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Abstract 18 

Robust and pre-fabrication construction techniques are the cutting edge practice in the building 19 

industry.   Cold-frame, warm-frame and hybrid-frame are three common Light-gauge Steel Frame (LSF) 20 

wall constructions applied for better energy performance. Still, the applications of the aforementioned wall 21 

configurations are restricted due to limited fire safety studies.  This paper presents the fire performance 22 

investigations and results of cold-frame, warm-frame, and hybrid frame LSF walls together with three novel 23 

configurations maintaining the same material quantities. Successfully validated 3D heat transfer finite 24 

element models were extended to six wall configurations. Time variant temperature profiles from Finite 25 

Element Analyses were evaluated against the established Load Ratio (LR)-Hot-Flange (HF) temperature 26 

curve to determine the structural fire resistance. Modified warm-frame construction showed the best 27 

performance where the Fire Resistance Level (FRL) is approximately twice that of conventional LSF wall 28 

configurations. Hence, the novel LSF wall configurations obtained by shifting the insulation material toward 29 

the fireside of the wall make efficient fire-resistant wall solutions and the new designs are proposed to be 30 

incorporated in modular constructions for enhanced fire performance. 31 

Keywords: Fire Performance, Cold-Frame, Warm-Frame, Hybrid-Frame, LSF Wall Configurations, 32 

Modular Walls, Standard Fire, FRL 33 
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1 Introduction 34 

Light-gauge Steel Frame (LSF) structures are becoming more common in construction due to their desirable 35 

energy and sustainability characteristics. In particular, the use of LSF wall and floor panels is growing in 36 

modern low to mid-rise buildings including commercial and residential applications. Depending on the type 37 

of construction and the designed load path, load-bearing or non-load bearing types of LSF wall panel 38 

configurations are being used in structures [1]. 39 

Structural performance, energy performance and fire performance are the major design aspects that need to 40 

be addressed [2-7] in LSF wall and floor panel construction. Yet, in the UK and other European countries, 41 

while much attention has been given to the energy performance of wall and floor panels, less consideration 42 

has been given to the fire performance. In fact, some of the LSF panel designs that have been used in 43 

constructions involve combustible insulation material such as expanded polystyrene and polyethylene foam 44 

film [6-10]. Meanwhile, researchers like Sayadi et al. [11] Zhou et al. [12] have highlighted the increased 45 

risk in case of fire accident when combustible material like Expanded Polystyrene (EPS) insulation is 46 

integrated into construction. Figure 1 depicts two catastrophic failures of LSF panel based structures, which 47 

occurred due to accidental fires.  48 

Previous research studies conducted on LSF wall panels have described the effect of thermal insulation, 49 

various types of fire-resistant plasterboards, steel sheathing and different stud profiles on fire safety. Dias 50 

et al. [13] have experimented on different plasterboard configurations and steel sheathing where internal, 51 

external and both internal and external sheathing have resulted in improved fire performance of wall panels. 52 

Still, the joints between steel sheathing and plasterboards inherit the risk of being opened up in fire resulting 53 

localised buckling failure driving to premature failure in structural criterion which ultimately eliminates the 54 

advantage of using steel sheathing. 55 

 56 

Figure 1: Failures in fire accidents, (a) Lunenglingxiu, Jinan, China; (b): ZIjinyuan, Zhangjia, China [12] 57 

Moreover, the fire performance of LSF wall panels has been studied with innovative steel studs by Dias et 58 

al. [14, 15], who showed that a new web stiffened channel section performs better when considering ambient 59 

and fire conditions. Also, Rusthi et al. [16] experimented with two types of MgO boards in the LSF wall 60 

panel, where all three tested wall panels had been failed in the integrity criterion. Soares et al. [10] and 61 

(a) (b) 
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McLaggan et al. [17] have studied on the integration of Phase Change Material (PCM) based plasterboards 62 

in LSF wall construction which describe the enhanced energy performance but the increase of fire risk and 63 

reduction in FRL. 64 

As per the present knowledge and understanding of LSF panel fire performance, integration of cavity 65 

insulation between LSF wall studs leads to reduced structural FRL, though it results in increased insulation 66 

