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Light-gauge Steel Frame (LSF) walls are expanded nowadays due to several advantages, especially to achieve
economy, sustainability and improved structural performance. The latter has stimulated designers to adopt Cold
Formed Steel (CFS) members as primary components of LSF walls. However, the high thermal conductivity and
slenderness of CFS sections make them vulnerable to mechanical degradation during fire. While numerous
studies have investigated the performance of CFS stud walls under one-sided fire exposure, the investigation on
double-sided fire exposure remains limited, especially for built-up studs. This study investigates the performance
of CFS stud walls under compression loading, subjected to one-sided and double-sided fire exposure. Numerical
models were developed using ANSYS APDL, considering geometric imperfections, material nonlinearities and
contact element effect. The developed models were validated against previous experimental and numerical re-
sults. Various parameters were analysed through parametric study, including steel thickness and grades, web
stiffeners and I-shaped stud configurations. The results demonstrate the significant impact of the double-sided
fire exposure on CFS walls performance, reducing the fire resistance by 41 % and 50 % for CFS thicknesses of
1.15 mm and 1.5 mm, respectively, compared to one-sided fire exposure. Steel grade and I-shaped configurations
were found to significantly enhance the load-bearing capacity and fire resistance of CFS walls. The maximum
temperatures predicted for each load ratio were used to calculate the load ratio as per EN1993-1-2. New for-
mulas, based on load ratio were proposed to predict the maximum temperature at failure for CFS walls subjected
to one-sided and double-sided fire exposure. The findings will improve fire structural design codes of CFS walls,
by ensuring accurate predictions of limiting temperatures and fire resistance and providing engineers with
substantial data for LSF structures.

1. Introduction as specified by Vlasov thin-walled member’s theory [4]. Further, the

vulnerability of steel and LSF walls to fire is a critical concern as steel is

Light-gauge Steel Framing (LSF) walls made of Cold-Formed Steel
(CFS) members have been increasingly adopted as a sustainable alter-
native to traditional masonry or concrete walls, motivated by the need to
decrease the weight of the structure [1]. Given the versatility of using
CFS section, the most important advantage for structural design is the
strength to weight ratio, which is typical for CFS thin-walled members
[2,3]. Due to their low thickness-to-width ratio, the web buckling,
distortional buckling and the other different buckling modes may occur,
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susceptible to the degradation of mechanical properties at elevated
temperatures due to its high thermal conductivity [5,6]. CFS, in
particular, is more significantly affected by high temperatures because
of their slenderness and high shape factor. Over the last years, several
research works, including experimental tests [7-12] and numerical
simulations [13-18], have focused on enhancing the fire resistance of
CFS walls by including various types of external fire protection and
cavity insulation used in different wall configurations. Most results have
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shown that the fire resistance can be improved by doubling the pro-
tective layers and the positioning of external insulation, sandwiched
between two protective layers, rather than placing it in the cavity re-
gion. Also, previous researches on the fire performance of CFS
center-sheathed shear walls [19] have shown that the vertical load ratio
significantly influences fire resistance, more so than the lateral load
ratio. Furthermore, the inclusion of an interior stud has been found to
improve the fire resistance of the wall, while the aspect ratio appears to
have a negligible effect. However, some studies [20,21] have indicated
that the recommended critical temperature (350°C) of EN1993-1-2
[22] could be unsafe in case of load-bearing LSF walls, highlighting the
need for more investigations on this research topic. Various types of
built-up CFS stud configurations have also been investigated both at
ambient temperature [23-26] and only recently under fire conditions
[27-29] to address the need for enhanced fire resistance and increased
load-bearing capacity of CFS studs walls. Some findings indicated that
Back-to-Back (B-B) and Nested Channel (NC) studs exhibited similar fire
behaviour to those of single studs in case of absence of cavity insulation
inside of the panel. However, NC stud walls were notably affected by the
inclusion of cavity insulation, leading to an enhanced fire resistance
level. Other results showed that the NC stud can provide higher fire
performance compared to Face-to-Face (F-F) studs. Recent studies have
investigated the flexural behaviour of galvanised CFS B-B built-up
beams at elevated temperatures, considering the impact of different
cooling methods [30] and the different stiffener configurations [31].
The results indicate that the water-cooling method exhibited slightly
lower load-bearing capacity compared to the air-cooling method when
heated to the same temperature. Furthermore, beams with vertical
stiffeners demonstrated improved structural performance compared to
those with horizontal stiffeners. Few research studies have investigated
the influence of incorporating web-stiffeners to evaluate the fire per-
formance of CFS stud walls under axial compression load [32-34]. These
studies demonstrated that while including web-stiffeners significantly
increases the load-bearing capacity of CFS studs, it can also reduce the
fire resistance. However, due to the limited research on web-stiffened
CFS studs under fire conditions, significant gaps remain in understand-
ing their fire performance comprehensively. The behaviour of CFS walls
with web-stiffened studs is not yet fully understood, especially given the
diverse types and shapes of stiffeners that can be adopted, either for
single studs or even for built-up sections. Recent literature has pre-
dominantly focused on the fire performance of LSF systems under
one-sided fire exposure, as detailed above, and only few research studies
have addressed the behaviour of LSF walls under both-sided fire expo-
sure [35-37]. Thus, significant research is needed for stud element
frame to bridge the gap in understanding the double-sided fire response
of CFS wall systems, particularly when being used as internal walls
within compartments completely engulfed in flames. More experimental
and numerical data are required to address this fire exposure scenario,
which presents a special concern to the industry [38], especially for
web-stiffened and I-shaped built-up stud configurations.

The present research work extends past research by addressing the
gaps in the behaviour of CFS walls under compression loading, partic-
ularly when exposed to fire on both sides. While web stiffeners and
doubling the stud into an I-shaped configuration have been shown to
enhance the load-bearing capacity of CFS walls at ambient temperature,
their behaviour under elevated temperatures remains insufficiently
explored. It also provides a new insight especially for the case of CFS
walls with double-sided fire exposure comprising built-up studs and
stiffened sections.

It also aims to fill a major gap to understand the failure mechanisms
and load-bearing capacity of CFS walls, considering the influence of
built-up stud configurations, stiffeners and the number of faces simul-
taneously exposed to fire.

The developed FE models for single and built-up sections were
validated and calibrated at room temperature and under fire scenarios,
using experimental and numerical data available in the literature,
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considering geometric imperfections, material nonlinearities and con-
tact element effect. A parametric analysis was developed to study the
influence of steel grade and thickness, web stiffeners on the behaviour of
CFS stud walls under an axial compression load, subjected to fire on both
one side and two sides of the wall. Significant insights have been gained
regarding the fire resistance and the maximum temperature of the
various CFS wall types, with a load ratio ranging from 0.2 to 0.8. The
findings also highlighted the pronounced impact of double-sided fire
exposure on the thermal and structural performance of CFS walls
compared to one-sided fire exposure. The results contribute to
improving safer construction design by evaluating the maximum tem-
perature under both one-sided and double-sided fire exposure, and
proposing new formulas for predicting failure temperatures based on
load ratio correlation.

