressive strength of the chords and studs. Performance eval-
uation involves the compliance against maximum allowable drift limits without any
premature failure due to the P-A effect in the chord studs. The findings contribute
to the advancement of seismic design methodologies for CFS structures by providing
a framework for optimising CFS strap-braced frames, thereby enhancing their duc-

UK tility, safety, and stability in earthquake-prone regions.
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1 Introduction

Cold-formed steel (CFS) offers significant advantages, in-
cluding a high strength-to-weight ratio, durability, and re-
cyclability, making it a sustainable and cost-effective
choice. Its lightweight nature facilitates transportation and
quick installation, while its adaptability allows for efficient
section design and off-site manufacturing, reducing waste
and construction time. Additionally, CFS members can
serve as primary force-resisting systems in multi-storey
structures, effectively withstanding both vertical and lat-
eral forces from wind and earthquakes. In these struc-
tures, strap-braced stud walls provide lateral load re-
sistance, with bracing systems available in various
configurations such as X-shaped [1], K-braced [2], knee-
braced, or combinations of these types.

Various studies [1-3] have explored the behaviour of CFS
strap-braced walls, particularly their performance under
monotonic and cyclic loading. Al-Kharat and Rogers [1]
conducted experimental evaluations of light, medium, and

heavy CFS strap-braced walls, revealing that heavy panels
exhibited insufficient ductility. Similarly, Zeynalin and
Ronagh [3] investigated CFS strap-braced walls with a 1:1
aspect ratio, analysing the influence of strap quantities,
angles and brackets under cyclic loading. Their findings
demonstrated that these walls exhibited stable hysteretic
performance and could be considered structurally reliable.
While shake-table test performed by [4] have provided in-
sights into CFS wall behaviour, the combined effects of
gravity and lateral loads have often been overlooked. Rad
et al. [5] addressed this limitation by conducting full-scale
cyclic tests on two-story CFS strap-braced systems,
demonstrating a strong elastic-plastic response when
proper detailing was applied.

Optimization techniques are widely used in structural en-
gineering to maximise capacity and stiffness or to mini-
mise cost, carbon emission and weight. Various algo-
rithms, including metaheuristic, deterministic (gradient-
based), and hybrid approaches, can be employed depend-
ing on the design objectives. Ye et al. [6] increased beam
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load-carrying capacity by optimizing various cross-sec-
tional configurations, incorporating edge and intermediate
stiffeners along with segmentally folded flanges. Similarly,
Mojtabaei et al. [7] developed an optimal design method-
ology for CFS beam-column members using a metaheuris-
tic algorithm to maximise load-carrying capacity while
maintaining constant material use, following Eurocode 3.

This study aims to maximise the load-bearing capacity of
CFS strap-braced walls by replacing the commercially
available stud section used in them by the optimised coun-
terparts. The optimisation process was constrained by the
material usage (total coil width and thickness) of the se-
lected section. FE models of walls with both the commer-
cially available and optimised stud sections were devel-
oped and analysed under gravity and lateral loads to
assess their seismic performance. Following this introduc-
tion, Section 2 presents the design process of the CFS
beam-column elements, while Section 3 outlines the opti-
misation method and associated constraints. Section 4 de-
scribes the development and verification of the FE model,
and Section 5 evaluates the seismic performance.

2 CFS beam-column element design according
to Eurocode

In this study, the capacity of the CFS beam-column ele-
ment was determined using the EN1993-1-1 [8], EN1993-
1-3 [9] and EN1993-1-5 [10] standards. The cross-sec-
tional resistance was evaluated by considering both local
and distortional buckling modes, while the member re-
sistance accounted for global instabilities.

2.1 Local-distortional buckling and cross-section
check

The Effective Width Method (EWM) in Eurocode 3 accounts
for local buckling by reducing the load-carrying capacity in
compressed plate areas, potentially shifting the centroid
and introducing additional bending moments. Under bend-
ing, an iterative process is used to locate the neutral axis
and calculate the bending strength using the effective par-
tially plastic section modulus. Distortional buckling, which
commonly occurs in stiffened plates subjected to flexural
or flexural-torsional loading, involves a combination of in-
plane and out-of-plane deformations. Eurocode 3 ad-
dresses this by reducing the effective thickness of the stiff-
ener and adjacent plate regions, with buckling stress cal-
culated by modelling the stiffened section as a
compression element on an elastic foundation.