FRL and energy performance [18]. When the LSF wall has fire on one side, this will result in high 67 

temperatures on the fireside and low temperatures on the unexposed side. Hence the load-carrying cold-68 

formed steel studs will be subjected to differential temperature distribution, where the fireside flange is 69 

referred to as Hot Flange (HF) and the ambient side flange as Cold Flange (CF). As the temperature 70 

difference between HF and CF increases, the difference of stress-strain characteristics between HF and CF 71 

is also increased. This will induce thermal bowing of the cold-formed steel studs, which would ultimately 72 

lead to increased eccentricity of load applied on studs and to the structural failure [19]. 73 

In the case of an insulated LSF wall panel, the thermal insulation acts as a barrier to the transfer of heat 74 

which will increase the differential temperature between HF and CF to the critical value in a shorter time 75 

period. Hence, the FRL of a load-bearing LSF wall is reduced when cavity thermal insulation is applied. 76 

Figure 2 describes the effect of insulation on the fire performance of a load-bearing LSF wall. 77 

 78 

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  Lipped Channel Section  Rockwool Insulation  

Figure 2: Features of LSF wall with and without cavity insulation 79 

As a solution to the reduced structural fire performance related to the integration of cavity insulation, the 80 

insulation material can be shifted to the outside of the load-bearing LSF wall. With this improvement both 81 

energy and fire performance enhancement could be expected, however, the increased wall thickness might 82 

limit the application of this type. Cold-frame, warm-frame and hybrid-frame constructions are some of the 83 

extensively used LSF wall constructions of where the location of thermal insulation is changed. Cold-Frame 84 

wall construction includes the insulation material inside the wall cavity; where the insulation is shifted in 85 

full and partial to the external side of the wall to obtain Warm-Frame and Hybrid-Frame wall constructions 86 

respectively. Cold-frame, warm-frame and hybrid-frame LSF wall panel constructions shown in Figure 3 87 
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have been investigated for energy performance by Roque and Santos [6]. Thermal analyses results of these 88 

three wall configurations that have been extracted from the study are presented in Figure 4. 89 

 90 

Figure 3: Wall configurations in current practice, (a): Cold-Frame; (b): Warm-Frame & (c): Hybrid-Frame [6] 91 

However, limited studies have been conducted on cold-frame, warm-frame and hybrid-frame type LSF wall 92 

configurations in-fact no study could be found regarding the fire performance. In this study, instead of 93 

expanded polystyrene thermal insulation, rock wool insulation material is proposed due to the highly 94 

flammable nature of expanded polystyrene and increased risk related to fire accidents as per Sayadi et al. 95 

[11] and Zhou et al. [12]. The presented study investigates the fire performance of the above three 96 

conventional LSF wall construction together with three new configurations. 3D Heat transfer FE models 97 

were developed in ABAQUS [20] and validated against available test data in the previous study by Gunalan 98 

et al. [21]. The validated FE models were extended to examine the heat transfer behaviour of six 99 

configurations of LSF walls. In-fact the temperature profiles through wall thickness were generated from 100 

FE analyses. Moreover, Load-Ratio (LR)-critical HF Temperature curve was established based on extensive 101 

experimental and numerical results. These curves were analysed to predict the Period of Structural 102 

Adequacy (PSA) values of LSF wall panels under standard fire. The efficiency of employing the cold-frame, 103 

warm-frame, hybrid-frame and other three novel configurations is discussed in detail. 104 

 105 

Figure 4: Temperature distribution of thermal analyses, (a): Cold-Frame; (b): Warm-Frame & (c): Hybrid-Frame [6] 106 

(a) (b) (c) 

Notes: Solid equivalent thermal conductivities have been 

used to model the air layers. 
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2 Present Guidelines and Knowledge on Fire Resistance of LSF wall panels 107 

