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Abstract
The light steel frame walls are mostly used for non-load bearing applications. The light steel
framed walls are made with studs and tracks that require fire protection, normally achieved by
single plasterboard, by composite protection layers or by insulation of the cavity. The partition
walls are fire rated to resist by integrity and insulation. Seven small-scale specimens were tested
to define the fire resistance of non-load bearing light steel frame walls made with different materi-
als. All tests were validated using two-dimensional numerical models, based on the finite-element
method, the finite-volume method and hybrid finite-element method. A good agreement was
achieved between the numerical and the experimental results from fire tests. The fire resistance
increases with the number of studs and also with the thickness of the protection layers. The
hybrid finite-element method solution method looks to be the best approximation model to pre-
dict fire resistance.
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Introduction

The light steel frame (LSF) construction technology started to be used in different types of
buildings, replacing the traditional construction methods due to its light-weight characteris-
tics. Steel is recycled, dimensional stable, and ease of installation. LSF and prefabricated
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panels are most used in non-load-bearing walls. The LSF walls are made with studs and
tracks that require fire protection, normally achieved by a single plasterboard, by composite
protection layers, or by insulation of the cavity. The insulation capacity (I) is the ability of
the construction element to withstand fire exposure by one side, without the transmission of
significant heat to the unexposed side. Seven small-scale fire tests were developed to define
the fire resistance according to EN 1363-11 and EN 1364-1,2 with the main objective to eval-
uate the influence of the protection layers and the influence of the cavity insulation materi-
als. Numerical models are also validated with experimental tests.

Different studies and investigations were developed with the aim of testing the influence
of using different configurations of LSF walls, different protection materials such as plaster-
boards and insulation materials. One of the first research in this domain was developed at
the Cornell University in 1963 by G. Winter, which did several analyses on the effects of
cold-straining on structural sheet steels, including the corner properties of cold-formed steel
shapes, the effects of cold-forming on the mechanical properties and on structural behaviour
of members.3 In 1973, Son and Shoub4 developed two fire-endurance tests on symmetric
double-wall assemblies, the first specimen was made using cold-rolled steel ‘C’-type studs,
welded to tracks, and the cavity was fulfilled by the glass fibre covered by gypsum board
type X. The second specimen used rectangle hollow section studs and thicker insulation
material in the cavity, with the aim to improve the fire resistance. The second tests led to bet-
ter fire endurance in load domain. The temperature data for the second test also indicated a
much slower temperature rise in the unexposed gypsum board, and a better solution in prac-
tice would be the use of a two-layer construction plates with staggered application of board
joints to eliminate direct heat access to the steel studs in joints. Kenneth J. Schwartz and
T. T. Lie5 in 1985, studied the effect of the heat transmission to prevent ignition of the mate-
rials in contact with the unexposed side of the partition wall. Authors analysed data from
previous experimental tests and made more experiments to evaluate the insulation criteria of
the American standard ASTM E119. The information helped to understand the relationship
between the unexposed surface temperature rise criteria and the ignition temperature of com-
mon combustible materials. In 2000, Alfawakhiri and Sultan6 presented a comparison
between experimental tests and numerical models, demonstrating how different heating
regimes applied in cold-formed steel studs cause different structural failure modes. An
experimental investigation was also developed by Ghazi Wakili and E. Hugi7 in 2009, deal-
ing with thermal properties of the materials and comparing the fire behaviour of four types
of gypsum materials, investigating the temperature history evolution for a box-protected
steel column, finding more than 100�C of maximum difference on the steel temperature after
90 min of fire exposure, when considering different types of gypsum materials. In 2014,
Nassif et al.8 published results of several full-scale fire tests on the steel-stud gypsum-faced
partition wall. The results were used to verify the numerical procedure to be used in predict-
ing the thermo-mechanical behaviour. The measured temperatures across the wall agreed
with the predicted values until the falling off of the gypsum board. Jonathan Vallée9 in 2016
developed numerical validations, using ABAQUS and fire dynamic simulator (FDS) to
simulate furnace tests developed for LSF partition walls, testing empty cavities, and insu-
lated cavities. Author concluded that insulation material in the cavity can improve the fire
resistance, when considering the insulation criterion, especially when ablation of the gypsum
plates occurs. Dias et al.10 in 2019 presented the results of 13 small-scale fire tests conducted
on non-load-bearing steel and gypsum plasterboard sheathed panels and walls, and numeri-
cal simulations were conducted to evaluate the enthalpies of plasterboards and steel
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sheathing. They concluded that retention of vaporised water from the calcination process
within the plasterboard due to the confinement provided by steel sheathing is a crucial factor
that improves the fire performance of such walls.