2. Study cases for CFS stud walls

The LSF wall assembly examined in this study, as detailed by Piloto
et al. [21], is a reduced-scale specimen measuring 1000 mm in height
and 975 mm in width, built using two types of CFS members, both of
S280GD+Z steel grade. The primary structural components consist of
five C90x43x15 x 1.5 mm Lipped Channel Studs (LCS), spaced at regular
intervals of 233 mm, and connected with U93x43x1.5 mm tracks. This
frame specimen is protected on both sides by a single layer of 12.5 mm
thick plasterboard, with screws spaced at 152 mm apart, securing the
boards to the studs. It is worth mentioning that the number of compo-
nents and interactions between multiple elements and materials, such as
studs-to-tracks or studs-to-boards, present significant challenges to nu-
merical analyses, particularly in the context of structural analyses. These
features contribute to the overall high complexity of the numerical
investigation of the entire wall panel. To mitigate these challenges and
accurately simulate the fire behaviour of the LSF walls, the middle stud,
identified as the most critical element, was isolated from the wall panel.
This approach allows for a more detailed analysis of the critical factors
affecting the stud’s performance under fire. The details and dimensions
of the investigated LSF wall and the isolated CFS stud are illustrated in
Fig. 1.

Several other models are examined to investigate the effects of
different structural parameters on the performance of CFS stud walls at
room temperature, under one-sided and double-sided fire exposure. This
study considers six LCS models to assess the influence of stud thickness
and grade on the thermal and structural behaviour of CFS stud walls,
including three different thicknesses and three different steel grades, see
Table 1. The LCS model is further modified to include stiffeners, such as
Single Web Stiffener (SWS), Double Web Stiffeners (DWS) and Omega-
Web Stiffeners (OWS), as shown in Fig. 2. These models are doubled
as B-B stud, as detailed in Fig. 3 and Table 1, with stud-to-stud screws
spaced identically to stud-to-board screws. The objective of using these
I-shaped configurations is to evaluate the impact of the enhanced
strength and stability on the fire performance of CFS stud walls.

3. Thermal and mechanical properties of CFS walls at elevated
temperatures

The thermal conductivity (1g) and specific heat (c,) of CFS steel,
presented in Fig. 4(a), were defined according to EN1993-1-2 [22]. The
CFS density (p,) at room temperature is assumed to be 7850 kg/m® and
remains constant at elevated temperatures. The plasterboard is used as
an external protection to delay the rise in temperature within the CFS
surfaces. The thermal conductivity (4,), specific heat (c,) and density
(pp) of plasterboard were obtained as reported in the study of Dodan-
goda et al. [39], as shown in Fig. 4(b).

Both thermal properties account for physical events and are assumed
to be the effective thermal properties. The transition temperature in
steel is used to simulate the phase transition from ferrite to austenite,
assuming an endothermic event represented by the variation of the
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Fig. 1. Details and dimensions of investigated LSF wall panel [21].

specific heat. The transition temperature in the gypsum plasterboard
around 100-200 °C is related to the vaporisation of the free water and is
represented by the variation of the specific heat. The conductivity is also
increasing after 900 °C to account for the thermal degradation of the
material.

The yield stress at room temperature was selected based on the
nominal material strength of the different steel grades used in this study,
in accordance with EN1993-1-3 [40], with a consistent elastic modulus
of 210 GPa. The mechanical properties at elevated temperatures,
including the yield stress and the elastic modulus, were calculated using
the reduction factors proposed by Kankanamge and Mahendran [41].
The Poisson’s ratio was assumed as 0.3 and remained constant at
elevated temperatures. The thermal expansion coefficient provided by
EN1993-1-2 [22], was included in the numerical models. The reduced
mechanical properties were used to determine the stress-strain curve at
each temperature level for a given stress, as shown in Fig. 5. These
curves are based on strain hardening material models, known as the
Ramberg-Osgood model, which assumes the existence of the strain
hardening in the inelastic phase instead of constant yield stress in all
plastic phase. The engineering stress-strain values were converted to
true-stress (0yye) and logarithmic plastic strain (epltme) using Eq. (1).

Grue = Oeng (1 + Eung) ande? e = In (1 + Eong) — Ug‘e [6))

4. Numerical modelling and analysis strategy

This research study is based on Finite Element Method (FEM) using
ANSYS APDL software [42], conducted for four step solution methods.
(i) Eigen buckling analysis was performed first to determine the critical
buckling load of the CFS stud and to extract the associated instability
mode. (ii) Nonlinear static structural analysis was conducted in the
second step to predict the load-bearing capacity of CFS stud wall at room
temperature, taking into account the geometric imperfections effect.
(iii) The third step used a nonlinear transient heat transfer analysis
under fire ISO834 to evaluate the thermal effect and conclude the
time-temperature profiles. (iv) Sequentially coupled thermal-structural
analysis was developed at the final step, using material and geometry
nonlinearities effect at high temperatures, and the temperature distri-
bution obtained from the thermal analysis to predict the fire resistance

and the maximum temperature.

4.1. Finite element type selection

SHELL131 which features four nodes and SHELL132 which includes
eight nodes were used for single and built-up stud thermal models,
respectively, with each node having 32 temperature degrees of freedom
maximum (layered finite element). SHELL132 is specifically designed to
handle contact and gap elements, where interactions between surfaces
need to be considered. The plasterboard was modelled with SOLID70,
which has eight nodes, and was used in conjunction with SHELL131,
while SOLID90, featuring twenty nodes, was paired with SHELL132.
These two elements assigned with a single degree of freedom, temper-
ature, at each node. Then, SHELL131 and SHELL132 are switched to
SHELL181 and SHELL281, respectively, for modelling CFS mechanical
models. These mechanical SHELL elements have six degrees of freedom
at each node, including translations in X, Y, and Z directions, and ro-
tations about X, Y, and Z axes. BEAM188 elements are employed to
represent the stud-to-stud screws. It is particularly effective for model-
ling the connection stiffness and load transfer characteristics between
studs. Plasterboard layers were excluded to simplify the mechanical
analysis, focusing solely on evaluating the structural performance of the
CFS steel and the overall stud configuration, but including the lateral
restrain produced by the connecting screws used to fix the plasterboard
layers. It is worth mentioning that the effects of curvature of the corner
regions and their strength enhancements are generally minimal due to
the slenderness of the CFS section and the small corner radius. There-
fore, they were not explicitly considered in the numerical modelling to
simplify the FE model and mitigate computational complexity, as
adopted in several past numerical studies [29,33,43].

4.2. Contact interaction

The accurate modelling of contact interactions is crucial for reliable
simulation results. Several issues, such as the interpenetration of shell
elements, may arise from selecting an inappropriate contact type be-
tween the target surface and the contact surface, leading to non-physical
behaviour and instabilities producing inaccurate solutions. Addition-
ally, neglecting friction between the web surfaces can modify the
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Table 1
Configuration details of investigated single LCS and built-up I-shaped stud.