Standards and guidelines on structural fire design of steel-based structures such as Eurocode 3 [22] and 108 

Australian and New Zealand Standard [23]; define three basic criteria; 1) structural 2) integrity and 3) 109 

insulation. Structural failure occurs when the component fails to carry the design load when subjected to 110 

fire; Integrity failure is defined as the failure to keep transfer of hot gases and flames from fireside to the 111 

unexposed side through the structure; The insulation failure is when the temperature on the unexposed 112 

surface of the structure exceeds 140 0C on average or 180 0C at any point [16]. The convention of denoting 113 

the FRL is Time to (Structural Failure)/ (Integrity Failure)/ (Insulation Failure). i.e. The FRL of 60 minutes 114 

of a load-bearing LSF Wall panel is denoted as 60/60/60 where the 60 minutes FRL of a non-load bearing 115 

LSF Wall is presented as -/60/60. 116 

The Advanced Calculation Models in Eurocode 3 can be used for the structural fire design of steel structures, 117 

however LSF walls considered in the study are composite structures which consist of different types of 118 

plasterboard and insulation material in addition to the cold-formed steel studs. Hence, when conducting the 119 

structural fire design of LSF panels, a finite element model (FEM) has to be developed for a similar LSF 120 

panel which has been tested in a full-scale test applying standard fire. The developed FEM has to be 121 

validated and then it can be used to predict the performance and FRL of LSF panels with different parametric 122 

values. 123 

ABAQUS CAE [20] is one of the leading advanced computer analysis tools available for finite element 124 

structural, mechanical and thermal analyses. Three types of FEA techniques available in ABAQUS software 125 

are; thermal FEA, sequentially coupled thermal-structural FEA and fully coupled thermal-mechanical FEA. 126 

With the correct use of 3D FEA tools in Abaqus, researchers have been able to predict the FRL of LSF 127 

panels with respect to a number of variables [18, 24]. 128 

Moreover, investigating the experimental and finite element analyses in previous studies [25-28] on load-129 

bearing LSF panels fire performance, a relationship between LR and the HF temperature of the wall studs 130 

can be established in case of structural fire failure. In-fact, when a load-bearing LSF wall is subjected to 131 

fire, the steel studs experience differential temperatures as explained in previous section. Here the time 132 

dependent HF temperature will be the maximum steel temperature at all times. Therefore, when HF 133 

temperature reaches to the critical temperature related to the LR, the steel stud which is in compression will 134 

undergo thermal bowing due to the reduced strength at the HF [29, 30]. Meanwhile, for LSF floor panels 135 

the LR is related to the average temperature of the steel joists which carry the load in bending. Figure 5 136 

presents the LR versus HF Temperature data at the structural failure of the load-bearing LSF wall studs, 137 

which have been extracted from studies by Gunalan and Mahendran, Chen et al. and by Ariyanayagam and 138 

Mahendran [25-28]. It should be noted that all experimental tests in Figure 5 encountered structural failure 139 

when standard fire was applied while the numerical test results are also related to the structural FRL. 140 
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 141 

Figure 5: Load ratio (LR) versus hot flange (HF) Temperature at the structural failure of LSF wall, based on previous 142 

studies [25-28] 143 

From this polynomial variation between LR and HF temperature at the structural failure of load-bearing 144 

LSF walls, time to structural failure when subjected to standard fire which is the PSA of similar LSF wall 145 

panels can be determined once the HF temperature variation is derived from the corresponding thermal 146 

FEM. 147 

3 Advanced Computer Modelling Studies 148 

3D Finite Element Heat Transfer models were developed using the commercially available, general-purpose 149 

finite element package ABAQUS [20]. The studied six configurations consist of two British Gypsum boards 150 

of 15 mm thickness on either side, 150x43x15x2 Lip Channel Sections (LPS) of G500 steel grade and 151 