The fire performance on non-load-bearing LSF walls started to be investigated in 2017 at
the Polytechnic Institute of Bragancxa (IPB) with the aim of (1) developing accurate numeri-
cal models based on the thermal analysis with fluid structure interaction;11 (2) validating the
numerical models with tests performed by others;12 (3) analysing the fire performance of
LSF using the simplified one-dimensional heat flow;13 (4) presenting a sequential numerical
model to study the fire resistance of LSF walls made with composite panels under load-
bearing conditions14 and; and (5) predict the load effect on the LSF walls under fire condi-
tions using numerical simulations.15 In 2019, nine experimental fire tests were developed to
define the fire resistance of the partition walls, and compare the behaviour of composite
plates with the traditional solution using gypsum protection plates. These tests were simu-
lated with three-dimensional (3D) finite-element models using ANSYS16 applying the hybrid
solution method FEM-H for nonlinear thermal analysis. The numerical results agree well
with the experimental results, for all the measured quantities, including the maximum and
average temperature for the unexposed surface. The maximum difference for the fire resis-
tance is below 12%, for most of the specimens.17

This investigation is related with the fire resistance for insulation of non-load-bearing
walls made with LSF protected with composite layers. Three different LSF structures are
presented (3, 4 and 5 studs) along with two insulation materials for the cavity (rockwool and
ceramic fibre) and different materials for the composite layers (gypsum, cork and oriented
strand board (OSB)). The reduced scale of the testing assemblies was able to capture most
of the mechanical and thermal effect that can lead to the thermal failure of the LSF wall.
Due to the restraining conditions of the wall inside the furnace frame and the effect of the
thermal expansion, the LSF structure was compressed in the main directions of the studs,
leading to the typical instability buckling modes (global and local). Due to the heating effect,
large cracks are expected on the gypsum plates, both horizontally and vertically. The main
purpose of this investigation is to determine the fire resistance of the composite LSF wall
assemblies and to compare with the fire resistance of traditional solutions (gypsum boards).
Temperature readings were collected with a frequency of 1 Hz, in different points inside the
wall and in the unexposed side of the wall, getting data for the validation of the computer
models. Special measurements were defined to detect the thermal degradation of materials
and the penetration of flames and hot gases in the cavity. Due to the limitations of the fur-
nace, the specimens were sized to fit the furnace frame, which do not present the real dimen-
sions required by the standard EN 1364-12 in fire tests, but provide important results for the
behaviour of materials and structures. All the other conditions specified in this standard
were met, as well as the general requirements for standard fire tests EN 1363-1.1