The cross-section of a CFS beam-column under axial com-
pression and bending moments must satisfy the following
criteria:

Mz,Ed + A1\/Iz,Ed

M cz,Rd

Ngq + My gq + AM,, g4

N c,Rd M, cy,Rd

<1 @)

where N_p, denotes the design compressive resistance of
the cross-section, while M., s and M.z, design moment
resistance about the major (y-axis) and the minor (z-axis)
axes, respectively. The additional moments are calculated
as AM, gq= Nggey, and AM,g,= Ngqey,, Where ey, and ey,
are the shifts of the y- and z-axes, respectively.

2.2 Member resistance

Member resistance requires various calculations for both
pure compression and pure bending. In this regard, global
buckling is considered for pure compression, while lateral-
torsional buckling is assessed under pure bending. Addi-
tionally, member stability was evaluated using the equa-
tions provided in EN 1993-1-3.

3 Optimization process

The optimisation process in this study was performed us-
ing the optimisation code developed by Mojtabaei et al.
[7], which employs the Particle Swarm Optimization (PSO)
algorithm. The objective was to maintain the same mate-
rial usage (i.e., total coil width) as the commercially avail-
able reference section, which served as the benchmark.
Based on this reference, an optimised cross-section was
generated to enhance the load-bearing capacity under ax-
ial compression (Ng;) and major axis bending moment
(M, gq). The bending moment was introduced through an
eccentric (e, ) axial compressive load to effectively maxim-
ise the axial capacity Ny, under realistic loading conditions.

My gqa = Ngg X € 2

In the optimization process, a simply supported beam-col-
umn element with end-fork supports was used, allowing
rotations and warping at the ends, while preventing twist-
ing along the member’s longitudinal axis. This study
adopts a lipped channel section and examines various pa-
rameters, including section thicknesses (1.16, 2, 3, and 4
mm) and eccentricities (0, 100, and 300 mm), to evaluate
and compare the axial compressive load capacity improve-
ments across different cases. To achieve the maximum ax-
ial load-bearing capacity, the Eurocode Design Procedure
for Beam-Column Members and PSO optimization tool in
MATLAB were applied for cross-sectional optimization.

The initial and optimised cross-sectional shapes are
demonstrated in Figure 1. In addition, specific limitations
and constraints defined by standards and the manufactur-
ing process, are provided in Table 1. The design variables
were based on the flange and lip lengths, which are con-
strained by these standards and the manufacturing pro-
cess. The value of # was taken as m/2. Additional con-
straints were applied to ensure proper installation of the
hold-downs (Simpson S/HD10 S, 59 mm depth) on the
CFS strap-braced wall. This constraint focused on the
spacing between the lips of the chord members, ensuring
adequate clearance for the hold-downs to fit securely with-
out interfering with the cross-sectional geometry of the
chords, as follows:

spacing = h—2 X c =60 3)

where h denotes the web height and c represents the lip
length.

Table 1 Optimization design variables, constraints and limitations

Design Constraints based on Mar!ufac.t uflng! &
Variables EC3 practical limitations
(mm)
02<c¢/b<06
_ b/t <60 b =30
;‘1 - 272 ¢/t <50 c>10
z h/t < 500 h = 2csin(8)

n/4 <60 <3n/4
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Design variables which are X; and X, ratio ranges were
computed based on the standard and manufacturing pro-
cess. X; was set between 0.2 and 0.6, while X, was deter-
mined based on the total coil width and material thickness.
The maximum ratio for X, was limited using two different
arrangements to reduce the computational time by nar-
rowing the range.

60 xt
bmin L
< X, <min 4
L 2 bmsx ( )
L
bmsx = L — hin — 2 X Ciin 5)

where b,,;, was set 30 mm, L is the total coil width (300
mm), t, Apin, Cmin represent the thickness, minimum web
height and minimum lip length, respectively.

b=50
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Figure 1 Cross section of: (a) commercially available, (b) optimised
section

3.1 Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO), introduced by Ken-
nedy and Eberhart [11], is a metaheuristic algorithm in-
spired by the collective behaviour of social organisms such
as ants, fish, and birds. Drawing from these natural swarm
dynamics, PSO falls within the broader category of swarm
intelligence techniques. Its fundamental mechanism al-
lows particles to adaptively update their velocities based
on both their own previous best performance and that of
the entire swarm, resulting in an effective combination of
individual learning and group coordination.