100mm thick layer of rockwool insulation.  152 

3.1 LSF Wall Details 153 

Cold, Warm and Hybrid types of LSF wall frame constructions are some of the commonly practiced LSF 154 

walls in the construction industry. The energy performance of these three LSF wall construction options has 155 

been studied by Roque and Santos [6]. However, expanded polystyrene has been used for warm and hybrid 156 

types that cannot be used in fire-safe constructions as per Sayadi et. al [11] and Zhou et al. [12].  157 

Hence, expanded polystyrene has been replaced with rockwool insulation in this study. Then the cold-frame, 158 

warm-frame and hybrid-frame LSF walls and additional three wall configurations (modified warm-frame, 159 

partially modified warm-frame and modified cold-frame) using the same amount of material have been 160 

numerically investigated, evaluating the FRL for each type based on structural failure. Six wall 161 

configurations involved in the study are presented in Figure 6. 162 
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 163 

Figure 6: Investigated load-bearing wall configurations in the study 164 

3.2 Elevated Temperature Thermal Properties 165 

When conducting 3D heat transfer finite element analyses, thermal properties of plasterboard material, 166 

insulation material and the cold-form steel material are involved and must be specified in a temperature-167 

dependent manner.  168 

Specific Heat, Thermal Conductivity and Density of Steel have been adopted from Eurocode 3 [22]. 169 

Similarly, the thermal properties of gypsum boards presented by Rusthi et al [18] have been extracted. 170 

Figure 7-Figure 9 contains the elevated temperature Specific Heat, Thermal Conductivity and Density 171 

variation over temperature for Gypsum boards. Furthermore, the thermal properties of Rockwool are given 172 

in Dias’s work [14]. Specific Heat of Rockwool is given as 840 J/ (kg.0C), where the density of Rockwool 173 

is 100 kg / m3 [14]. The thermal conductivity of rockwool has a variation over temperature which is shown 174 

in Figure 10. 175 

 176 

Figure 7: Specific heat of Gypsum board [18] 177 
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 178 

Figure 8: Thermal conductivity of Gypsum board [18] 179 

 180 

Figure 9: Density of Gypsum board [18] 181 

 182 

Figure 10: Thermal conductivity of rockwool insulation [14] 183 
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3.3 Numerical Models 184 

FEMs were developed for experimental studies of five LSF wall constructions conducted by Gunalan et al. 185 

[21] which have been presented in Table 1. Time-dependent temperature profiles of Fire Side (FS), HF, CF 186 

and Ambient Side (AS) of the experimental studies have been compared with the FEA results as shown in 187 

Figure 11. 188 

 189 

Table 1: Experimentally tested LSF wall configurations by Gunalan et. al [21] 190 

Model No: Wall Cross-Section Insulation Plasterboard 

Arrangement 

Failure Time 

(min) 

1 
 

None Single Board 54 

2 

 

None Double Boards 111 

3 

 

Glass Fibre Double Boards 101 

4 

 

Rock Fibre Double Boards 107 

5 

 

Cellulose Fibre Double Boards 110 

- 90x40x15x1.15 Lip Channel Section - 16 mm thick Gypsum Plasterboard 

 191 
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Figure 11: Experimental [21] and FEA time-temperature variations through wall thickness 192 

As per the good agreement between Finite Element and Experimental results, the FEM has been extended 193 

to study the fire performance of cold-frame, warm-frame, hybrid frame, modified warm-frame, partially 194 
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modified warm-frame and the cold-frame constructions. The FEM details are presented in this section. 195 

The LSF walls consist of 3m long 150x43x15x2 LCS studs at 0.6m intervals, two Gypsum plasterboards of 196 

15mm thickness on either side, and a layer of 100mm thick rockwool insulation. Thermal properties used 197 

for the FEA have been presented in section 3.2. Figure 12 presents the FEM developed for the cold-frame 198 