Fire tests

Conditions and criteria

Seven small-scale LSF walls were tested in a small fire-resistance furnace. This furnace is
able to follow the standard fire ISO834 condition (International Organisation for
Standardisation, 1999).18 A plate thermocouple is included inside the furnace to control the
gas temperature. This furnace is running on natural gas, using four burners separated apart
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in height and depth, each with 90 kW of maximum power. The dimensions of the furnace
are 1 m 3 1 m 3 1 m, prepared with frontal door to setup the frame with the testing speci-
mens. The generic standard EN 1363-11 and the specific standard EN 1364-12 were used to
define the fire resistance of the seven non-load-bearing walls. The fire resistance is the ability
of the element to withstand exposure to fire only on one side, without significant heat trans-
fer from the exposed side to the unexposed side. The heat transfer should be limited to avoid
that the unexposed surface or any material close to that surface is ignited. The fire resistance
of a partition wall should be defined based on the shortest time for which the criteria of
maximum or the average temperature increase are satisfied in any discrete area. The fire per-
formance level used to define the insulation shall be calculated on the basis of the increase in
the average temperature on the unexposed side, limited to 140�C above the initial average
temperature, or, based on the increase of the maximum temperature in any location, limited
to 180�C above the initial average temperature. Local measurements were developed by
k-type thermocouple and field measurements by infrared thermography (IR). This field mea-
surement (IR) was used to capture all the temperature values in the unexposed area,
enabling big data for doing the calculation of the average and maximum temperature and
supporting the identification of the critical region of the unexposed surface. According to
our records, the maximum difference between the IR measurement and the single measure-
ment (thermocouple) was 4%. The maximum difference for the maximum temperature was
16%. This bigger difference may be explained due to the fact that the maximum temperature
appears to be achieved in the screw regions. For this reason, only the average IR measure-
ment will be presented for comparison.

Wall specimens

The fire tests were developed in the furnace at the IPB, see Figure 1. Different wall configura-
tions were tested, using different number of studs and spacing in between, (see Table 1), dif-
ferent types of protection layers and two different insulation materials for the cavity. These
LSF walls are made with cold-formed steel profiles forming a cavity thickness of 90 mm,
using stud profiles C90 3 43 3 15 3 1.5 and track profiles U93 3 43 3 1.5 (see Figure 1).
The studs and tracks are pinned by using self-drilling screw with a diameter of 4.2 mm and
length of 19 mm (position 0 in Figure 2). All profiles have the steel grade S280GD. The
Class 3 OSB was selected for wall panelling with 10 mm thickness, being appropriate for
structural applications on wet conditions. The agglomerated cork with polyurethane elasto-
mer bonding agent was selected with 10 mm thickness, being normally used for acoustic and
insulation applications. The Gypsum layer was selected, based on its fire resistance character-
istics. The gypsum density at room temperature is 700 kg/m3, being formed by two sheets of
multi-ply paper with the inner core made of high-purity gypsum reinforced by fibreglass fila-
ments and properly additives with thermal expander minerals. The LSF structure was fixed
to three edges of the furnace frame (left side, bottom and top) allowing a free edge, properly
filled with ceramic fibre on the right side (gap size equal to 25 mm). All the wall borders were
filled with gypsum-based product for closing the connection with the frame of the furnace.
This product was received in powder state, ready to be mixed with water. The application
can be seen in Figure 1.

The layer plates were fixed on both sides of the LSF structure, using different self-drilling
screws (see position 1, 2 and 3 in Figure 2). The screws positioned on the external side of the
wall (exposed and unexposed) were protected with gypsum. The wall Specimens 10 and 15
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were made with three studs – two tracks and one gypsum board fixed by five self-drilling
screws with a diameter of 4.8 mm and length of 32 mm and each stud spaced every 152 mm
(vertical direction), see screw position 1 in Figure 2. Four screws were included in the hori-
zontal direction. For the other tests, the same self-drilling screws were used to fix the first
plasterboard (position 1) and additional self-drilling screws with a diameter of 4.8 mm and
length of 50 mm were used to fix the second gypsum layer (position 2). Self-drilling screws
with 63 mm of length and 5.5 mm of diameter were used to fix the third layer in tests 12, 13
and 14, (position 3). All screws were spaced every 91 mm in vertical direction. More details
about the distribution of the screws along the steel structure (studs and tracks) to fix the
plasterboards and the number of protection layers are presented in Figure 2.

Figure 1. LSF wall specimen and testing frame (1). Vertical studs (2), horizontal tracks (3) and layer plates
(4) and position of the disc thermocouples (DTi) in the unexposed surface (dimensions in mm).

