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Abstract

Robust and pre-fabrication construction téchniques are the cutting edge practice in the building
industry. Cold-frame, warm=frame and’hybrid-frame are three common Light-gauge Steel Frame (LSF)
wall constructions applied for better.energy performance. Still, the applications of the aforementioned wall
configurations are restricted due to limited fire safety studies. This paper presents the fire performance
investigations and results of cold-frame, warm-frame, and hybrid frame LSF walls together with three novel
configurations maintaining the same material quantities. Successfully validated 3D heat transfer finite
element'modelsiwere extended to six wall configurations. Time variant temperature profiles from Finite
Element Analyses were evaluated against the established Load Ratio (LR)-Hot-Flange (HF) temperature
curve toydetermine the structural fire resistance. Modified warm-frame construction showed the best
performance where the Fire Resistance Level (FRL) is approximately twice that of conventional LSF wall
configurations. Hence, the novel LSF wall configurations obtained by shifting the insulation material toward
the fireside of the wall make efficient fire-resistant wall solutions and the new designs are proposed to be

incorporated in modular constructions for enhanced fire performance.

Keywords: Fire Performance, Cold-Frame, Warm-Frame, Hybrid-Frame, LSF Wall Configurations,
Modular Walls, Standard Fire, FRL
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1 Introduction

Light-gauge Steel Frame (LSF) structures are becoming more common in construction due to their desirable
energy and sustainability characteristics. In particular, the use of LSF wall and floor panels is growing in
modern low to mid-rise buildings including commercial and residential applications. Depending on the type
of construction and the designed load path, load-bearing or non-load bearing types of LSF wall panel
configurations are being used in structures [1].

Structural performance, energy performance and fire performance are the major design aspects,that need to
be addressed [2-7] in LSF wall and floor panel construction. Yet, in the UK and other European countries,
while much attention has been given to the energy performance of wall and floor panels, less,consideration
has been given to the fire performance. In fact, some of the LSF panel designs that‘have been used in
constructions involve combustible insulation material such as expanded polystyrene and polyethylene foam
film [6-10]. Meanwhile, researchers like Sayadi et al. [11] Zhou et al. [12] haveshighlighted the increased
risk in case of fire accident when combustible material like Expanded Polystyrene (EPS) insulation is
integrated into construction. Figure 1 depicts two catastrophic failures of LSF panel based structures, which
occurred due to accidental fires.

Previous research studies conducted on LSF wall panelsshave described the effect of thermal insulation,
various types of fire-resistant plasterboards, steel sheathing and different stud profiles on fire safety. Dias
et al. [13] have experimented on different plasterboard‘eonfigurations and steel sheathing where internal,
external and both internal and external sheathing have resulted in improved fire performance of wall panels.
Still, the joints between steel sheathing@nd plasterboards inherit the risk of being opened up in fire resulting
localised buckling failure driving to premature/failure in structural criterion which ultimately eliminates the

advantage of using steel sheathing.

Figure 1: Failures in fire accidents, (a) Lunenglingxiu, Jinan, China; (b): Zljinyuan, Zhangjia, China [12]

Moreover, the fire performance of LSF wall panels has been studied with innovative steel studs by Dias et
al. [14, 15], who showed that a new web stiffened channel section performs better when considering ambient
and fire conditions. Also, Rusthi et al. [16] experimented with two types of MgO boards in the LSF wall

panel, where all three tested wall panels had been failed in the integrity criterion. Soares et al. [10] and
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McLaggan et al. [17] have studied on the integration of Phase Change Material (PCM) based plasterboards
in LSF wall construction which describe the enhanced energy performance but the increase of fire risk and
reduction in FRL.

As per the present knowledge and understanding of LSF panel fire performance, integration of cavity
insulation between LSF wall studs leads to reduced structural FRL, though it results in increased insulation
FRL and energy performance [18]. When the LSF wall has fire on one side, this will resultn high
temperatures on the fireside and low temperatures on the unexposed side. Hence the load-cartying, cold-
formed steel studs will be subjected to differential temperature distribution, where the fireside flange is
referred to as Hot Flange (HF) and the ambient side flange as Cold Flange (CF). As‘the temperature
difference between HF and CF increases, the difference of stress-strain characteristies betweenHF and CF
is also increased. This will induce thermal bowing of the cold-formed steel studs, which would ultimately
lead to increased eccentricity of load applied on studs and to the structural-failure [19].

In the case of an insulated LSF wall panel, the thermal insulation acts\as a barrier to the transfer of heat
which will increase the differential temperature between HF and CF, to the critical value in a shorter time
period. Hence, the FRL of a load-bearing LSF wall is redueed when cavity thermal insulation is applied.
Figure 2 describes the effect of insulation on the fire performance of a load-bearing LSF wall.