4 FE modelling: descriptions and properties

Abaqus [12] has been widely recognised for its capability
in accurately simulate the structural behaviour of CFS wall
panels, minimising the need for extensive experimental
testing. Following the optimization of the C-lipped section
with zero eccentricity (e= 0), FE models of CFS strap-
braced walls were developed using both commercially
available and optimised stud sections. Each wall model
measured 2.44 m x 2.44 m and included top and bottom
rigid plates, tracks, chords, studs, X-shaped straps, bridg-
ing members, hold-downs, L-brackets, and anchor rods
(see in Figure 2).

4.1 Element type and material characterization

The CFS strap-braced walls were modelled using four-
noded S4R shell elements, which are suitable for thin-
walled structures. A mesh sensitivity analysis led to a 15
mm X 15 mm mesh for most members, with a 20 mm x

20 mm mesh for thick plates to reduce computational de-
mand.

Material properties were obtained from experimental
tests, and stress-strain data was converted to true stress-
strain relationships for accurate Abaqus input. The elastic
modulus is 203 GPa, and the Poisson’s ratio is 0.3. Strap
and track have the same yield (f,) and ultimate stress (f,,)
as 296 and 366 MPa, respectively. Also, stud and chord
have the same f, and f, of 325 and 382 MPa, respectively.
In addition, the isotropic hardening model was used for
the monotonic analysis.

Table 2 Material properties

fy (MPa) f. (MPa)
Strap
Track 296 366
Stud
Chord 325 382

4.2 Boundary conditions, loading and connection
modelling

In the FE model, hold-downs (Simpson S/HD10 S) and
tracks were coupled to reference points aligned with the
anchor locations. The bottom reference points were fully
constrained, while the top reference points allowed in-
plane lateral displacement, with out-of-plane translational
and rotational movements restrained. Monotonic loading
was applied up to a maximum allowable inter-storey drift
of 5% [13]. To simulate gravity effects, a 20 mm thick
plate was placed above the top track to ensure uniform
load distribution. The top plate was subjected to a uniform
pressure, proportional to the compressive strength of the
vertical elements, as specified by EN1993-1-3 [9].

The track-to-stud and strap-to-chord screw connections
were modelled using Pham and Moen’s empirical equations
[14]. In Abaqus [12], screws were represented as discrete
fasteners, with each connector’s influence radius linking
surface node displacements and rotations to fastening
points.

4.3 Geometric imperfection

Initial geometric imperfections were incorporated by scal-
ing the first buckling mode shape from an eigenvalue
buckling analysis, following Schafer and Pekdz [15]. Slack
in tension straps was simulated by applying unit lateral
displacements at anchor points, inducing initial compres-
sion in the diagonals. Chord stud imperfections were omit-
ted due to their negligible impact [16], enhancing compu-
tational efficiency in multi-storey models.
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Figure 2 FE model

5 Results

In the optimization process, three different values of e (0,
100, and 300) were considered, along with four thick-

compressive strength of the vertical elements (N,.), was
applied to both frames across a range of load levels. This
was done to examine the P- A responses of the models
and to assess whether they reached the maximum allow-
able drift.

Figure 4 illustrates the FE analysis results, showing the ef-
fects of applying gravity loads ranging from 0% to 50%
N, on both frames. The analysis was conducted using 2
mm thick straps and 1.16 mm thick chords and studs. The
CFS strap-braced frame equipped with the optimised sec-
tion (see Figure 4 (b)) demonstrated consistent perfor-
mance, with most frames achieving the maximum allowa-
ble drift. However, the frames subjected to 43% and 50%
N, are unable to reach this limit. In contrast, CFS strap-
braced frame equipped with commercially available stud
section (see Figure 4 (a)) showed a noticeable reduction
in performance, failing to reach the maximum allowable
drift at several load levels between 22% and 50% N,,,.

nesses (1.16, 2, 3, and 4) for the C-lipped stud element.
These combinations were analysed to explore the relation-
ship between e and thickness. The results show that as e
increases, the capacity improvements between commer-
cially available and optimised sections become smaller. To
exemplify, the capacity improvement for e=0 ranges from
approximately 42% to 91%, while for e=300, it ranges
from about 8% to 25% (see Figure 3). Consequently, the
differences in average capacity improvement of approxi-
mately 45% and 12% can be observed between e=0 and
e=300, as well as between ¢=100 and e=300, respec-
tively.