LSF wall configuration.  199 

All the components of LSF wall configurations were modeled as DC3D8 - solid elements and 8-node linear 200 

heat transfer brick elements were used to create the mesh. This particular element type ensures conduction 201 

mode heat transfer through the elements and from one element to the next in the same material. Global mesh 202 

density of 50mm was applied to the structures while the density through-thickness was set to 2mm because 203 

heat transfer through-thickness is very much significant where as it is negligible in the other two directions. 204 

These mesh density details were chosen based on the sensitivity analyses described in Rusthi et al. [18]. 205 

As the parts are assembled and positioned, tie constraints were applied between contacting surfaces to enable 206 

perfect conduction heat transfer between instances that are in contact. 207 

 208 

  209 

Figure 12: Developed 3D model of Cold-Frame wall configuration 210 

Two steps have been used for the heat transfer FEA. Initial step was used to apply the ambient temperature 211 

to the model while a followed heat transfer step was created as a transient step to apply the standard fire 212 

curve and interactions. Initial step size was made 0.1s, where the minimum increment is set to 0.01s with 213 

the automatic type steps. Moreover, convection and radiation heat transfer mechanisms were simulated 214 

applying appropriate interactions. The convective film coefficients used for fire and ambient sides of the 215 

wall were 25 and 10 W / (m2.0C) respectively while the convection inside the wall cavities was neglected 216 

because the airflow inside the wall cavity is restricted. Again the surface radiation was applied on cavity, 217 

ambient and firesides of the wall configurations with an emissivity coefficient of 0.9 [31]. The closed cavity 218 

method was used for the surface radiation condition of the cavity surfaces [18]. The staged air inside the 219 

cavity region could be considered as static and the thermal conductivity of air is comparatively very low. 220 

Therefore, convection and conduction mode heat transfer inside the cavity could be reasonably neglected 221 
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with respect to the heat transfer caused by cavity radiation. The same concept has been practiced in previous 222 

research studies [14, 18, 32] which have been able to accurately simulate the experimental structural fire 223 

tests on LSF wall panels. 224 

Standard Fire Curve was applied as temperature boundary conditions on the firesides. Firstly, an amplitude 225 

curve was specified following AS 1530.4 for the standard fire curve and then this amplitude was applied for 226 

the boundary condition where a heat transfer step function was used. Meanwhile, the room temperature was 227 

applied to the whole model as a predefined temperature field in the initial step. The boundary conditions 228 

applied on the model are presented in Figure 13. It should be noted that two plasterboards have been applied 229 

at top and bottom of the LSF wall FEMs to simulate the closed cavity condition. 230 

The amplitude curve for the standard fire (ISO 834) was adopted as; 231 

𝜃 = 345𝑙𝑜𝑔10(8𝑡 + 1) + 20 (1) 

which is recommended in AS 1530.4 standard; where 𝜃 is the temperature in 0C and 𝑡 is time in minutes 232 

[18]. The ambient temperature of 20 0C has been considered in equation (1). 233 

In Abaqus FEA, the boundary condition of heat flux is calculated based on nodal and sink temperatures. 234 

Heat Flux q is expressed as in equation (2) which is applied to all exposed surfaces of the FEM [33]. 235 

𝑞 = ℎ(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑠𝑖𝑛𝑘) + 𝜎𝜀 ((𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎𝑏𝑠)
4

− (𝑇𝑠𝑖𝑛𝑘 − 𝑇𝑎𝑏𝑠)4) (2) 

where 𝑇𝑠𝑢𝑟𝑓 is surface temperature, 𝑇𝑠𝑖𝑛𝑘 is the sink temperature, 𝑇𝑎𝑏𝑠 is the absolute temperature, ℎ is the 236 

convective heat transfer coefficient,  𝜀 is the relative emissivity (0.9) and 𝜎 is the Steffan-Boltzmann 237 

coefficient (5.67 × 10−8  𝑊 (𝑚2. ℃4)⁄ . 238 

At the same time, for the heat transfer analyses of cavity volumes, a different model is used. As already 239 

described the restrictions applied for convection mode heat transfer inside the cavity, the heat transfer 240 

equation used for cavity approximation is based on radiation mode heat transfer as presented in equation 241 