Load-bearing LSF wall with Cavity Insulation Load-bearing LSF Wall without Cavity Insulation

Higher Energy Performance Lower Energy Performance
Lower Fire Performance Higher Fire Performance
Gypsum Plasterboard — msssssss |_ipped Channel Section Rockwool Insulation

Figure 2: Features of LSF wall with and without cavity insulation

As,a solutien,to the reduced structural fire performance related to the integration of cavity insulation, the
insulationPmaterial can be shifted to the outside of the load-bearing LSF wall. With this improvement both
energy and fire performance enhancement could be expected, however, the increased wall thickness might
limit the application of this type. Cold-frame, warm-frame and hybrid-frame constructions are some of the
extensively used LSF wall constructions of where the location of thermal insulation is changed. Cold-Frame
wall construction includes the insulation material inside the wall cavity; where the insulation is shifted in
full and partial to the external side of the wall to obtain Warm-Frame and Hybrid-Frame wall constructions
respectively. Cold-frame, warm-frame and hybrid-frame LSF wall panel constructions shown in Figure 3
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have been investigated for energy performance by Roque and Santos [6]. Thermal analyses results of these
three wall configurations that have been extracted from the study are presented in Figure 4.

- W N e

~

(100 mm)
(50 mm)

Int. Ext. Int.

(a) (b) (c)

Int. Ext.

1-Gypsum Board; 2-Oriented Strand Board; 3-Rockwool; 4-Air; 5-ETICS finish; 6-LCS;
7-Expanded Polystyrene

Figure 3: Wall configurations in current practice, (a): Cold-Frame; (b): Warm=Erame & (c): Hybrid-Frame [6]

However, limited studies have been conducted on cold-frame, warm=frame‘and hybrid-frame type LSF wall
configurations in-fact no study could be found regarding the fire\perfermance. In this study, instead of
expanded polystyrene thermal insulation, rock wool insulatien material is proposed due to the highly
flammable nature of expanded polystyrene and increased, riskqgrelated to fire accidents as per Sayadi et al.
[11] and Zhou et al. [12]. The presented study investigates the fire performance of the above three
conventional LSF wall construction together with*three new configurations. 3D Heat transfer FE models
were developed in ABAQUS [20] and validated against available test data in the previous study by Gunalan
et al. [21]. The validated FE maodelstwere 'extended to examine the heat transfer behaviour of six
configurations of LSF walls. In-fact the temperature profiles through wall thickness were generated from
FE analyses. Moreover, Load-Ratio (CR)=critical HF Temperature curve was established based on extensive
experimental and numerical results. These curves were analysed to predict the Period of Structural
Adequacy (PSA) values of LSF wall panels under standard fire. The efficiency of employing the cold-frame,

warm-frame, hybrid-frameland other three novel configurations is discussed in detail.

Ext. Int. Ext. |I Int. Ext. H Int.
(b) (c)
00° 2

(a)

295 30" 78

. 10.0* 12.5° 15.0° 17.3% 200"
-

Notes: Solid equivalent thermal conductivities have been

used to model the air layers.

Figure 4: Temperature distribution of thermal analyses, (a): Cold-Frame; (b): Warm-Frame & (c): Hybrid-Frame [6]
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2 Present Guidelines and Knowledge on Fire Resistance of LSF wall panels

Standards and guidelines on structural fire design of steel-based structures such as Eurocode 3 [22] and
Australian and New Zealand Standard [23]; define three basic criteria; 1) structural 2) integrity and 3)
insulation. Structural failure occurs when the component fails to carry the design load when subjected to
fire; Integrity failure is defined as the failure to keep transfer of hot gases and flames from fireside to the
unexposed side through the structure; The insulation failure is when the temperature on the unexposed
surface of the structure exceeds 140 °C on average or 180 °C at any point [16]. The convention 6f denoting
the FRL is Time to (Structural Failure)/ (Integrity Failure)/ (Insulation Failure). i.e. The FRI,0f 60 minutes
of a load-bearing LSF Wall panel is denoted as 60/60/60 where the 60 minutes FRL of a nen-load bearing
LSF Wall is presented as -/60/60.

The Advanced Calculation Models in Eurocode 3 can be used for the structural fire designof steel structures,
however LSF walls considered in the study are composite structures which consist/of different types of
plasterboard and insulation material in addition to the cold-formed steehstuds. Hence, when conducting the
structural fire design of LSF panels, a finite element model (FEM)“has to be developed for a similar LSF
panel which has been tested in a full-scale test applying standard fire. The developed FEM has to be
validated and then it can be used to predict the performance and FRL of LSF panels with different parametric
values.

ABAQUS CAE [20] is one of the leading adwvanced, computer analysis tools available for finite element
structural, mechanical and thermal analyses. Threextypes of FEA techniques available in ABAQUS software
are; thermal FEA, sequentially coupledihermal-structural FEA and fully coupled thermal-mechanical FEA.
With the correct use of 3D FEA t0ols in“Abaqus, researchers have been able to predict the FRL of LSF
panels with respect to a number of variables [18, 24].