Stud configurations Models Thickness Steel grade
[mm] [MPa]
Single unstiffened LCS-1.15 1.15 280
Single unstiffened LCS—-1.5 1.5 280
Single unstiffened LCS—2.5 2.5 280
Single unstiffened LCS-5220 1.5 220
Single unstiffened LCS-S280 1.5 280
Single unstiffened LCS-S350 1.5 350
Single web-stiffened LCS- 1.15 280
SWS-1.15
Single web-stiffened LCS- 1.15 280
DWS-1.15
Single web-stiffened LCS- 1.15 280
0S8S-1.15
Single web-stiffened LCS-SWS—1.5 1.5 280
Single web-stiffened LCS-DWS—-1.5 1.5 280
Single web-stiffened LCS-0SS-1.5 1.5 280
Single web-stiffened LCS-SWS-2.5 2.5 280
Single web-stiffened LCS-DWS—-2.5 2.5 280
Single web-stiffened LCS-0SS—-2.5 2.5 280
Unstiffened Built-up I- B-B-LCS—1.15 1.15 280
shaped
Web-stiffened Built-up I- B-B- 1.15 280
shaped SWS-1.15
Web-stiffened Built-up I- B-B- 1.15 280
shaped DWS-1.15
Web-stiffened Built-up I- B-B- 1.15 280
shaped OWS-1.15
Unstiffened Built-up I- B-B-LCS-1.5 1.5 280
shaped
Web-stiffened Built-up I- B-B-SWS-1.5 1.5 280
shaped
Web-stiffened Built-up I- B-B-DWS-1.5 1.5 280
shaped
Web-stiffened Built-up I- B-B-OWS-1.5 1.5 280
shaped
Unstiffened Built-up I- B-B-LCS-2.5 2.5 280
shaped
Web-stiffened Built-up I- B-B-SWS—-2.5 2.5 280
shaped
Web-stiffened Built-up I- B-B-DWS-2.5 2.5 280
shaped
Web-stiffened Built-up I- B-B-OWS-2.5 2.5 280
shaped

interaction of the stud members. While nonzero coefficients of friction
can improve the real behaviour of the CFS stud wall, they also introduce
numerical complexity that may lead to some convergence difficulties in
FEM. Therefore, in order to represent the interaction relationship be-
tween the webs in I-shaped configuration, and to prevent the interpen-
etration of the two studs’ shell elements, a surface-to-surface interaction
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based on standard contact behaviour was applied. This contact was
modelled using CONTA and TARGE elements, which are specifically
developed for managing contact and target surfaces in ANSYS. The
CONTA174 elements were assigned to one surface of the web stud, while
TARGE170 elements were assigned to the corresponding contact surface
of the adjacent web stud. The friction coefficient between the contact
surfaces was set to 0.19, which is a common value used for steel-to-steel
interactions [23]. Furthermore, neither stud-to-board nor stud-to-stud
screws were included in the thermal analysis, considering perfect con-
tact between plasterboard SOLID and stud SHELL elements.

4.3. Boundary conditions, load application and mesh sensitivity

Convection and radiation were applied as primary thermal boundary
conditions according to EN-1991-1-2 [44], with a heat transfer coeffi-
cient of 25 W/m?K on the fire-exposed side of plasterboard, and
9 W/m?K on the unexposed side, which accounts for the radiation effect.
Additionally, the heat transfer due to thermal radiation on both the
fire-exposed side and within the panel cavity was incorporated into the
CFS thermal model. A flame emissivity factor of 1.0 was applied with a
Stefan-Boltzmann constant of 5.67 x 10~ W/m?K* [42], as used in
numerous previous studies [15,20,21]. The bulk temperature is applied
on the exposed side as time-temperature relationship according to
ISO834 fire, assuming a constant room temperature of 20°C on the un-
exposed side. Fig. 6 shows the details of applied thermal boundary
conditions on the CFS stud wall model under both fire scenarios. The
thermal analysis was conducted as a nonlinear transient analysis,
selecting the full option settings with a time step size of 60 s and a
minimum and maximum time step of 1 s and 60 s, respectively. The
solution convergence was based on the heat flow criterion, considering a
tolerance value of 102 and a reference value of 107% W.

The structural analysis of the CFS stud walls was conducted under
pinned end conditions restraining the ends of the studs in the (UX), (UY)
displacements, and the (RZ) rotation at the centroid of the cross-section,
where the axial load was applied as shown in Fig. 7. At the opposite end
of the stud, similar restraints were applied, with the additional con-
strained of (UZ) displacement. To ensure accurate load transfer and
distribution, these boundary conditions were applied to a master node at
each end of the stud. This master node was then coupled to all nodes
along the end section of the stud, defining a rigid region (CE). The effect
of the stud-to-board screw connections was incorporated by introducing
in-plane lateral restraints (UX) at the screw positions. An additional
constraint of the (UY) displacement was applied for the built-up stud
validation model (full scale model) to account for the effect of out-of-
plane lateral restraints, which could also be provided by the stud-to-
board screws, as recommended by Vieira Jr and Schafer [45]. Howev-
er, since the reduced scale CFS stud models were not susceptible to the
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Fig. 2. Configurations of stiffeners within the LCS web.
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out-of-plane deviation, this lateral restraint was excluded to simplify the
FE models. A mesh sensitivity analysis was conducted by testing various
mesh sizes, including 15 mm, 10 mm, 8 mm, 6 mm, 5 mm, and 4 mm as
presented in Fig. 8. The convergence criterion was based on the com-
parison of the predicted ultimate failure load with those obtained from
previous experimental study of Kolarkar [7] and Vy and Mahendran
[25], for both single and built-up I-shaped stud configurations, respec-
tively. The mesh was considered to have converged the solution when
further refinement did not significantly change the predicted failure
load. It was observed that while reducing the mesh size from 15 mm to
5 mm improved accuracy, refining it further to 4 mm produced identical
results. Therefore, a 5 mm mesh size was selected as the optimal
refinement for all numerical models, including the plasterboard layers.

4.4. Geometric imperfections and residual stresses

In this study, a linear elastic buckling analysis was performed using
both the Block Lanczos solution method [42], which employs an auto-
mated shift strategy to extract the desired eigen-values using ANSYS
[42], and the signature curve generated by CUFSM [46]. These methods
are used to determine the critical buckling loads (F;) and their associ-
ated buckling modes, (Table 2). The CFS stud FE models used for the
numerical eigen-buckling analysis were based on the same boundary
conditions applied to the nonlinear models, excluding all lateral re-
straints along the stud length.