Table 1. LSF walls: Materials and geometry.

Specimen
ID

LSF
studs

Spacing
(mm)

Cavity
(kg/m3)

Layer 1 (mm) Layer 2 (mm) Layer 3 (mm)

10 3 466 Rockwool/75 12.5 Gypsum F – –
11 3 466 – 12.5 Gypsum F – 12.5 Gypsum F
12 3 466 – 12.5 Gypsum F 10 Cork aggl. 12.5 Gypsum F
13 5 233 – 12.5 Gypsum F 10 Cork aggl. 12.5 Gypsum F
14 5 233 – 10 (OSB 3) 12.5 Gypsum F 12.5 Gypsum F
15 3 466 Superwool/128 12.5 Gypsum F – –
16 4 487.5 Superwool/128 12.5 Gypsum F – –
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Instrumentation

Temperature was collected with 1 Hz frequency, using the HBM system MGCPlus. A total
of 22 channels were used for the measurements. In addition, an infrared thermal camera
FLIR BT Series T365, with the resolution of 320 3 240 pixels, was used to measure the
unexposed temperature field, using the acquisition frequency set to 1.25 Hz, with a fixed-
scale temperature between 15�C and 250�C. Several type-K thermocouples with diameter of
0.7 mm were attached into the specimen, with different formats for temperature

Figure 2. Specimen walls made with the LSF (dimensions in mm).
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measurement: copper disc with plasterboard protection (DTi) for measuring the unexposed
surface temperature; plate thermocouples (PTi) facing the unexposed side were fixed at the
mid height of the cavity to determine the average temperature (CAV) and also the ambient
temperature (located 200 mm away from the unexposed surface); the hot joint made with
twisted thermocouples cables (WTi) were used to measure the temperature in between plates
and inside the insulation material when applied in cavity; welded hot joint were applied on
cold-formed steel profiles (WTi) and used for measuring the temperature of the steel parts
(hot flange-HF, web-WEB and cold flange – CF); sheath thermocouples (BTi) were used for
measuring the temperature on the exposed surface. More detailed information can be found
in study of Piloto and colleagues.19

The number and distribution of thermocouples depends on the configuration of the wall
specimen, in particular depends on the number of studs, see in Figure 3.

Fire tests results

Different instability modes of the LSF were achieved during the test, due to local and global
buckling deformed shapes. These ultimate limit states of the LSF frame are due to the

Figure 3. Specimens and thermocouples position: (a) Specimen 10, (b) Specimen 11, (c) Specimen 12,
(d) Specimen 13, (e) Specimen 14, (f) Specimen 15, and (g) Specimen 16.
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thermal expansion of each steel member because the LSF is fixed on three edges to the frame
of the furnace. The insulation criterion has been used to define the fire resistance, so failure
is expected by the attainment of the temperature criteria in the unexposed surface. For the
Specimens 12, 13 and 14, the furnace temperature goes beyond the standard temperature
ISO 834 due to the heat release effect of the combustible materials (cork and OSB). The lack
of combustible materials in the layered wall specimens explains the proximity of the furnace
temperature with the ISO 834 curve, see Figure 4. The temperature history is presented with
average values for some important regions on the left side in Figure 4, while the temperature
field is presented on the right side for a specific time during the test. The IR results in
Figure 4 allows to compare the temperature field after 110 min of fire exposure. These infra-
red thermal images allow to identify the position of the LSF frame, the position of the
screws and the first cavity or region to lose integrity (E).