Moreover, investigatingthe,experimental and finite element analyses in previous studies [25-28] on load-
bearing LSF panels fire performance, a relationship between LR and the HF temperature of the wall studs
can be established in.case\of structural fire failure. In-fact, when a load-bearing LSF wall is subjected to
fire, the steel studs experience differential temperatures as explained in previous section. Here the time
dependent HF ‘temperature will be the maximum steel temperature at all times. Therefore, when HF
temperature reaches to the critical temperature related to the LR, the steel stud which is in compression will
undergoythermal bowing due to the reduced strength at the HF [29, 30]. Meanwhile, for LSF floor panels
the LR is related to the average temperature of the steel joists which carry the load in bending. Figure 5
presents the LR versus HF Temperature data at the structural failure of the load-bearing LSF wall studs,
which have been extracted from studies by Gunalan and Mahendran, Chen et al. and by Ariyanayagam and
Mahendran [25-28]. It should be noted that all experimental tests in Figure 5 encountered structural failure

when standard fire was applied while the numerical test results are also related to the structural FRL.
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Gunalan and Mahendran [25]
& Chenetal. [26]
*  Gunalan [27]

Ariyanayagam and Mahendran [28]
6th order Polynomial

Load Ratio
o
%]

0.3
0.2

0.1

0 200 400 600 800
Hot Flange Temperature (°C)
Figure 5: Load ratio (LR) versus hot flange (HF) Temperature at the structural failure ‘of LSF wall, based on previous

studies [25-28]

From this polynomial variation between LR and HF temperature“at the structural failure of load-bearing
LSF walls, time to structural failure when subjected to standard fire whieh is the PSA of similar LSF wall
panels can be determined once the HF temperature variation“is derived from the corresponding thermal
FEM.

3 Advanced Computer Modelling Studies

3D Finite Element Heat Transfer models were developed using the commercially available, general-purpose
finite element package ABAQUS [20]«T he studied six configurations consist of two British Gypsum boards
of 15 mm thickness on either side, 150x43x45x2 Lip Channel Sections (LPS) of G500 steel grade and

100mm thick layer of rockwoal insulatiop:
3.1 LSF Wall Details

Cold, Warm and Hybrid types of LSF wall frame constructions are some of the commonly practiced LSF
walls in the construction industry. The energy performance of these three LSF wall construction options has
been studied By Rogue and Santos [6]. However, expanded polystyrene has been used for warm and hybrid
types that cannot be used in fire-safe constructions as per Sayadi et. al [11] and Zhou et al. [12].

Henee, expanded polystyrene has been replaced with rockwool insulation in this study. Then the cold-frame,
warm-frame and hybrid-frame LSF walls and additional three wall configurations (modified warm-frame,
partially modified warm-frame and modified cold-frame) using the same amount of material have been
numerically investigated, evaluating the FRL for each type based on structural failure. Six wall

configurations involved in the study are presented in Figure 6.
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Configuration 1 — Cold-Frame
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Figure 6: Investigated load-bearing wall configurations in the study

3.2 Elevated Temperature Thermal Properties

When conducting 3D heat transfer finite element analyses, roperties of plasterboard material,

insulation material and the cold-form steel material are vedyand must be specified in a temperature-

dependent manner.

Specific Heat, Thermal Conductivity and eel have been adopted from Eurocode 3 [22].

De
boards presented by Rusthi et al [18] have been extracted.

rature Specific Heat, Thermal Conductivity and Density

Similarly, the thermal properties of gy

Figure 7-Figure 9 contains the el
variation over temperature for
in Dias’s work [14]. Specifi
is 100 kg / m® [14]. Th

in Figure 10. Q)
< ) 18

ards. Furthermore, the thermal properties of Rockwool are given
kwool is given as 840 J/ (kg.°C), where the density of Rockwool
uctivity of rockwool has a variation over temperature which is shown

Specific Heat (k) f&g.)CR

IS

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 7: Specific heat of Gypsum board [18]
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3.3 Numerical Models

FEMs were developed for experimental studies of five LSF wall constructions conducted by Gunalan et al.
[21] which have been presented in Table 1. Time-dependent temperature profiles of Fire Side (FS), HF, CF
and Ambient Side (AS) of the experimental studies have been compared with the FEA results as shown in

Figure 11.
Table 1: Experimentally tested LSF wall configurations by Gunalan et. al [21]
Model No: Wall Cross-Section Insulation Plasterboard Failure Time
Arrangement (min)
1 T L C I None Single Board 54

2 I:E:EI,' None Double, Boards 111

3 m Glass Fibre Double/Boards 101

-
|

4 I:[:EI: Rock Fibre Double Boards 107
5 :EE:[:I Cellulose Fibre Double Boards 110

- 90x40x15x1.15 Lip Channel Ségtion ==- 16 mm thick Gypsum Plasterboard
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192 Figure 11: Experimental [21] and FEA time-temperature variations through wall thickness

193  As per the good agreement between Finite Element and Experimental results, the FEM has been extended
194  to study the fire performance of cold-frame, warm-frame, hybrid frame, modified warm-frame, partially
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modified warm-frame and the cold-frame constructions. The FEM details are presented in this section.