The consideration of geometric imperfections in the numerical
models was based on prior research and the observed buckling modes
from CUFSM [46]. For full-scale single stud models, Vy et al. [36]
indicated that global imperfections have a negligible effect under
one-sided fire exposure due to the dominance of thermal bowing caused

by non-uniform temperature distribution. However, under both-sided
fire exposure, global imperfections become more significant. To
ensure consistency in numerical results, particularly at ambient tem-
perature, both global and local imperfections were included into the
models as recommended by Becque [47] without conducting an
imperfection sensitivity analysis. For the full-scale built-up I-shaped
stud, Vy and Mahendran [25] emphasised the necessity of incorporating
both global (in-plane and out-of-plane) and local imperfections. Addi-
tionally, an imperfection sensitivity analysis was performed to assess the
effect of including distortional buckling. The results showed that
incorporating distortional imperfections led to a 4.6 % difference in the
ultimate failure load compared to models without them. Furthermore,
including distortional imperfections improved the agreement between
experimental and numerical results, reducing the difference in ultimate
failure load to less than 1 %. Consequently, distortional imperfections
were also included in the full-scale I-shaped models. For the
reduced-scale models, CUFSM was used to identify the dominant
buckling modes. The results indicated that unstiffened LCS models
(single and I-shaped) were governed solely by local buckling, (Fig. 9(a)),
as observed in the study of Piloto et al. [21], while stiffened LCS models
exhibited predominant distortional buckling, (Fig. 9(b)). Therefore,
conducting an imperfection sensitivity analysis was deemed unnec-
essary for the reduced-scale models. The maximum local imperfection
amplitude were introduced with an amplitude of 0.006 H, as recom-
mended by Schafer and Pekoz [48], where H is the web depth of the
stud, and a global imperfection amplitude of L/1000, as noted in
AS/NZS4600 [49]. The distortional geometric imperfections were
incorporated with a maximum amplitude equivalent to the section
thickness [48].

Lastly, residual stresses are negligibly small in magnitude for CFS
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since their manufacturing process does not involve any heat treatment
or welding phase. According to several studies [48,50],
compression-induced membrane residual stresses reduce compressive
strength, particularly in corner regions where the yield stress is expected
to be higher due to the cold work of forming. These opposing effects are
often considered to counterbalance each other and should, therefore
either be included or excluded together in the FE models. Additionally,
Gunalan [51] investigated the effect of residual stresses on the ultimate

load of CFS stud walls at ambient temperature. The results showed a
minimal difference (approximately 0.5 %) between the ultimate loads
obtained with and without residual stresses, suggesting an even lower
impact at elevated temperature. Thus including residual stresses in
CFS-FE models may unnecessarily complicate the analysis without
significantly improving the accuracy of the results. Therefore, the effects
of residual stresses were ignored as many previous numerical studies
[29,36,43].
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Fig. 8. Effect of mesh size on load-bearing capacity of CFS studs.

5. A thorough validation at ambient and under fire condition
5.1. Validation of structural FE model at room temperature

The validation process was conducted employing the Arc-Length
method [42] to predict the load-bearing capacity, with an initial in-
cremental load of 2 kN. This increment could vary during the solution
process based on the maximum and minimum multipliers set to 25 and
0.0001, respectively. The convergence criterion was based on
displacement with a tolerance value of 5 % and a reference value of 103
m. The single LCS and I-shaped stud were validated using the experi-
mental results from Kolarkar [7] who reported an ultimate failure load
of 79 kN, and Vy and Mahendran [25] who recorded a failure load of
112.77 kN, respectively. The CFS wall and the stud cross-section are
detailed in their studies [7,25]. The developed numerical models pre-
dicted an ultimate load of 79.8 kN and 112.2 kN, for single and I-shaped
stud, respectively, resulting in a negligible difference of only 1 %, con-
firming the accuracy of the FEA model to predict the failure ultimate
load. Additionally, the load versus axial-shortening curves obtained

from the ANSYS simulation were compared to those reported in the
numerical studies by Gunalan [51] and Rokilan and Mahendran [43] for
singe LCS (Fig. 10 (a)), and Vy and Mahendran [25] for I-shaped stud,
(Fig. 10 (b)). The Root Mean Square Error (RMSE), calculated according
to Eq. (2), was used as a statistical measure to validate the accuracy of
the numerical models. The RMSE provides a quantitative assessment of
the average difference between the predicted results (ANSYS) and the
existing results (test/FEA from literature) for each corresponding chosen
variant (n).

_ Ny pop2
RMSE = , | ;[RFEA Reest] @)

The RMSE is calculated for each 5 kN increment until failure for both
stud configurations. However, due to the incomplete post-failure data
from ANSYS for I-shaped stud, the RMSE is computed only up to the last
predicted load. The RMSE values for axial shortening of the developed
structural models are presented in Table 3. A good agreement was
observed between all curves, with the maximum RMSE value not
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Table 2
Comparison of the critical loads obtained from CUFSM and those from ANSYS.

Models Buckling Fer (aNsYs) Fer (cursm Fer (cursm / Fer
mode [kN] [kN] (ANSYS)

LCS—-1.15 Local 40.62 40.57 0.998

LCS-1.5 Local 89.84 89.29 0.993

LCS-2.5 Local 409.05 408.8 0.999

LCS-S220 Local 89.84 89.1 0.991

LCS-S350 Local 89.84 89.25 0.993

LCS- Distortional 138.71 131.35 0.946
SWS-1.15

LCS- Distortional 142.40 126.42 0.888
DWS-1.15

LCS- Distortional 154.27 151.94 0.984
OWS-1.15

LCS- Distortional 221.44 228.32 1.031
SWS-1.5

LCS- Distortional 226.37 219.05 0.967
DWS-1.5

LCS- Distortional 273.45 264.29 0.966
OWS-1.5

LCS- Distortional 650.65 665.97 1.02
SWS—2.5

LCS- Distortional 636.99 638.16 1.001
DWS-2.5

LCS- Distortional 762.63 762.78 1.00
OWS-2.5

B-B- Local 80.76 79.86 0.988
LCS-1.15

B-B- Distortional 232.19 262.7 1.131
SWS-1.15

B-B- Distortional 262.14 252.83 0.964
DWS-1.15

B-B- Distortional 283.94 303.88 1.07
OWS-1.15

B-B-LCS—1.5 Local 178.83 178.41 0.997

B-B-SWS—1.5  Distortional 375.93 458.39 1.219

B-B- Distortional 420.22 438.10 1.042
DWS-1.5

B-B- Distortional 529.85 528.96 0.998
OWS-1.5

B-B-LCS-2.5 Local 817.52 817.6 1.005

B-B-SWS—2.5  Distortional 1194 1331.94 1.115

B-B- Distortional 1275.36 1276.33 1.001
DWS-2.5

B-B- Distortional 1421.83 1525.47 1.072
OWS-2.5

exceeding 2 mm, demonstrating the accuracy of model’s ability to
capture the load-deformation behaviour for both stud configurations at
room temperature. Lastly, the predominant failure mode observed in the
FE model was web local buckling for both studs. This failure mode was
consistent with those obtained from the aforementioned studies, as
illustrated in Fig. 11.