The maximum and average temperature of the unexposed side was determined using disc
thermocouples UNEX (DT), obtained from the individual measurements of DTi [1] and
with a FLIR infrared thermal camera, located at 3-m distance from the unexposed surface,
UNEX (IR). Special measurements were also defined for the specimens, such as: the average
temperature of the cavity (CAV), obtained from the individual measurements of PTi; the
room temperature (AMB) measured 200 mm away from the unexposed side of the LSF wall
and the interface temperature (PBi–PBj) between the composite layered plates, obtained
from the individual measurements of WTi. The failure time is presented for the average tem-
perature of the unexposed surface using Infrared thermography (IRave = 140 + 20�C (ini-
tial average temperature equal to 20�C), for the maximum temperature measured by the disc
thermocouples (DTmax = 180 + 20�C) and for the average temperature measured by the
disc thermocouples (DTave = 140 + 20�C) from the unexposed surface. The critical time
for the mechanical resistance is also presented for the steel members, considering the average
temperature from the three stud’s main regions (hot flange – HF, web = WEB, and cold
flange-CF) using single measurements, see Table 2. The critical temperature for the steel
members can only be applicable for the case of load-bearing members (Class 4 cross-
sections), if at time ‘t’ the steel temperature at all cross-sections is not more than 350�C,
according to the EN 1993-1-2.20 This critical temperature criterion is sometimes overconser-
vative for lower load levels and sometimes unsafe for higher load level.15 Despite being used
for load-bearing walls, this criterion has been used for comparison with the temperature
measured for the steel stud on the hot flange (HF), web (WEB) and cold flange (CF). It is
also assumed that there is no direct effect of the mechanical load in the temperature field,
reason why this temperature field may also be expected for load-bearing walls.

Figure 5 presents the final state from of the LSF walls, to better understand the major
events during the tests. The brittle behaviour of the gypsum layer can be verified during and
after the end of the test for all specimens. The gypsum plates lose their integrity by the exis-
tence of vertical and horizontal cracks. These patterns seem to be aleatoric, and the falling
down side depend on the existence of insulation material in the cavity. The existence of insu-
lation material in the cavity forces the gypsum plate to bend inside the furnace. The ignition
of the combustible material was also detected during the tests of the Specimens 12, 13 and
14. Figure 5 also presents deformed configuration of the LSF structure. All specimens pre-
sented local instabilities (distortional and web buckling modes) due to the stud restrain in the
vertical direction. Specimens 12–15 also present global instability in the unrestrained studs.
Specimen 16 did not present any global mode of instability due to the existence of the
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Figure 4. Continued
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intermediate track. These buckling modes were expected due to the restrain level of the wall
into the frame of the furnace.

The highest fire resistance was determined using the assembly of the Specimen 14. The
OSB plate increases the stiffness of the protection layers, providing the geometric stability of
the gypsum layers. This solution reached the critical time of 145 min. The worst solution
seems to be that corresponding to Specimen 10, reaching the critical time of 79 min.

Figure 4. Temperature results on LSF wall specimens and Infra Red Temperature field after 110 minutes:
(a, b) Specimen 10; (c, d) Specimen 11; (e, f) Specimen 12; (g, h) Specimen 13; (i, j) Specimen 14; (k, l)
Specimen 15; (m, n) Specimen 16.
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The best insulation material seems to be the superwool. The diffusivity of the rockwool is
higher than the diffusivity of the superwool for every temperature level. This justifies the
higher fire resistance of Specimen 15 when compared with the Specimen 10.