The LSF walls consist of 3m long 150x43x15x2 LCS studs at 0.6m intervals, two Gypsum plasterboards of
15mm thickness on either side, and a layer of 200mm thick rockwool insulation. Thermal properties used
for the FEA have been presented in section 3.2. Figure 12 presents the FEM developed for the cold-frame
LSF wall configuration.

All the components of LSF wall configurations were modeled as DC3D8 - solid elements and 8-nade linear
heat transfer brick elements were used to create the mesh. This particular element type ensurgs,conduction
mode heat transfer through the elements and from one element to the next in the same materialaGlobal mesh
density of 50mm was applied to the structures while the density through-thickness was,set te,2mnrbecause
heat transfer through-thickness is very much significant where as it is negligible in the other, two directions.
These mesh density details were chosen based on the sensitivity analyses described in Rusthi et al. [18].

As the parts are assembled and positioned, tie constraints were applied between.eontacting surfaces to enable

perfect conduction heat transfer between instances that are in contaet.

15 mm thick, two British 150x%43x15x%2 LCS Stud
Gypsum Plasterboards

on either side

100 mm thick
Rockwool Insulation

Figure 12: Developed 3D model of Cold-Frame wall configuration

Two steps haye been‘usedAfor the heat transfer FEA. Initial step was used to apply the ambient temperature
to the model while a/followed heat transfer step was created as a transient step to apply the standard fire
curve and interactions. Initial step size was made 0.1s, where the minimum increment is set to 0.01s with
thepautomatietype steps. Moreover, convection and radiation heat transfer mechanisms were simulated
applying appropriate interactions. The convective film coefficients used for fire and ambient sides of the
wall were 25 and 10 W / (m2.°C) respectively while the convection inside the wall cavities was neglected
because the airflow inside the wall cavity is restricted. Again the surface radiation was applied on cavity,
ambient and firesides of the wall configurations with an emissivity coefficient of 0.9 [31]. The closed cavity
method was used for the surface radiation condition of the cavity surfaces [18]. The staged air inside the
cavity region could be considered as static and the thermal conductivity of air is comparatively very low.
Therefore, convection and conduction mode heat transfer inside the cavity could be reasonably neglected
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with respect to the heat transfer caused by cavity radiation. The same concept has been practiced in previous
research studies [14, 18, 32] which have been able to accurately simulate the experimental structural fire
tests on LSF wall panels.

Standard Fire Curve was applied as temperature boundary conditions on the firesides. Firstly, an amplitude
curve was specified following AS 1530.4 for the standard fire curve and then this amplitude was applied for
the boundary condition where a heat transfer step function was used. Meanwhile, the room temperatare was
applied to the whole model as a predefined temperature field in the initial step. The boundary‘conditions
applied on the model are presented in Figure 13. It should be noted that two plasterboards have been applied
at top and bottom of the LSF wall FEMs to simulate the closed cavity condition.

The amplitude curve for the standard fire (ISO 834) was adopted as;
0 = 345log,,(8t + 1) + 20 1)

which is recommended in AS 1530.4 standard; where 6 is the temperaturesin®®C and ¢ is time in minutes
[18]. The ambient temperature of 20 °C has been considered in equation (%).

In Abaqus FEA, the boundary condition of heat flux is calculated\based”on nodal and sink temperatures.
Heat Flux g is expressed as in equation (2) which is applied to all exposed surfaces of the FEM [33].

4
q= h(Tsurf - Tsink) + o€ ((Tsurf - Tabs) - (Tsink - Tabs)4) (2)
where T, ¢ is surface temperature, Ty, is theisink temperature, T, is the absolute temperature, h is the

convective heat transfer coefficient, ¢ is the relative emissivity (0.9) and o is the Steffan-Boltzmann
coefficient (5.67 x 1078 W /(m?2.°C*),

At the same time, for the heat transfer-analyses of cavity volumes, a different model is used. As already
described the restrictions applied forieonvection mode heat transfer inside the cavity, the heat transfer
equation used for cavity approximation is based on radiation mode heat transfer as presented in equation

(3).

o0&

qlc 4 A—Z &j Z Fl'ka_jl ((T] - Tabs)4 - (Tl - Tabs)4) (3)
i 7 A

Where 4; is the area of the i facet seen to all cavity facets of j = 1,2,....,n; & and g are the relative
emissivity of i and j™ facets. k is again a variable from 1,2,..n; F;;and C;; are view factor and reflective
matrices while T;are T; are the temperatures of i"" and j™" facets.
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Ambient Side Cavity

Convection Film Coefficient =10 W/(mz.DC) 3 Radiation emissivity = 0.9
Radiation emissivity = 0.9

20°C Ambient Side Temeprature

A

Fire Side
Convection Film Coefficient = 25 W/(m2.°C)
Radiation emissivity = 0.9

Standard ISO 834 fire curve

Figure 13: Boundary conditions applied on the model
3.4 Limitations of Finite Element Studies

Despite the advanced computing tools and options available in the ABAQUS CAE package for FEA,
limitations exist such as modelling of plasterboard shrinkage“behaviour/and initiation of cracks when
analysing LSF walls and structures. As Gypsum plasterboards aressubjected to fire, the plasterboards lose
mass or thin layers of material where the cross-sectionalidimensiens would reduce. This special behaviour
of shrinkage prone material is known as Ablation [31]. Yetyplasterboard thinning effect cannot be modelled
using ABAQUS software. Due to loss of mass.and plastesboard thinning, heat transfer through plasterboard
through conduction will be increased. In the case‘plasterboard thinning or reduction of material cannot be
modelled the measured thermal properties have to be modified to produce correct heat transfer through the
plasterboards. Those modified thérmal properties which are known as apparent thermal properties of

plasterboard and other material havetbeen’adopted in the finite element studies as described in section 3.2.