TR o e

(Single-LCS)  (B-B-LCS)
(a) Local buckling mode
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5.2. Validation of thermal EF model under fire exposure

The thermal validation was also conducted for both single LCS and
built-up I-shaped stud models, focusing initially on one-sided fire
exposure. The single LCS thermal model was validated against the
experimental study carried-out by Kolarkar [7], while the I-shaped stud
model was validated according to the fire test established by Vy et al.
[28]. These experimental studies followed standard fire testing pro-
cedures, including AS 1530.4, establishing criteria for structural integ-
rity and flame spread prevention. This means that the fire testing setup
primarily relied on radiation and convection heating to avoid any
localized flame impingement and ensure a more uniform temperature
distribution across the wall surface. The fire exposure was applied on
one side of the plasterboard, and the maximum time-temperature pro-
gression was extracted at same thermocouples (TCs) locations, specif-
ically, at the mid-height Hot Flange (HF) and Cold Flange (CF).
According to Fig. 12 the maximum time-temperature progression pre-
dicted from the FEA models at each location showed a slight discrepancy
with those produced by the TCs from the fire tests. A quantitative error
analysis was conducted to assess the accuracy of developed thermal
models in predicting time-temperature progression. For good validation,
the obtained RMSE value should be smaller than the threshold of 100°C,
as noted in EN1363-1 [52]. The RMSE was calculated for the temper-
ature progression at each position, as presented in Table 4. It can be
observed that the maximum RMSE values occurred at the HF for the
single LCS and at the CF for the I-shaped stud, with values of 33.29°C
and 41.57°C, respectively. Since these RMSE values are smaller than the
threshold of 100°C, the thermal FEA model for both configurations has
produced a reliable prediction of temperature evolution during
one-sided fire exposure.

The thermal FEA model was validated under double-sided fire
exposure, using the temperature rise recorded from the TCs during the
fire test conducted by Inerhunwa et al. [37], as well as calibrated with
the temperature evolution obtained from numerical study of Vy et al.
[36]. According to the findings of these studies, the progression of the
time-temperature at the mid-height of both stud flanges and the web
exhibited nearly identical thermal behaviour. Therefore, for this vali-
dation and calibration, the time-temperature progression extracted from
one of the stud flanges was used as a representative comparison for the
overall thermal behaviour of the CFS stud wall model under
double-sided fire exposure. Fig. 13 shows a comparison between the
temperature progression predicted from ANSYS and the temperatures
measured by TCs, as well as those obtained from FEA study of Vy et al.
[36]. It can be seen that the predicted temperature follows a similar
trend to those measured during the fire test, (validation), and those
produced by the thermal FEA model of Vy et al. [36], (calibration),
remaining consistent throughout the progression until failure. addi-
tionally, Table 4 shows a minor differences between these obtained
temperatures, with RMSE values not exceeding 32 °C and 15 °C for the

(LCS-OWS) (B-B-OWS)
(b) Distortional buckling mode

Fig. 9. Buckling modes for incorporating geometric imperfections in the reduced models.
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Fig. 10. Comparison of axial load-shortening curves predicted by ANSYS to those from the literature at room temperature.

Table 3
RMSE values for axial shortening of the developed structural models.
CFS configuration Reference study RMSE [mm]
Single LCS Gunalan [51] 1.97
Rokilan and Mahendran [43] 0.48
I-shaped Stud Vy and Mahendran [25] (Test) 0.79
Vy and Mahendran [25] (FEA) 0.06

Present Study

Test [7] FEA [43]

[
Web local buckling near to the support

Fig. 11. Comparison of predicted failure mode to those from literature at room
temperature.

fire test and the FEA of Vy et al. [36], respectively. These findings reflect
a good approximation between the ANSYS simulation and the experi-
mental and numerical studies, confirming the accuracy of the thermal
FEA model in predicting the temperature evolution under double-sided
fire exposure.

5.3. Validation of structural FE model under fire exposure

The process for validating the structural FEA model under fire
exposure followed the same fire test procedure, applying an incremental
load until reaching the designated load ratio. The temperature distri-
bution were then incorporated in the structural FE model, with the
applied load ratio maintained constant during the fire simulation until
the model reached failure. It is important to note that the analysis
considers only the heating phase following the ISO 834 fire curve,
whereas real fire scenarios also include a cooling phase. The cooling
phase can influence residual strength and the final failure state of the
structure, which are not included in the current study. The validation for
single LCS model under one-sided fire exposure was carried out by
comparing the predicted load ratio-time curve to those obtained from

the numerical study of Gunalan [51] and Rokilan and Mahendran [43],
(Fig. 14 (a)). The predicted maximum temperature, failure time and
failure mode were compared to the experimental study reported by
Kolarkar [7]. It can be observed from Fig. 14 (a) that the comparison of
the load ratio-time curve for the single LCS model indicates a good
agreement between the three numerical studies. The predicted failure
time from the present numerical model was 55 minutes, while the
experimental failure time from Kolarkar [7] was recorded at 53 minutes,
revealing a difference of only 3.6 %. Furthermore, as can be seen in
Fig. 14 (b), both experimental and numerical models exhibited the same
failure mode, characterised by global buckling accompanied by some
web local buckling instabilities. The predicted maximum temperature
was 631°C, while the measured maximum temperature was 607°C,
resulting in a slight difference of 3.8 %. These results demonstrated the
accuracy of the developed structural FE model in predicting the
behaviour of LCS under one-sided fire exposure.

The structural I-shaped FEA model was validated under one-sided
fire exposure against the fire test results and calibrated against the nu-
merical study conducted by Vy et al. [28,29]. The validation and cali-
bration were performed by comparing the axial shortening-time curves,
failure times, and failure modes. As seen in Fig. 15 (a), the predicted
axial shortening-time curve showed a close agreement with those ob-
tained from both studies [28,29], demonstrating reasonable consistency
throughout the fire exposure period. The predicted failure mode
observed in the I-shaped stud was an interaction between local and
global buckling, with a dominant influence of local buckling. This failure
mode closely matched the one observed in the fire test, (Fig. 15 (b)). The
developed I-shaped FEA model predicted a failure time of 127 minutes
compared to the experimental failure time of 123 minutes, yielding a
difference of 3.1 %. This close agreement further validates the model’s
ability to predict the structural performance of built-up I-shaped studs
under one-sided fire exposure.

Due to the limited detailed data available from the fire test con-
ducted by Inerhunwa et al. [37], the validation of the structural LCS
model under both-sided fire exposure was carried out against the nu-
merical study performed by Vy et al. [36]. The validation primarily
focused on key performance indicators, including load-ratio time curves,
failure time and critical temperature. As can be observed from Fig. 16,
the load-ratio time curve predicted from ANSYS closely matched the
corresponding curve obtained from the FEA of Vy et al. [36], with a
failure time of 33 min, representing a small difference of 2.9 %
compared to 34 minutes reported in the FEA study. Moreover, the pre-
dicted critical temperature was 642 °C, identical to that obtained from
the FEA conducted by Vy et al. [36]. These comparisons between the
obtained results from both numerical studies demonstrate that the
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Fig. 12. Comparison of predicted and measured Time-Temperature progressions under one-sided fire exposure.