Numerical validation

Solution methods and models

Three different two-dimensional (2D) numerical solution methods were used to simulate the
seven fire tests of the non-load-bearing LSF wall. All the models assume perfect contact
between materials. The first solution method (Solution Method 1) uses thermal and fluid
interaction for both parts, solid and fluid, using the finite-volume method (FVM). The flow
analysis considers laminar fluid and is based on density variation. The fluid motion is
induced by heat transfer, and the solution is transient and nonlinear. The density-based sol-
ver solves the governing equations of continuity, momentum, and energy simultaneously.
Pressure is obtained through the equation of state. Governing equations for additional sca-
lars are solved afterward and sequentially (radiation). The integration time for each time
step was 60 s, with the possibility to be reduced to 5 s. The convergence criterion was based
on the residuals for each equation. The numerical model divides the cross-section in finite
cells. The domain variables (pressure, velocity and temperature) are calculated in each cell,
at the same time. The grid for all the domains (solid and fluid) of Specimen 11 is presented
in Figure 6(b), using the minimum cell size equal to 0.0005 m. Only a small part of the
model is represented to better understand the size of the grid. The second solution method
(Solution Method 2) uses FEM and considers only the thermal analysis for solids, assuming
perfect contact between materials. The transient and nonlinear thermal analysis was selected,
with full option solution method. The same time step was used with similar convergence cri-
terion for the heat flow. Figure 6(a, f, g) represents the mesh used for test 10, 15 and 16. The
third solution method (Solution Method 3) uses the H-FEM to simulate test Specimens 12,
13 and 14 with special information coming from experimental results (average PTi values
(CAV) from the test are assumed inside the cavity). The temperature evolution in the cavity
should follow the bulk temperature (CAV), using the measured temperature by the plate
thermocouples (PT), see Figure 6(c, d, e), assuming the heat transfer by convection and
radiation inside the cavity. The density of the mesh used for thermal analysis in solids is

Table 2. Critical time for each tested specimen (fire resistance for insulation criteria (I) in completed
minutes and fire resistance for steel elements of Class 4 (R)).

Specimen ID DTmax

(I) min
DTave

(I) min
IRave

(I) min
HF = 350�C
min

WEB = 350�C
min

CF = 350�C
(R) min

10 79 95 99 25 39 62
11 114 115 113 68 79 77
12 112 113 112 59 65 67
13 122 127 125 65 70 74
14 145 146 142 88 90 91
15 95 115 115 25 48 63
16 86 100 104 39 54 67
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Figure 5. Wall specimens during and after being tested: (a, b) Specimen 10; (c) Specimen 11;
(d) Specimen 12; (e) Specimen 13; (f, g) Specimen 14; (h) Specimen 15; (i, j) Specimen 16.
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smaller in comparison with the cells used in FVM, nevertheless the thickness of the studs
was divided into three finite elements as well. The mesh was defined based on a convergence
test using calculation of the internal heat flow, with a minimum reference value of 1E–6 and
a tolerance value of 0.001.

One side of the wall was submitted to fire and the other side is assumed to remain in con-
tact with room temperature. The boundary conditions are defined in accordance to EN
1991-1-2,21 assuming heat transfer by radiation (emissivity of fire ef = 1) and convection
(convection coefficient ac = 25 W=m2K) in the exposed side and heat transfer by convection
(convection coefficient ac = 9W=m2K) in the unexposed side to include the radiation effect.
The bulk temperature in the exposed side follows the standard ISO834.18 The room tem-
perature of the unexposed side was considered equal to the initial temperature (T0 = 20�C),
during all the simulation time.

Figure 6. Finite elements and cells used for the simulations of the specimens: (a) Solution Method 2 for
test Specimen 10, (b) Solution Method 1 for test Specimen 11, (c) Solution Method 3 for test Specimen 12,
(d) Solution Method 3 for test Specimen 13, (e) Solution Method 3 for test Specimen 14, (f) Solution
Method 2 for test Specimen 15 and (g) Solution Method 2 for test Specimen 16.

Khetata et al. 13



For the tests with a composite panel (3 layer), Specimens 12, 13 and 14, the same bound-
ary conditions were assumed, but an extra boundary condition was applied on empty cavity
that follows the effect of the fire curve coming from the experimental results of each speci-
men (CAV) – H-FEM solution method. A convection inside the cavity was applied on all
the lines that surrounds the cavity (convection coefficient ac = 17:5W=m2K), and radiation
on the same lines that surrounds the cavity (emissivity of fire ef = 1). This new convective
coefficient should be considered as an average value for the entire simulation of the test.
During the first part of the test, the integrity of the gypsum is maintained and a low value
for the convective coefficient should be consider. After losing the integrity, the hot gases and
flames are going to be inside the cavity region and the convective coefficient should increase
(second part of the test). An average value for the convection coefficient, between 9 and 25
(natural and forced convection) is applied during all the tests. The value 17.5 W/m2 K is a
good approximation for this convective heat flow convection inside the cavity, during all the
simulation process.