(3). 242 

𝑞𝑖
𝑐 =

𝜎𝜀𝑖

𝐴𝑖
∑ 𝜀𝑗

𝑗

∑ 𝐹𝑖𝑘𝐶𝑘𝑗
−1

𝑘

((𝑇𝑗 − 𝑇𝑎𝑏𝑠)
4

− (𝑇𝑖 − 𝑇𝑎𝑏𝑠)4) 
(3) 

Where 𝐴𝑖 is the area of the ith facet seen to all cavity facets of 𝑗 = 1,2, … . , 𝑛; 𝜀𝑖 and 𝜀𝑗 are the relative 243 

emissivity of ith and jth facets. 𝑘 is again a variable from 1,2,..n; 𝐹𝑖𝑗and 𝐶𝑖𝑗 are view factor and reflective 244 

matrices while 𝑇𝑖are 𝑇𝑗 are the temperatures of ith and jth facets. 245 
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 246 

Figure 13: Boundary conditions applied on the model 247 

3.4 Limitations of Finite Element Studies 248 

Despite the advanced computing tools and options available in the ABAQUS CAE package for FEA, 249 

limitations exist such as modelling of plasterboard shrinkage behaviour and initiation of cracks when 250 

analysing LSF walls and structures. As Gypsum plasterboards are subjected to fire, the plasterboards lose 251 

mass or thin layers of material where the cross-sectional dimensions would reduce. This special behaviour 252 

of shrinkage prone material is known as Ablation [31]. Yet, plasterboard thinning effect cannot be modelled 253 

using ABAQUS software. Due to loss of mass and plasterboard thinning, heat transfer through plasterboard 254 

through conduction will be increased. In the case plasterboard thinning or reduction of material cannot be 255 

modelled the measured thermal properties have to be modified to produce correct heat transfer through the 256 

plasterboards. Those modified thermal properties which are known as apparent thermal properties of 257 

plasterboard and other material have been adopted in the finite element studies as described in section 3.2. 258 

Also when conducting heat transfer analyses, moisture movement through the cavity was not addressed in 259 

the FEM due to the complexity of the phenomenon. However, the modified specific heat curves used in the 260 

analyses account the effect of moisture content in the material. 261 

Due to the above limitations of the FEM, the study has not addressed the integrity failure criterion for the 262 

determination of FRL. Therefore the FRL values have been evaluated for six LSF wall configurations in 263 

structural and insulation criteria only. 264 

4 Discussion 265 

3D heat transfer FEM results of six wall configurations have been analysed along with LR versus HF 266 

Temperature at the structural failure of LSF wall panels. Figure 14 demonstrates the temperature distribution 267 

of the cold-frame wall model at 0 minutes, 30 minutes, 1 hour, 2 hours and 4 hours of exposure to the 268 

standard fire ISO 834. A plan view of the model is shown in Figure 15, in which the temperature difference 269 

between the hot and cold flanges of the stud can be identified. Therefore, cavity insulation has increased the 270 

risk of thermal bridging effect. This incident can be illustrated more with Figure 16, which compares the 271 
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temperature distribution through wall stud at 90 minutes of fire exposure for all six considered wall 272 

configurations. The time dependent temperature profiles for the six wall configurations have been presented 273 

in Figure 18 to Figure 23 and the temperature values at 90 minutes exposure to the standard fire have been 274 

summarised in Table 2. The maximum temperature difference between HF and CF is seen with cold frame 275 

construction which has the whole insulation volume inside the cavity. When half of the cavity insulation is 276 

moved to the ambient side and fireside resulting in hybrid-frame and modified cold-frame construction, the 277 

temperature deference between HF and CF has been reduced. Moreover, when warm-frame, modified 278 

warm-frame and partially modified warm-frame constructions exhibit further reduced temperature 279 

difference leading to reduced risk for thermal bridging. 280 
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 281 

Figure 14: Nodal temperatures of Cold-Frame wall at different time intervals; (a): 0 min; (b): 30 min; (c): 1h; (d): 2h; 282 