Also when conducting heattransfer analyses, moisture movement through the cavity was not addressed in
the FEM due to the gomplexity of the phenomenon. However, the modified specific heat curves used in the

analyses account the,effect,of moisture content in the material.

Due to the abeve limijtations of the FEM, the study has not addressed the integrity failure criterion for the
determination of FRL. Therefore the FRL values have been evaluated for six LSF wall configurations in

structuralfand. insulation criteria only.
4 Discussion

3D heat transfer FEM results of six wall configurations have been analysed along with LR versus HF
Temperature at the structural failure of LSF wall panels. Figure 14 demonstrates the temperature distribution
of the cold-frame wall model at 0 minutes, 30 minutes, 1 hour, 2 hours and 4 hours of exposure to the
standard fire ISO 834. A plan view of the model is shown in Figure 15, in which the temperature difference
between the hot and cold flanges of the stud can be identified. Therefore, cavity insulation has increased the

risk of thermal bridging effect. This incident can be illustrated more with Figure 16, which compares the
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temperature distribution through wall stud at 90 minutes of fire exposure for all six considered wall
configurations. The time dependent temperature profiles for the six wall configurations have been presented
in Figure 18 to Figure 23 and the temperature values at 90 minutes exposure to the standard fire have been
summarised in Table 2. The maximum temperature difference between HF and CF is seen with cold frame
construction which has the whole insulation volume inside the cavity. When half of the cavity insulation is
moved to the ambient side and fireside resulting in hybrid-frame and modified cold-frame construction, the
temperature deference between HF and CF has been reduced. Moreover, when warm-frames modified
warm-frame and partially modified warm-frame constructions exhibit further reduced temperature
difference leading to reduced risk for thermal bridging.
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288 Warm-Frameg; (e): Partially Modified Warm-Frame & (f): Modified Cold-Frame LSF wall panels at 90 minutes
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290 Table 2: Temperature differences of LSF wall configurations at 90 minutes exposure to standard fire, 1ISO 834
Wall Specimen Temperature at 90 minutes exposure to Standard Fire, 1ISO 834
FS HF CF AS Difference
between HF and
CF
Cold-Frame 1006 660 168 48

Warm-Frame 1006 471 400 30 & 70
I nnnnnn E " I

Hybrid-Frame 1006 616 33 368

fsomm
[ Ef ’

I——\

Modified Warm- 1006 18 81 37 37

Frame

Ifq

Partially Modifie 195 133 31 62

Warm-Fra(GK
o )
{

Msd;'fied Cold- 1006 200 86 31 114

Frame

.......

291  Figure 5 in section 2 is a presentation of the LR versus critical HF temperature of LSF wall studs for the
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292  structural fire failure based on 100 experimental and numerical results. Based on this relationship, the critical
293  temperature of the Hot Flange at 0.6 Load Ratio was found to be 320°C as presented in Figure 17. Similarly,
294  Critical Hot Flange Temperature values for 0.4 and 0.8 Load Ratios can be derived from Figure 17 as
295  presented in Table 3.

1 . = Gunalan and Mahendran [25]
a  Chenetal. [26]
0.9 % #  Gunalan [27]
Ariyanayagam and Mahendran [28]

6th order Polynomial

Load Ratio
o
wv

0.4

0.3

0.2

0.1

L 320
A

0
0 200 400 600 800
Hot Flange Temperature (0C)
296
297 Figure 17: Critical HF temperatureof wall stud at 0.6 LR [25-28]
298 Table 3: Critical HE temperature versus LR
Load Ratio 0.4 0.6 0.8

Critical Hot Flange Temperature (°C) 490 320 165

299

300 From 3D FEA results of'the wall configurations when subjected to standard fire, the temperature variations
301 through/wall thiekness graphs have been produced. Since the critical hot flange temperature for structural
302  failure aty0.4, 0.6 and 0.8 load ratios has been evaluated, PSA values of structural failure for the Wall
303  configurations can be calculated. Evaluation of PSA of the wall configurations 1 to 6 at 0.4, 0.6 and 0.8 LRs
304  are shown in Figure 18-Figure 23 respectively.
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317 Table 4: Period of Structural Adequacy (PSA) of wall configurations
Configuration PSA (minutes) at Load FRL (minutes)
Ratios Non-Load- Load Bearing Walls at Load Ratios
04 06 og DeaingWalls 0.4 0.6 0.8
(NLB)
Cold-Frame 74 63 55 -/-1 >240 60/-/ >240 60/-/ >240 30/- 0

........

