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Abstract

Light steel frame (LSF) building systems are a fast, reliable and economical con-
struction system for residential and non-residential buildings. Since the thermal
conductivity of steel significantly limits the effectiveness of such wall systems for
use in modern energy-efficient buildings, adequate thermal insulation is essential.
For this reason, numerous research studies have been conducted on LSF structures
with different types and positions of thermal insulation. Due to the combustible na-
ture of polymer foam, LSF systems insulated with this type of insulation have not
been the focus of this research. On the other hand, polymer foam is ideal for auto-
mated industrial production of prefabricated load-bearing LSF walls, and research
on such walls is mandatory. In this paper, the fire test results of two innovative LSF
walls with polymer foam insulation and different gypsum fibreboards are presented.
In the proposed configuration, spacers are also used to prevent direct contact be-
tween the wall panels and the steel studs. The study conducted shows that a suitable
configuration of gypsum fibreboards can lead to satisfactory fire resistance of en-
ergy-efficient LSF wall systems with polymer foam.
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1 Introduction

Light steel framed (LSF) buildings have proven to be a val-
uable construction method for both residential and non-
residential buildings [1]. Their popularity is increasing, and
the market share of LSF buildings was estimated at
$23890 million in 2021, while some forecasts expect it to
reach $40540 million by 2028 [2]. LSF is primarily a dry
construction system in which cold-formed steel (CFS) pro-
files are the main structural members [3].

In the construction industry, CFS is considered the most
sustainable modern building product because it is easy to
prefabricate, has high stiffness and strength, corrosion re-
sistant and recyclable [4]. Moreover, these advantages
also apply to the entire LSF assembly. For LSF structures,
C-shaped CFS members are mostly used and such CFS
members are sheathed with wallboards such as gypsum
plasterboard (GPB) and usually insulated with mineral
wool (MW) inside the cavity [1]. In addition, the use of
thermal insulation is preferred because the high thermal
conductivity of CFS members reduces thermal perfor-
mance in ambient conditions due to the thermal bridge ef-
fect [5]. CFS members used for LSF constructions are also
relatively thin and the thickness does not exceed 6 mm
[1]. This means that the low thickness of CFS members
causes them to heat up quickly and lose their stiffness and
mechanical strength when exposed to fire [6]. For load-

bearing LSF structures, this means that lower ultimate
leads to earlier failure of the structure [7]. Such failure is
delayed by the fire protective wallboards [8] but once they
lose their fire protection effect, the CFS structural mem-
bers are exposed to the increased heat. Therefore, to im-
prove the potential fire performance of LSF structures,
some authors have proposed different compositions.

For example, Gunalan et al [9] have proposed the use of
externally insulated LSF structures where the thermal in-
sulation is sandwiched between two layers of fire protec-
tive board. This has resulted in increased fire performance
as the temperature rise on the CFS member is significantly
delayed. Another example of innovative LSF design was
presented in the work of Tao et al [10] in which the au-
thors proposed the use of cold-formed square hollow sec-
tions (SHS), which were found to be more effective than
conventional C-shaped CFS members. A recently proposed
LSF wall configuration [4] includes spacers that spatially
separate the CFS members from the outside wallboards
with polymer foam insulation in the cavity. Such a struc-
ture could mitigate the thermal bridging effect at ambient
temperatures and protect the members from direct fire ex-
posure when the fire protective wallboard loses its proper-
ties. In addition, polyurethane foam insulation (PUR) in-
creases the energy efficiency of the structure at room
temperature. However, since PUR is combustible, the fire
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behaviour of such a construction assembly must be inves-
tigated. In this paper, the fire behaviour of two PUR insu-
lated LSF wall specimens with two and three layers of gyp-
sum fibreboard, respectively, is investigated.

2 Experimental study

2.1 Construction of the specimens and thermo-
couples placement

The experimental study was performed on two specimens
of 1500 mm width and 2995 mm height, Figure 1. The
steel frame consisted of studs (S51-S4), tracks (T1-T2),
noggings (N1-N2) and diagonal segments (D1-D6). A steel
frame formed a total of 16 nodes (1-16). C-shaped CFS
members with dimensions 42x89x10x0.95 mm and steel
grade S 550 GD were used, as shown in Figure 2.
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Figure 1 Steel frame of the tested LSF walls and the placement of the
thermocouples (dimensions in mm)
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Figure 2 C-shaped CFS member (dimensions in mm)

In such a constructed frame, Z-shaped spacers were
placed on the noggings and studs, as shown in Figure 3.
For simplicity, the spacers were made of steel, and it is
assumed that they do not significantly affect the fire be-
haviour of such a structure. This is because the contact
area between the steel spacers and the exposed wall-
boards is small when compared to the total exposed area.

After the construction of the steel frame, specimen 1 was
sheathed with two layers, while specimen 2 was sheathed
with three layers of fire protective wallboards, Figure 3.