100 r—
-a=c=()
=== =100
e 2 =300
80 ——

[le=100

[Je=300
60 -

7—

40+

Capacity Improvements (%)

Thickness
Figure 3 Optimization results based on thickness and e

Once the CFS strap-braced wall frames using both com-
mercially available and optimised stud sections were cre-
ated in Abaqus, the gravity load, calculated based on com-
mercially available section considering the total

Drift (%)
0.0 1.0 2.0 3.1 41 5.1 6.1 7.2
75 T T T T T .
(a) i
80w S
: — 0% N,
45+ 1 T% N, ,
pmd y Db
é i 14% N, ,
a £ A A ) S 22% N,
otk e
1 ——29% N,
‘ - - -36%N,,
L e e A R — 43% N, ,
.......... 50% N, ,
0 | | | ! ;
25 50 75 100 125 150 175
A (mm)
Drift (%)

75

0.0 1.0 2.0 31 4.1 51

6.1 7.2

0 25 50 75 100 125 150 175
A (mm)
Figure 4 Monotonic response of (a):commercially available; (b): opti-
mised models

The stiffness (k) (kN/mm) and ductility (u) values were
computed using the bilinear curve shown in Figure 5,
which follows the Equivalent Energy Elastic-Plastic (EEEP)
approach [17]. These values are determined as follows:

P
k=2 (6)
AJ/
=l @
b=
Ay

where P, is the yield load, A, is the yield displacement, and
A, is the ultimate displacement.
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Figure 5 Bilinear curve based on monotonic response

Based on monotonic analysis results, the stiffness and
ductility of both CFS strap-braced frames, equipped with
commercially available and optimised stud sections, were
evaluated under varying vertical load ratios (% N,.) (see
Figure 6). The stiffness of both models exhibits a similar
decreasing trend, with a gradual reduction as the vertical
load increases. For frames with commercially available
stud section, ductility shows a slight decline from 0% to
14% N, ., followed by a significant drop beyond this point.
In contrast, frames with optimised stud section maintains
higher ductility up to 36% N, ., with a noticeable reduction
occurring only at higher vertical load levels. A sharp drop
is observed particularly at 50% N,., where the ductility
value reaches approximately 1.4.

15 T T T T 15
—&— Ductility-Commercially available
- = -Ductility-Optimised
--+-- Stiffness-Commercially available
e __ % Sliffness-Optimised
1071
= il
= Z
=
ST S - ¢
5 -
0 * - * * * - 0
0 ré 14 22 29 36 43 50

% n‘zvt).f
Figure 6 Evaluation of ductility ratio (u) and stiffness (k) of the com-
mercially available and optimised section under varying N, ,

6 Conclusion

This study aimed to enhance the performance of CFS
strap-braced frames by optimising stud (beam-column)
sections within design and manufacturing constraints. The
optimised cross-section was applied to both studs and
chords, and FE models were developed in Abaqus using
both commercially available and optimised stud sections.
Combined gravity and lateral loads were applied to the
frames, with the total gravity load calculated based on the
compressive strength of the vertical elements (i.e., chords
and studs) in the commercially available section. This ref-
erence value was then used to define gravity load levels
ranging from 0% to 50% of N,,, and consistently applied

to both frames. This approach enabled a consistent com-
parison of stiffness, strength, and ductility across configu-
rations.

- The findings demonstrate that variations in eccen-
tricity (e) and thickness during beam-column el-
ement optimization significantly influence to the
improvement of the load-bearing capacity, re-
vealing clear differences between the optimised
and commercially available sections. Moreover,
increased eccentricity results in reduced capacity.

- While low vertical loads have a minimal impact on
lateral performance, higher gravity loads consid-
erably enhance the peak strength, ductility, and
stiffness of frames incorporating the optimised
section, in contrast to those using commercially
available section.
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