(e): 3h; (f): 4h 283 
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 284 

Figure 15: Plan view of the Cold-Frame model at 4 hours 285 

 286 

 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 16: Plan view temperature contours of (a) Cold-Frame; (b): Warm-Frame; (c) Hybrid-Frame; (d): Modified 287 

Warm-Frame; (e): Partially Modified Warm-Frame & (f): Modified Cold-Frame LSF wall panels at 90 minutes 288 

exposure to fire  289 
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Table 2: Temperature differences of LSF wall configurations at 90 minutes exposure to standard fire, ISO 834 290 

Wall Specimen Temperature at 90 minutes exposure to Standard Fire, ISO 834 

FS HF CF AS Difference 

between HF and 

CF 

Cold-Frame 

.

 

1006 660 168 48 492 

Warm-Frame 

 

1006 471 400 30 70 

Hybrid-Frame 

 

1006 616 248 33 368 

Modified Warm-

Frame 

 

1006 118 81 37 37 

Partially Modified 

Warm-Frame 

 

1006 195 133 31 62 

Modified Cold-

Frame 

 

1006 200 86 31 114 

Figure 5 in section 2 is a presentation of the LR versus critical HF temperature of LSF wall studs for the 291 
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structural fire failure based on 100 experimental and numerical results. Based on this relationship, the critical 292 

temperature of the Hot Flange at 0.6 Load Ratio was found to be 3200C as presented in Figure 17. Similarly, 293 

Critical Hot Flange Temperature values for 0.4 and 0.8 Load Ratios can be derived from Figure 17 as 294 

presented in Table 3. 295 

  296 

Figure 17: Critical HF temperature of wall stud at 0.6 LR [25-28] 297 

Table 3: Critical HF temperature versus LR 298 

Load Ratio 0.4 0.6 0.8 

Critical Hot Flange Temperature (0C) 490 320 165 

 299 

From 3D FEA results of the wall configurations when subjected to standard fire, the temperature variations 300 

through wall thickness graphs have been produced. Since the critical hot flange temperature for structural 301 

failure at 0.4, 0.6 and 0.8 load ratios has been evaluated, PSA values of structural failure for the Wall 302 

configurations can be calculated. Evaluation of PSA of the wall configurations 1 to 6 at 0.4, 0.6 and 0.8 LRs 303 

are shown in Figure 18-Figure 23 respectively. 304 
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 305 

Figure 18: Cold-Frame 3D Heat Transfer analysis 306 

 307 

Figure 19: Warm-Frame 3D Heat Transfer analysis 308 

 309 

Figure 20: Hybrid-Frame 3D Heat Transfer analysis 310 
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 311 

Figure 21: Modified Warm-Frame 3D Heat Transfer analysis 312 

 313 

Figure 22: Partially Modified Warm-Frame 3D Heat Transfer analysis 314 

 315 

Figure 23: Modified Cold-Frame 3D Heat Transfer analysis 316 
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Table 4: Period of Structural Adequacy (PSA) of wall configurations 317 

Configuration PSA (minutes) at Load 

Ratios 

FRL (minutes) 

Non-Load-

Bearing Walls 

(NLB) 

Load Bearing Walls at Load Ratios 

0.4 0.6 0.8 0.4 0.6 0.8 

Cold-Frame 

.  

74 63 55 -/-/ >240 60/-/ >240 60/-/ >240 30/-/ >240 

Warm-Frame 

 

93 72 54 -/-/ 230 90/-/ 230 60/-/ 230 60/-/230 

Hybrid-Frame 

 

75 65 57 -/-/ >240 60/-/ >240 60/-/ >240 30/-/ >240 

Modified Warm-Frame 

 

212 150 110 -/-/ >240 210/-/ >240 150/-/ >240 90/-/ >240 

Partially Modified 

Warm-Frame 

 

145 110 82 -/-/ >240 120/-/ >240 90/-/ >240 60/-/ >240 

Modified Cold-Frame 

 