Warm-Frame 93 72 54 -/-/ 230 90/-/ 230 60/@50//230

Hybrid-Frame 75 65 57 -/-1 >240 -1 >240 60/-/ >240 30/-/ >240
Js0mm
o
IA
Modified Warm-Frame 212 150 110 -[-| > 210/-/ >240 150/-/ >240 90/-/ >240
I%W
Partially Modified 145 10 -/-1 >240 120/-/ >240 90/-/ >240 60/-/ >240

Warm-Frame

Jromm |/‘

I: I

Js0mm

Modif<d Cold-jame 117 98 86 -/-1 >240 90/-/ >240 90/-/ >240 60/-/ >240
I I

50 mm

50 mm

FTTYTYTY

Notes:

1) Load Ratio (LR) is referred to as the ratio of applied load on a structural element with respect to the load-carrying capacity

at the ambient temperature

2) Period of Structural Adequacy (PSA) is the Fire Resistance Level in structural criterion
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PSA and the FRL values of the 6 wall configurations at 0.4, 0.6 and 0.8 Load Ratios and for NLB scenario,
derived from finite element analyses have been summarized in Table 4. When deciding the Structural Fire
Resistance, PSA obtained from FEA and LR versus HF Temperature relationship was used. As per AS/NZ:
4600:2018 [23] the FRL is stated in 30 minutes steps, the same convention has been followed when stating
the FRL in this study. Moreover, analyzing the time-dependent temperature variations through wall
thickness in FE studies, ambient side maximum temperature for all six wall configurations have remained
less than 75 °C at 240 minutes, which yields that the time to insulation failure to be greater than 240 minutes.

In this study, structural fire failure of load-bearing LSF walls have been investigated where‘the considered
LSF walls consisted of 1 to 2 mm thick LCS studs. Moreover, all the experiments, FEA and studies were
conducted considering standard fire, (ISO 834) on the fireside.

5 Conclusions

The research study is based on the fire performance of six LSF wall constructions Which consist of the same
amount of building material. Cold-frame, Warm-frame and Hybrid-frame, are three LSF wall constructions
used in the industry to obtain better energy performance, while_a number of previous studies had been
conducted on the energy performance of those configurations;"Hewever, due to insufficient studies on the
fire safety of these wall constructions, this particular ‘aumerical study has been conducted on the fire
performance of those LSF wall structures and three novel configurations. Moreover, the use of EPS
insulation in the conventional warm-frame anddaybrid-frame constructions is not acceptable in terms of fire
safety so that it has been replaced with rockwool insulation which positively influences both energy and fire
performance of the wall. All six constrdction types; including three existing and three novel configurations,

consist of the same amount of material butithe/position of the insulation has been changed.

Initially, a 3D FEM was developedfor/an existing experimental study and the results of heat transfer
analyses were validated against the experimental results. Subsequently, the validated FEM was extended to
assess the behaviourof sixgvall configurations exposed to standard fire in terms of structural and insulation
criterions. Time;dependent temperature profiles derived from heat transfer analyses were analyzed against
the LR versus HF temperature at the structural failure relationship that was established based on previous
experimental and_numerical studies in order to evaluate the structural fire resistance of six wall
configurations at 0.4, 0.6, 0.8 LRs. At the same time, time-dependent temperature profiles of ambient side
of the'SF walls were analysed to determine the insulation fire resistance for each wall configuration.

Modified warm-frame construction exhibits the maximum FRL irrespective of the applied LR. In-fact, the
FRL values at 0.6 LR for cold-frame, warm-frame and hybrid-frame LSF walls are in the range of 60 minutes
while that of the modified warm-frame is 150 minutes, which implies approximately 150% better
performance than original wall frame constructions. It is concluded that shifting the whole volume of
rockwool insulation to the fireside of the wall as in modified warm-frame configuration leads to enhanced
structural fire resistance. Similarly, partial movement of rockwool insulation from ambient side to fireside
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and from cavity side to fireside creating partially modified warm-frame and modified cold-frame have
resulted in increased FRL with respect to the original wall configurations. Therefore, the novel LSF wall
configurations are proposed to be incorporated in LSF and modular construction to enhance the fire
performance of the structures.

Since the original warm-frame construction had shown the best energy performance due to the elimination
of thermal bridging effect, similar behavior should be related to the modified warm-frame construetion as
well, because the cavity insulation and thermal bridging are eliminated here. However, furthertesearch is
underway to enhance the understanding and knowledge in this research scope.

6 Acknowledgement

The authors would like to acknowledge the ESS Modular Limited. and Northumbria University for the
financial support and research facilities.

References

[1] R. M. Lawson, "Light Steel Modular Construction,” in "Te€hnicaNnfermation Sheet ED014," The
Steel Construction Institute, 2012.