The thermal properties of all the materials were considered temperature dependent.
Figure 7 depicts all the major properties that were used to solve the energy equation. The steel
properties were retrieved from EN 1993-1-219 and the gypsum properties were retrieved from
the work developed by Mohamed Sultan.22 The thermal properties of the cork and OSB
assumed the same type of temperature dependence in accordance to the reference material
(softwood) in EN 1995-1-2,23 but small modifications were applied to the properties of the
cork (elimination of the specific heat peak value and adjustment of the conductivity and spe-
cific heat, based on the measured value at room temperature using the hot disc method).24

The thermal properties for the Rockwool were obtained from Steinar Lundberg,25 duly
adapted to the corresponding material density 75 kg/m3. The emissivity of steel and cork was
considered equal to 0.7,20,26 the emissivity of gypsum and OSB equal to 0.8.22,23 The thermal
properties of the superwool Blanket plus, with 128 kg/m3, were obtained from Morgan
Thermal Ceramics.27,28

Numerical results

The temperature evolution is presented in Figure 8 for each simulation, collecting the aver-
age nodal temperatures in the same regions where the thermocouples were located. The dif-
ference between the hot flange (HF) temperature and the cold flange (CF) temperature is
higher, for the Specimens 10, 15 and 16, due to the existence of insulation material in the
cavity region. This fact is also verified in the numerical simulations because the perfect con-
tact model between materials was assumed. This perfect contact is responsible for a heat flow
decrease in the web of the steel, from the hot flange to the cold flange, during the heating
process.

The insulation materials (rockwool and superwool) have higher thermal conductivity than
the fluid (air) in the cavity (Specimen 11). This justifies the higher conduction resistance of
the air in comparison to these materials. The heat flow by conduction is the only mean of
heat transfer in the solid-filled cavity (Solution Method 2), while radiation and convection
are also considered for the simulation of the fluid cavity (Solution Method 1) and empty cav-
ity (Solution Method 3). The Specimens 12, 13 and 14 present similar trends due to the exis-
tence of similarity composite solution for the LSF wall (absence of insulation material in the
cavity and the existence of a composite layer for the steel protection).
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Figure 7. Thermal properties for all the materials involved in thermal simulation: (a) steel, (b) gypsum,
(c) OSB, (d) air, (e) cork, (f) rockwool and (g) superwool.
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Figure 8. Time history for temperature during the simulation of all the tests: (a) results of simulation test
Specimen 10 (Solution Method 2), (b) results of simulation test Specimen 11 (Solution Method 1), (c) results
of simulation test Specimen 12 (Solution Method 3), (d) results of simulation test Specimen 13 (Solution
Method 3), (e) results of simulation test Specimen 14 (Solution Method 3), (f) results of simulation test
Specimen 15 (Solution Method 2) and (g) results of simulation test Specimen 16 (Solution Method 2).
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The numerical results for the unexposed temperature were calculated with a significant
number of nodal temperatures (minimum of 45 nodal temperatures). The main difference
between the experimental results and the numerical results can be justified by the localised
effect of a crack, opening or the ignition of the combustible material. The biggest tempera-
ture difference in the unexposed surface, between UNEX (AVE) and UNEX (MAX), is
obtained for the models with insulation materials in the cavity region (simulation of
Specimens 10, 15 and 16).

Comparison between the experimental and numerical results

The Table 3 shows the critical time obtained from experimental results and the critical time
determined from numerical simulation. The differences are between 0% and 12%. The com-
parison was made following the temperature criteria used for rating the fire resistance by
insulation, using the maximum temperature criterion (DTmax) or average temperature criter-
ion (DTave) in the unexposed surface. The failure usually occurs in the back side of the studs
and similar behaviour was detected during simulations. The results are presented in com-
pleted minutes in the Table 3.