Table 4
RMSE values for temperature progression of the developed thermal models.
Fire CFS Reference study TC position ~ RMSE
scenario configuration [°C]
One-sided Single LCS Kolarkar [7] HF 33.29
CF 30.35
B-B Stud Vy et al. [28] HF 18.16
CF 41.57
Both-sided Single LCS Inerhunwa et al. Both 31.80
[37]1 Flanges
Single LCS Vy et al. [36] Both 14.94
Flanges

developed structural FEA model accurately predicts the behaviour of
CFS model under both-sided fire exposure.

6. Parametric analysis

A total of 486 FEA CFS stud wall models were simulated using ANSYS
Mechanical APDL [42] to investigate the thermal and structural

—IS0834
Flange [37]
----- Flange [Present study]

1000 :
8 800 - Failure
o
£ 600
£

400
g
[

200

0
0 10 20 30 40 50 60 70
Time [min]

(a) ANSYS simulation vs fire test [37]

performance of CFS stud walls under fire conditions. The analysis in-
cludes scenarios involving one-sided and double-sided fire exposure,
accounting for various factors such as steel grade, thickness, web stiff-
eners and built-up I-shaped configurations.

6.1. Time-temperature progression

Fig. 17 presents the time-temperature curves for LCS with varying
steel thicknesses, subjected to one-sided (#1) and double-sided (#2) fire
exposure.

These curves were recorded at the mid-height HF and CF of the stud
after 60 minutes of exposure to fire. A comparison between the tem-
peratures progression of the reference stud with those of SWS and B-B-
LCS under the two fire exposure scenarios is also provided in Fig. 17. The
temperature across the stud surfaces obtained under one-sided fire
exposure remains lower than under double-sided fire exposure. The
comparison shows that the effect of steel thickness on temperature
distribution is more pronounced under one-sided fire exposure, where
thicker studs exhibit lower surface temperatures, while thinner studs
experience higher surface temperatures. The results clearly demonstrate
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Fig. 13. Comparison of predicted temperature progression with those from literature under double-sided fire exposure.
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that increasing steel thickness significantly reduces CFS surface tem-
peratures. However, under double-sided fire exposure, the effect of steel
thickness is less pronounced for the 1.15 mm and 1.5 mm studs, as they
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exhibit nearly identical temperature distributions. In contrast, the
2.5 mm thick stud results in a noticeably lower temperature distribution
compared to the thinner studs. Moreover, a notable difference in tem-
perature evolution between the two flanges was observed in one-sided
fire exposure, where the HF experienced significantly higher tempera-
tures than the CF. In contrast, the temperatures across both flanges
under double-sided fire exposure, were more uniform. It is worth
mentioning that the time-temperature curve for LCS-1.5 was applied to
all studs with different steel grades in this study, as these studs have the
same steel thickness and identical fire protection configuration. Also, it
can be seen from Fig. 17 that the temperatures evolution of LCS-T1.5 are
identical to those of LCS-SWS-1.5 and B-B-LCS-1.5 for both fire exposure
scenarios. This same trend is observed for other stiffened and I-shaped
studs, including DWS, OWS, B-B-SWS, B-B-DWS and B-B-OWS, sug-
gesting that including stiffeners or doubling the studs has minimal in-
fluence on the CFS walls thermal response.

Several practical strategies can be employed to mitigate the impact
of double-sided fire exposure on CFS walls by reducing the rate of
temperature increase. One effective approach is incorporating high-
performance insulation materials, such as Superwool, Rockwool or
glass fibre sandwiched between external protective layers. This config-
uration significantly slows heat transfer and protects CFS surfaces from
rapid temperature progression. Additionally, increasing the thickness or
number of protective layers, (i.e. double or multiple layers of
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Fig. 17. Effect of steel thickness, web stiffeners and I-shaped configurations on temperature progression of LCS walls under one-sided (#1) and double-sided (#2)

fire exposure.

plasterboards), improves the insulation fire resistance and delays tem-
perature rise, thereby improving the fire resistance of the assembly.

6.2. Fire resistance

The fire resistance is determined based on the load ratio-time curve,
which illustrates the structural capacity of the stud wall to support
varying load levels (ranging from 20 % to 80 %) relative to its load-
bearing capacity at room temperature. In this study, a load ratio of 0.2
is considered as failure reference for all CFS models for the two fire
exposure scenarios.

6.2.1. Effect of steel thickness and grade

Fig. 18 presents a comparison of the fire resistance for LCS models
with varying steel thickness and grade under one-sided and double-sided
fire exposure scenarios. From Fig. 18 (a), it can be observed that the LCS-
T1.15 and LCS-T1.5 models reached failure at 48 and 56 minutes,
respectively, when exposed to fire from one side, while the LCS-T2.5
model did not fail within the 60 minute exposure period. This in-
dicates that increasing the thickness of steel enhances the fire resistance
(R) when exposed to fire from one side. Conversely, in the case of
double-sided fire exposure, LCS-T1.15 and LCS-T1.5 both reached

failure at 28 minutes, with the LCS-T2.5 model only showing a slight
improvement, failing after 30 minutes. The switch from one-sided to
double-sided fire exposure resulted in more than a 41 % and 50 %
reduction in fire resistance (R) for LCS-T1.15 and LCS-T1.5, respectively.
It can be seen from the same figure that the steel grade of $220, S280 or
S350 achieved the same failure time when considering specific load
ratios. However, as illustrated in Fig. 18 (b), increasing the steel grade
leads to higher load-bearing capacity at room temperature, which sub-
sequently results in improved fire resistance for both fire exposure cases.
For example, an applied load of 40 kN results failure times of 26, 32 and
36 min for S220, S280 and S350, respectively, under one-sided fire
exposure. Also, it can be seen that the load bearing capacity of CFS studs
decreases progressively over time as the fire exposure continues due to
the deterioration in the mechanical properties. The degradation rate is
significantly more rapid for models exposed to double-sided fire than
one-sided fire exposure. This is because the temperature distribution
across the stud surfaces becomes nearly uniform. Fig. 19 (a) illustrates
the deformed shapes and Von Mises stress distribution of LCS-T1.5
models with steel grades of S280 and S350, when subjected to one-
sided fire exposure. The failure mode for both steel grades remains
consistent, exhibiting an interaction of local/distortional and some
global buckling instabilities, caused due to the significant temperature
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Fig. 18. Effect of steel thickness and grade on the structural performance of single LCS walls under one-sided (#1) and double-sided (#2) fire exposure.
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Fig. 19. Failure modes (scaled by a factor of 5) of LCS-T1.5 with different steel grade.

difference between the HF and CF. Because of this uneven temperature
distribution, the HF experiences more significant thermal expansion,
causing the stud to bend toward the fire-exposed side. The dominant
failure mode obtained under double-sided fire exposure was local/
distortional buckling with global buckling is less pronounced compared
to the one-sided fire exposure, (Fig. 19 (b)), as the thermal expansion is
more evenly distributed between the two flanges. All LCS models,
regardless of their thickness and grade, exhibit the same failure mode for
both cases.