[2] S. Selvaraj and M. Madhavan, "Investigation on sheathingaeffect and failure modes of gypsum
sheathed cold-formed steel wall panels subjected to bending,” Structures, vol. 17, pp. 87-101,
2019/02/01/ 2019, doi: https://doi.org/10.1016/j.istrte:2018.09.013.

[3] J. M. Davies, "Light gauge steel cassette wall construction — theory and practice,” Journal of
Constructional Steel Research, volas62, nos,11, pp. 1077-1086, 2006/11/01/ 2006, doi:
https://doi.org/10.1016/j.jcsr.2006.06.028:

[4] M. Mortazavi, P. Sharafi, K. Kildashti, and’B. Samali, "Prefabricated hybrid steel wall panels for
mid-rise construction in seismieyregions,” Journal of Building Engineering, vol. 27, p. 100942,
2020/01/01/ 2020, doi: htips://doi.org/10.1016/j.jobe.2019.100942.

[5] S. Selvaraj and M. Madhavan,, "Structural behaviour and design of plywood sheathed cold-formed
steel wall systems sabjeeted to out of plane loading,” Journal of Constructional Steel Research, vol.
166, p. 105888, ,2020/03/02/-2020, doi: https://doi.org/10.1016/j.jcsr.2019.105888.

[6] E. Roque and P. Santos, "The Effectiveness of Thermal Insulation in Lightweight Steel-Framed
Walls with“Respect to Its Position,” Special Issue Insulation Materials for Residential Buildings,
vol. 7¢no.1, pal8,/2017, doi: https://doi.org/10.3390/buildings7010013.

[7] P.-Santos, C. Martins, L. S. d. Silva, and L. Bragancxa, "Thermal performance of lightweight steel
framed wall: The importance of flanking thermal losses,” Journal of Building Physics, vol. 38, no.
1, pp. 81-98, 2014, doi: 10.1177/1744259113499212.

[8] E. Rodrigues, N. Soares, M. S. Fernandes, A. R. Gaspar, A. Gomes, and J. J. Costa, "An integrated
energy performance-driven generative design methodology to foster modular lightweight steel
framed dwellings in hot climates,” Energy for Sustainable Development, vol. 44, pp. 21-36,
2018/06/01/ 2018, doi: https://doi.org/10.1016/j.esd.2018.02.006.

[9] T. Hoglund and H. Burstrand, "Slotted steel studs to reduce thermal bridges in insulated walls,"
Thin-Walled  Structures, wvol. 32, no. 1, pp. 81-109, 1998/09/01/ 1998, doi:
https://doi.org/10.1016/S0263-8231(98)00028-7.

[10] N. Soares, P. Santos, H. Gervasio, J. J. Costa, and L. Simdes da Silva, "Energy efficiency and thermal
performance of lightweight steel-framed (LSF) construction: A review," Renewable and Sustainable
Energy Reviews, vol. 78, pp. 194-209, 2017/10/01/ 2017, doi:




395

396
397
398
399

400
401
402

403
404
405

406
407
408

409
410
411

412
413
414

415
416
417

418
419
420

421
422
423

424
425

426
427
428

429
430

431
432

433
434
435

436
437
438

439
440

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

Thin-Walled Structures
https://doi.org/10.1016/j.rser.2017.04.066.

A. A. Sayadi, J. V. Tapia, T. R. Neitzert, and G. C. Clifton, "Effects of expanded polystyrene (EPS)
particles on fire resistance, thermal conductivity and compressive strength of foamed concrete,”
Construction and Building Materials, vol. 112, pp. 716-724, 2016/06/01/ 2016, doi:
https://doi.org/10.1016/j.conbuildmat.2016.02.218.

L. Zhou, A. Chen, L. Gao, and Z. Pei, "Effectiveness of vertical barriers in preventing lateral flame
spread over exposed EPS insulation wall,” Fire Safety Journal, vol. 91, pp. 155-164, 2017/07/01/
2017, doi: https://doi.org/10.1016/].firesaf.2017.04.013.

Y. Dias, M. Mahendran, and K. Poologanathan, "Full-scale fire resistance tests off steel and
plasterboard sheathed web-stiffened stud walls,” Thin-Walled Structures, vol. 137;%pp. 8293,
2019/04/01/ 2019, doi: https://doi.org/10.1016/j.tws.2018.12.027.

Y. Dias, P. Keerthan, and M. Mahendran, "Predicting the fire performance of LSFwallsrmade of
web stiffened channel sections,” Engineering Structures, vol. 168, pp. 320332, 2018/08/01/ 2018,
doi: https://doi.org/10.1016/j.engstruct.2018.04.072.

Y. Dias, P. Keerthan, and M. Mahendran, "Fire performance of steel and plastesboard sheathed non-
load bearing LSF walls,” Fire Safety Journal, vol. 103, pp. 1-18/20%9/01/01/ 2019, doi:
https://doi.org/10.1016/j.firesaf.2018.11.005.

M. Rusthi, A. Ariyanayagam, M. Mahendran, and P. Keerthan, “Fire tests of Magnesium Oxide
board lined light gauge steel frame wall systems,” Fire ‘Safety Journal, vol. 90, pp. 15-27,
2017/06/01/ 2017, doi: https://doi.org/10.1016/j.firesaf.201 7203.004.