117 98 86 -/-/ >240 90/-/ >240 90/-/ >240 60/-/ >240 

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 



Thin-Walled Structures 

 

PSA and the FRL values of the 6 wall configurations at 0.4, 0.6 and 0.8 Load Ratios and for NLB scenario, 318 

derived from finite element analyses have been summarized in Table 4. When deciding the Structural Fire 319 

Resistance, PSA obtained from FEA and LR versus HF Temperature relationship was used. As per AS/NZ: 320 

4600:2018 [23] the FRL is stated in 30 minutes steps, the same convention has been followed when stating 321 

the FRL in this study. Moreover, analyzing the time-dependent temperature variations through wall 322 

thickness in FE studies, ambient side maximum temperature for all six wall configurations have remained 323 

less than 75 0C at 240 minutes, which yields that the time to insulation failure to be greater than 240 minutes. 324 

In this study, structural fire failure of load-bearing LSF walls have been investigated where the considered 325 

LSF walls consisted of 1 to 2 mm thick LCS studs. Moreover, all the experiments, FEA and studies were 326 

conducted considering standard fire, (ISO 834) on the fireside. 327 

5 Conclusions 328 

The research study is based on the fire performance of six LSF wall constructions which consist of the same 329 

amount of building material. Cold-frame, Warm-frame and Hybrid-frame are three LSF wall constructions 330 

used in the industry to obtain better energy performance, while a number of previous studies had been 331 

conducted on the energy performance of those configurations. However, due to insufficient studies on the 332 

fire safety of these wall constructions, this particular numerical study has been conducted on the fire 333 

performance of those LSF wall structures and three novel configurations. Moreover, the use of EPS 334 

insulation in the conventional warm-frame and hybrid-frame constructions is not acceptable in terms of fire 335 

safety so that it has been replaced with rockwool insulation which positively influences both energy and fire 336 

performance of the wall. All six construction types; including three existing and three novel configurations, 337 

consist of the same amount of material but the position of the insulation has been changed. 338 

Initially, a 3D FEM was developed for an existing experimental study and the results of heat transfer 339 

analyses were validated against the experimental results. Subsequently, the validated FEM was extended to 340 

assess the behaviour of six wall configurations exposed to standard fire in terms of structural and insulation 341 

criterions. Time-dependent temperature profiles derived from heat transfer analyses were analyzed against 342 

the LR versus HF temperature at the structural failure relationship that was established based on previous 343 

experimental and numerical studies in order to evaluate the structural fire resistance of six wall 344 

configurations at 0.4, 0.6, 0.8 LRs. At the same time, time-dependent temperature profiles of ambient side 345 

of the LSF walls were analysed to determine the insulation fire resistance for each wall configuration. 346 

Modified warm-frame construction exhibits the maximum FRL irrespective of the applied LR. In-fact, the 347 

FRL values at 0.6 LR for cold-frame, warm-frame and hybrid-frame LSF walls are in the range of 60 minutes 348 

while that of the modified warm-frame is 150 minutes, which implies approximately 150% better 349 

performance than original wall frame constructions. It is concluded that shifting the whole volume of 350 

rockwool insulation to the fireside of the wall as in modified warm-frame configuration leads to enhanced 351 

structural fire resistance. Similarly, partial movement of rockwool insulation from ambient side to fireside 352 
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and from cavity side to fireside creating partially modified warm-frame and modified cold-frame have 353 

resulted in increased FRL with respect to the original wall configurations. Therefore, the novel LSF wall 354 

configurations are proposed to be incorporated in LSF and modular construction to enhance the fire 355 

performance of the structures. 356 

Since the original warm-frame construction had shown the best energy performance due to the elimination 357 

of thermal bridging effect, similar behavior should be related to the modified warm-frame construction as 358 

well, because the cavity insulation and thermal bridging are eliminated here. However, further research is 359 

underway to enhance the understanding and knowledge in this research scope. 360 
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