6.2.2. Effect of web stiffeners and built-up I-shaped stud configurations

It can be observed from Fig. 20 that the inclusion of web stiffeners,
such as SWS, DWS, and OWS, has only a slight effect on the structural
fire behaviour of CFS stud walls. At ambient temperature, the presence
of web stiffeners results in a marginal increase in load-bearing capacity,
with the highest improvement of 7.5 % observed for the 2.5 mm thick
OWS-stiffened stud. However, these configurations exhibit minimal
variation in failure time, within a range of only a few minutes from
unstiffened LCS for different steel thicknesses including 1.15 mm,
(Fig. 20 (a)), 1.5 mm, (Fig. 20 (b)), and 2.5 mm (Fig. 20 (c)). The rate of
degradation in load-bearing capacity remains similar across all config-
urations under both one-sided and double-sided fire exposure, con-
firming that web stiffeners do not significantly improve the CFS fire
resistance performance. Arranging stiffened and unstiffened studs in a
built-up I-shaped configuration significantly increases the load-bearing
capacity at room temperature, nearly doubling it compared to single
studs. The improvement rate in load-bearing capacity observed for a
single stud with web stiffeners is approximately the same as that ach-
ieved when incorporating web stiffeners in the built-up configuration.
This enhanced load-bearing capacity also leads to improved fire resis-
tance for both cases. Although the built-up I-shaped models exhibit
failure times identical to those of single studs when subjected to the
same applied load ratios, the increased load-bearing capacity at room
temperature contributes to enhance the fire resistance performance. For
instance, as shown in Fig. 20 (b), an applied load of 40 kN results in
failure times of 30 minutes and 47 minutes for single LCS-1.5 and B-B-
LCS-1.5, respectively, under one-sided fire exposure. These failure times
were decreased to 18 minutes and 25 minutes under double-sided fire
exposure for the same configurations.

The failure modes and Von Mises stress distribution of B-B-LCS, LCS-
SWS and B-B-SWS with thickness of 1.5 mm under both fire exposure
scenarios are shown in Fig. 21. The failure mode for B-B-LCS is identical
to the deformed shape of the single stud (LCS-T1.5), regardless of the fire
exposure scenario. As shown in Fig. 21 (a), the failure mode for both
LCS-SWS and B-B-SWS models under one-sided fire exposure was
dominated purely by distortional buckling, without any contribution
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from global buckling instability. Including stiffeners on the stud web
leads to stiffening the web against local buckling, and reduces global
instability of the overall stud element. The same failure mode remained
the primary failure mechanism under double-sided fire exposure, as
illustrated in Fig. 21 (b), since the uniform temperature distribution
across the stud surfaces, as well as the effect of web stiffeners reduce the
occurrence of global buckling. The same modes were occurred for the
other stiffened and built-up stud models.

Other innovative reinforcement techniques can further improve the
fire resistance of CFS walls, such as built-up I-shaped studs with hollow
flanges and built-up nested studs. Built-up I-shaped studs with hollow
flanges may significantly enhance the load-bearing capacity. However,
their manufacturing process is more complex, time-consuming and
costly compared to conventional I-shaped studs, making them less
practical for widespread use. Alternatively, built-up nested studs, as
investigated by Vy et al. [29]., demonstrated similar performance to
I-shaped studs. While nested studs may provide advantages in case of
using fire insulation materials, conventional I-shaped studs have open
cross-sections which offer greater flexibility and suitable solution for
uninsulated CFS walls.

7. Novel approach for the prediction of the maximum
temperature and fire resistance for CFS walls

The maximum temperature (Tpax) is defined as the temperature
recorded at the stud HF at failure for each applied load ratio. This
temperature indicates the structural limit where the CFS stud walls can
no longer sustain the applied load. If one knows the value of the
maximum temperature, the degree of utilisation can be related with the
value of the load ratio, (Eq. (3)), and the results can be compared.

Nfiga

N,
Load ratio = i, ® MWithﬂ0 = 3)
Ny ra

Nbfiora

Where: Np, q is the design buckling resistance at room temperature, N g4
is the design value of axial compression load in the fire situation; Np,f 0,4
is the design buckling resistance at (t = 0) of a compression member.
Fig. 22 presents a comparison of the load ratio versus the maximum
temperatures obtained from the numerical simulations with those pre-
dicted by the EC3 for both fire exposure scenarios. It can be observed
from Fig. 22 that all models reached nearly identical maximum tem-
peratures when subjected to the same load ratio and fire exposure sce-
nario. This uniformity highlights the direct relationship between the
applied load and the temperature at which failure occurs, suggesting
that fire resistance is predominantly influenced by the load ratio. Also,
Fig. 22 illustrates that the prediction from EN1993-1-2 [22] is too
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Fig. 22. Comparison of the maximum temperature of FE models and EC3 analytical method.

conservative compared to those from the simulated models for both
cases. The discrepancy between the two studies becomes more apparent
at higher load levels, especially in the case of one-sided fire exposure.
Furthermore, the results highlight a safety concern in using the tem-
perature limit provided by EN1993-1-2 [22], which states that the fire
resistance can be verified if the temperature of CFS surfaces remains
below 350°C. This limit is generally over conservative for most cases,
proving unsafe for load levels exceeding 60 % under one-sided fire
exposure and 50 % under double-sided fire exposure. At these higher
load levels, failure occurs at temperatures below the 350°C threshold,
indicating that the simplified method in EC3 may underestimate the risk
of early failure. Building upon these results, Eq. (4) and Eq. (5) have
been developed based on load ratio (LR), to estimate the maximum
temperature of CFS stud walls at failure under one-sided and both-sided
fire exposure, respectively. These proposals may ensure a high safety
level for structural fire resistance assessments for CFS stud walls.

(1) : Tma[°C] = (- 643.23 x LR) + 791.78; 02 <LR<08 4

(2) : Tmax[°C] = (442.9 X LR*) — 1107 x LR + 842.5; 0.2<LR<0.8
)

Additionally, new equations are proposed for predicting idealised
time-temperature curves for the maximum temperature progression in
stud HF for different time intervals, up to 60 minutes of fire exposure,
specifically for the three different CFS thicknesses used in this study.
These equations are derived from the numerical thermal results, and

15

serve as a key factor in determining the fire resistance based on the
maximum temperature proposal. The idealised time-temperature curves
for the three steel thicknesses, (Fig. 23), can be determined using Fqs.
(6-11) and Egs. (12-15), for one-sided and both sided fire exposure,
respectively.