M. S. McLaggan, R. M. Hadden, and M. Gillie, "Fire, Performance of Phase Change Material
Enhanced Plasterboard,” Fire Technology, vol.\54pno.”1, pp. 117-134, 2018/01/01 2018, doi:
10.1007/s10694-017-0675-X.

M. Rusthi, P. Keerthan, M. Mahendranfiand A. Ariyanayagam, "Investigating the fire performance
of LSF wall systems using finite element'analyses," Journal of Structural Fire Engineering, vol. 8,
no. 4, pp. 354-376, 2017, doi: 10-4208/jsfe-04-2016-0002.

A. S. Usmani, J. M. Rotter,.S. kamont, A. M. Sanad, and M. Gillie, "Fundamental principles of
structural behaviour under thermaly effects,” Fire Safety Journal, vol. 36, no. 8, pp. 721-744,
2001/11/01/ 2001, doi /https://doi.prg/10.1016/S0379-7112(01)00037-6.

J. C. Nagetgaal, "Computer process for prescribing second-order tetrahedral elements during
deformation simdlation in‘the design analysis of structures,” ed: Google Patents, 2004.

S. GunalanP. Kolarkar, and M. Mahendran, "Experimental study of load bearing cold-formed steel
wall systems,under, fire conditions,” Thin-Walled Structures, vol. 65, pp. 72-92, 2013/04/01/ 2013,
doi: hitps://dorerg/10.1016/j.tws.2013.01.005.

Euracade 3: Design of steel structures - Part 1-2: General rules - Structural fire design, T. E. Union,
23 April 2004 2005.

Joint _Technical Committee BD-082, Ed. Cold-formed steel structures (Fire Design. Council of
Standards Australia and New Zealand Standards, 2018.

E. Steau, P. Keerthan, and M. Mahendran, "Thermal modelling of LSF floor systems made of lipped
channel and hollow flange channel section joists,” Copenhagen, Denmark, 13-15 September 2017,
2017. [Online]. Available: https://onlinelibrary.wiley.com/doi/epdf/10.1002/cepa.313.

S. Gunalan and M. Mahendran, "Fire performance of cold-formed steel wall panels and prediction
of their fire resistance rating,” Fire Safety Journal, vol. 64, pp. 61-80, 2014/02/01/ 2014, doi:
https://doi.org/10.1016/j.firesaf.2013.12.003.

W. Chen, J. Ye, Y. Bai, and X.-L. Zhao, "Improved fire resistant performance of load bearing cold-
formed steel interior and exterior wall systems,” Thin-Walled Structures, vol. 73, pp. 145-157,




441

442
443
444

445
446
447

448
449
450

451
452
453

454
455
456

457
458
459

460
461
462

463

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Thin-Walled Structures
2013/12/01/ 2013, doi: https://doi.org/10.1016/].tws.2013.07.017.
S. Gunalan, "Structural Behaviour and Design of Cold-formed Steel Wall Systems under Fire

Conditions,” Doctor of Philosophy, School of Urban Development, Faculty of Environment and
Engineering, Quinsland University of Technology, 2011.

A. D. Ariyanayagam and M. Mahendran, "Fire performance of load bearing LSF wall systems made
of low strength steel studs,” Thin-Walled Structures, vol. 130, pp. 487-504, 2018/09/01/ 2018, doi:
https://doi.org/10.1016/j.tws.2018.05.018.

A. Ariyanayagam and M. Mahendran, "Experimental Study of Load-Bearing Cold-Formed Steel
Walls Exposed to Realistic Design Fires,” Journal of Structural Fire Engineering, vol. &, pp. 291-
329, 12/01 2014, doi: 10.1260/2040-2317.5.4.291.

A. D. Ariyanayagam and M. Mahendran, "Influence of cavity insulation on thedfire reSistance of
light gauge steel framed walls,” Construction and Building Materials, vol. 203y pp.1687-710,
2019/04/10/ 2019, doi: https://doi.org/10.1016/j.conbuildmat.2019.01.076.

P. Keerthan and M. Mahendran, "Numerical studies of gypsum plasterpoard panels under standard
fire conditions,” Fire Safety Journal, vol. 53, pp. 105-119;, 2012/10/01/ 2012, doi:
https://doi.org/10.1016/j.firesaf.2012.06.007.

P. Keerthan and M. Mahendran, "Thermal Performance of Composite Panels Under Fire Conditions
Using Numerical Studies: Plasterboards, Rockwool, Glass,Fibre ‘and*Cellulose Insulations,” Fire
Technology, vol. 49, no. 2, pp. 329-356, 2013/04/01 2013;,d0i%,10.1007/s10694-012-0269-6.

D. Simulia. "ABAQUS Analysis User's Manual."”
https://classes.engineering.wustl.edu/2009/spring/mase5513/abaqus/docs/v6.6/books/stm/default.ht
m?startat=ch02s11ath45.html (accessed 2020).