The results agree well, not only for the critical time, but also when comparing the tem-
perature history for the steel (HF, WEB, CF), for the exposed gypsum plate FS (exposed
side), for the unexposed gypsum plate (UNEX), for the cavity (CAV), or for the interface
between layers (PBi–PBj).

Figure 9 compares the temperature history from the unexposed side, using the maximum
and average temperature. The specimens with higher differences are those using insulation
materials (FEM). The model using H-FEM looks to be a good approximation for validation
of the experimental results because it can reproduce, approximately, the main fire events dur-
ing the test.

Conclusion

This work presented a summary of a detailed fire resistance analysis of seven LSF non-load-
bearing walls, based on both experimental tests and numerical simulation. The LSF walls
were tested in accordance with standards and the fire resistance was determined for the insu-
lation criterion (I).

Table 3. Comparison between numerical simulation and experimental results.

Specimen
ID

DTmax

Test (min)
DTmax

Simulation
(min)

Difference
(%)

DTave

Test (min)
DTave

Simulation
(min)

Difference
(%)

10 79 72 8 95 86 10
11 114 121 7 115 122 8
12 112 112 0 113 112 0
13 122 118 3 127 117 7
14 145 151 4 146 153 4
15 95 83 12 115 105 8
16 86 83 3 100 95 5

Khetata et al. 17



Figure 9. Temperature history comparison for the unexposed temperature (maximum and average):
(a) time history comparison of Specimen 10, (b) time history comparison of Specimen 11, (c) time history
comparison of Specimen 12, (d) time history comparison of Specimen 13, (e) time history comparison of
Specimen 14, (f) time history comparison of Specimen 15 and (g) time history comparison of Specimen 16.
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Different solution models were used to validate the experimental tests, using the FVM
(Solution Method 1) and FEM (Solution Method 2). The hybrid solution method (H-FEM,
Solution Method 3) can be used to predict the fire resistance of partition walls, taking into
consideration the heat transfer by convection and radiation inside the cavity. This solution
method requires an extra temperature measurement for the evolution of the bulk tempera-
ture in the cavity and the selection of the appropriate heat flow coefficients. This measure-
ment is of extreme importance to account for all the major events that may occur during
tests (cracks of materials, ignition and the heat release developed by combustible materials).
The difference between the results, obtained for the fire resistance criteria (I), are between
0% and 12%, being the best approximation achieved with H-FEM. The H-FEM solution
method requires previous experimental measurement for the calculation of the fire resistance
of LSF walls. Different types of composite layer and single layer were tested to protect the
LSF structure, enabling the calculation of the typical bulk temperature in the cavity. The
bulk temperature evolution depends on the type of the LSF and on the number and type of
the protection layers. This bulk temperature approximation can be used for the simulation
of similar LSF walls with different geometric dimensions.

The fire resistance of the LSF walls increases with the number of studs and also with the
thickness of the protection layers. It was clearly observed that the insulation of cavities
brings relevant improvements to fire resistance, but doubling the number of gypsum plates
looks to compete with the LSF wall with insulation material in the cavity. The fire perfor-
mance of two gypsum layers LSF wall (Specimen 11) was better than using one single layer
with cavity insulation material (Specimens 10, 15 and 16).

Specimen 14 presents the higher fire resistance (I), mainly due to the higher stiffness of
the OSB. This higher stiffness is responsible to support any out-of-plane displacement of the
gypsum boards, preventing the falling down of the plates (visual observation from experi-
mental test), helping the gypsum boards to keep their thermal insulation effect for longer
time. The superwool (higher density), seems to be the best insulation material to be applied
in the cavity, in comparison with Rockwool (low density). This observation is supported by
the fire resistance comparison of Specimens 10 and 15, when using the same LSF structure.
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