One-sided fire exposure (#1):

T1.15 (#1) : Ter[°C| = —0.049t° + 0.941¢> + 1.866t + 19.25; 0

< t[min] < 13 (6)
Tur['C] = —0.19¢2 + 27.41t — 204.9; 13 < t [min] < 60 @)
T1.5 (#1) : Tye[°C] = 6t +14.77; 0 < t [min] < 13 ®)
Tyr[°C] = —0.109¢% + 20.73t — 146.5; 13 < t [min] < 60 9)
T2.5 (#1) : Tur['C| = 4.95t + 14.65; 0 < t [min] < 15 10)
Tys['C] = —0.029¢% + 11.72t — 62.79; 15 < t [min] < 60 an

Both-sided fire exposure (#2):
T1.15and T1.5 (#2) : Tyr['C] = 8.66t +13.77; 0 < t[min] < 14 (12)

Typ[°C] = 0.014t3 — 0.1947¢2 + 96.95t — 850.2; 14 < t[Min] < 60
13)

T2.5 (#2) : Typ[°C| = 6.888t+11.9; 0 < t [min] < 15 (14)
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Typ['C] = —0.211¢2 + 28.71t — 250.5; 15 < t [min] < 60 (15)

The goodness-of-fit between the fire resistance predicted from FE
models and those determined using the proposed approach which is
based on the proposed maximum temperature equations and idealised
time-temperature curves was evaluated under one-sided and both-sided
fire exposure. As illustrated in Fig. 24, the comparison was made by
analysing the R? values for a polynomial fit, which reflects the accuracy
of the proposed method in predicting the fire resistance. It can be
observed from Fig. 24 that most of the data points fall within the trend-
line zone, staying within the error limit lines of + /-10 %, which sug-
gests that the proposed approach is highly reliable and effective for
predicting the critical temperature and fire resistance for both fire
exposure scenarios. Additionally, the R? value was found to be 0.984 for
one-sided fire exposure, (Fig. 24 (a)), while it reached 0.976 for both-
sided fire exposure, (Fig. 24 (b)). These high R? values indicate a
strong correlation between the FE model predictions and the failure time

values derived from the proposed approach.

The proposed method is highly dependent on the idealised time-
temperature equations developed in this study, which are tailored spe-
cifically to the protection configurations and steel thicknesses used in
this investigation. As a result, the equations may not apply to CFS walls
with different protection systems (i.e insulated walls) or steel thick-
nesses beyond those used in this study.

8. Validation of proposed formulas against real-world fire test

To validate the proposed formula for one sided fire exposure, (Eq. 4),
against real-world fire conditions, comparisons were made with exper-
imental fire tests conducted by Ariyanayagam and Mahendran [53]
based on Broadgate Fire Dynamics (BFD) curve. Two types of uninsu-
lated LSF walls including, LSF2, (double layers of plasterboard), and
LSF4, (single layer of plasterboard), are considered in the validation.
Table 5 presents a comparison of the maximum temperature predicted

o Single LCS e Stiffened LCS
e B-B stud configuration Trend-line
————— /+10% Erreur limits
60 Z 60
T 50 1 R*=0.976 7 F so 2=0.984
g S avtad & Fy
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Fig. 24. Comparison of Fire Resistance (R) predicted by FEA and the proposed approach.
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by the proposed formula with those obtained from fire tests. The results
indicate a slight difference between the predicted and experimental
temperatures, with deviations of 2.7 % and 4.9 % for LSF 2 and LSF 4,
respectively, demonstrating strong agreement between the proposed
formula and experimental data for one-sided fire exposure.

9. Conclusions

A comprehensive parametric analysis was conducted to evaluate the
performance of CFS stud walls subjected to axial compression load under
two fire exposure scenarios, including one-sided and double-sided fire
exposure. Several parameters were varied, including steel thickness and
grade, the presence of different types of web stiffeners and built-up I-
shaped stud configurations. Several load ratios (0.2-0.8) were applied to
determine the maximum temperature and the fire resistance. Following
are the important conclusions from this study:

e The maximum temperature progression remains unaffected by the
presence of web stiffeners or doubling studs in built-up I-shaped
configurations.

Increasing the steel thickness significantly reduces temperature

progression and enhances the fire resistance, while its effect is less

pronounced for CFS thicknesses of 1.15 mm and 1.5 mm in the case
of double-sided fire exposure.

Steel grade and built-up I-shaped configurations enhance the load-

bearing capacity at room temperature, thereby improving fire

resistance under both fire exposure scenarios.

e Web stiffener configurations have only a slight effect on fire resis-

tance performance.

Switching from one-sided to both-sided fire exposure for LCS-T1.15

and LCS-T1.5 results in a 41 % and 50 % reduction in fire resis-

tance, respectively.

e The load ratio versus the maximum temperatures predicted by
EN1993-1-2 [22] were found to be conservative when compared to
the numerical simulation results.

e The temperature limit of 350°C recommended by EN1993-1-2 [22]
to verify fire resistance proves to be unsafe for load levels exceeding
60 % under one-sided fire exposure and 50 % under double-sided fire
exposure.

e New formulas, based on load ratio have been proposed to predict the

maximum temperature at failure for CFS walls under one-sided and

doubled-sided fire exposure.

New approach has been developed to determine the fire resistance of

CFS walls, using the proposed idealised time-temperature equations

as well as the proposed formulas for the maximum temperature.

The developed approach offered reliable predictions for different

stud configuration and exhibited high accuracy, with R? values of

0.976 and 0.984 for one-sided and double-sided fire exposure,

respectively.

The dimensions of the specimen affect the failure modes of the
cladding system (gypsum), affecting the overall temperature field in the
model, introducing different crack patterns, different ablation modes
and opening joints when available. These events may introduce a small
modification in the fire resistance by insulation (I) of reduced-scale
specimens in comparison to full-scale specimens. The dimension of the
specimens also influences the expected structural failure modes of the
CFS stud walls, in particular for the reduced-scale specimen, reducing
the risk of some global failure modes. The reduced dimension of the
specimens is expected to increase the maximum temperature of the LSF
wall, increasing the fire resistance by stability (R), as already verified by
Piloto et al. [21].

The proposed approach provides structural fire engineers with for-
mulas to determine the maximum temperature of CFS wall under both,
one-sided and double-sided fire exposure. Therefore, the estimation of
the fire resistance for these cases would be more accurate for the design

Engineering Structures 335 (2025) 120392

Table 5
Maximum temperature for one-sided exposure: proposed formula vs BFD.
Specimen  Fire Load Tmax (Bq.4) Tmax (Test) Difference
action ratio [°C] [°C] [%]
LSF 2 BFD 0.2 663 645 2.7
LSF 4 BFD 0.2 663 630 4.9

of safer CFS stud walls under fire.

Future trends in the fire resistance of CFS stud walls should consider
the possibility of determining the fire resistance based on a simplified
additive component procedure in terms of the fire resistance by insu-
lation. This simplified method may be based on the separating function
method.
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