GFB %
GFBe

Spacer

GFBe-
Spacer

C-shaped stud @ C-shaped stud

210

PUR insulation
GFBe-
GFB- A

PUR insulation
GFBe-

a) Specimen 1 b) Specimen 2

Figure 3 Cross section of the specimens

Two types of gypsum fibreboard were used: gypsum fibre-
board with improved properties (GFBe), which was used
for Specimen 1, and a regular gypsum fibreboard (GFB),
which formed the two base layers of Specimen 2. The GFB
used were 12.5 mm thick with a reported density of
1150+50 kg/m3 and were made from recycled gypsum,
recycled cellulose fibres from waste paper, and recycled
water [11]. The 12.5 mm thick GFBes were made of gyp-
sum and non-flammable fibres for better fire protection
with a specified density of 1200+50 kg/m?3 [12]. The spec-
imens constructed in this way were then filled with flame
retardant PUR foam. The density of the PUR foam was 45
kg/m3 * 5% and the added flame retardants in the mix-
ture accounted for about 10-30% of the mass of the pol-
yol. Table 1 provides a summary of the described LSF
specimens in relation to the position of used wallboards.

Table 1 Specimens used in the experimental study

Configuration of the wall

No. Specimen
panel
1 Specimen 1 2xGFBe-PUR-2xGFBe
2 Specimen 2 GFBe-2xGFB-PUR-

2xXGFB-GFBe

Type K (NiCr-Ni) thermocouples were placed to monitor
temperature development through the LSF wall assembly
(Figure 1 and Figure 4). Figure 4 shows the placement of
the thermocouples through the thickness of the speci-
mens.
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Figure 4 Through thickness position of the thermocouples

In addition, thermocouples were placed on the ambient
side to monitor the temperature development of the spec-
imens according to EN 1365-1 [13]. The @0.5 mm ther-
mocouple wires were welded to 0.2 mm thick copper disks,
which were attached to the wallboards with screws and
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welded to the steel frame. The thermocouples used to
measure the temperature development through the spec-
imens were placed at 6 positions as shown in Figure 1. The
positions represent locations where the thermocouples
were placed through the thickness of the specimen, Figure
4.

2.2 Fire test setup and loading/heating protocol

Each specimen was placed in the test rig and loaded with
a total vertical load of 22.5 kN (15 kN/m') using hydraulic
jacks as shown in Figure 5. The adopted fire load level is
obtained from the analysis of the highest dead load acting
on the wall of the prefabricated single-storey structure
which is being developed as part of the European project
"Composite lightweight panel with integrated load-bearing
structure (KLIK-PANEL)" [4].

TOTAL LOAD
22,5 kN
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Figure 5 Specimen placement inside the testing rig and the applied
total vertical load

In addition, displacement transducers were placed on top
of the specimens, between the load beam and the fixed
frame. They recorded the distances between the load
beam and the fixed frame, which changed due to the de-
formations of the specimen. The fire maintained the ISO
834 fire curve ISO 834 according to EN 1363-1 [14] with
6 radiant burners, Figure 6.

1100
1000 ,\,«-’\””/V\
900
800
700
600
500

400

Temperature [°C]

300
200
100

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time [min]
—Furnace 1 —Load stopped 1 —Furnace stopped 1
—Furnace 2 —Load stopped 2 —Furnace stopped 2

Figure 6 Representation of the testing procedure

The test procedure was terminated due to the flammability
of the PUR foam when certain safety criteria were met:

— If the test specimens showed a tendency of imminent
structural collapse (R criterion).

— If the isolation (I) or integrity (E) criterion was ex-
ceeded.

Specimen 1 was exposed to furnace fire for 73 minutes,
with the load removed at the 67t minute. Specimen 2 was
exposed to furnace fire for 111t minutes, with the load
removed at the 108™ minute as shown in Figure 6. Both
specimens showed signs of impending structural collapse,
resulting in the termination of the test procedure.

3 Experimental results and discussion

Figure 7 shows the ambient sides of the specimens after
testing. As can be seen, the ambient side of the specimens
remained intact throughout the tests, and no discolora-
tion, smoke, flames, or cracks were observed. Detailed
post-test observations of the specimens also showed no
cracking, discoloration and board fall offs on the ambient
side.

a) Specimen 1 b) Specimen 2

Figure 7 Ambient side of the specimens after testing

c) Node 6 on specimen 2

d) Node 7 on specimen 2

Figure 8 Characteristic failures around rigid steel frame nodes

Nevertheless, post-fire examination of the specimens’ side
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exposed to fire showed local buckling of the flanges and
web of the steel frame members near nodes 6 and 7, as
shown in Figures 8.a) - 8.d). These nodes were the stiffest
part of the LSF frame and the thermal expansion of the
members around these nodes was restrained. In addition,
the cavity insulation has almost completely degraded and
only black char layers were visible.

Figures 9 and 10 show the measured average tempera-
tures recorded for specimen 1 and specimen 2, respec-
tively, while Figure 11 shows the maximum recorded am-
bient temperatures for both specimens and Figure 12
shows the average measured ambient temperatures. A to-
tal of 8 thermocouples were used to measure the maxi-
mum ambient temperatures on each specimen and they
are labelled as M1-M8. Figures 13 and 14 show the vertical
displacements and displacement rates recorded during the
test period.
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Figure 9 Average measured temperatures for specimen 1
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Figure 10 Average measured temperatures for specimen 2

The measured average temperatures in Figures 9 and 10,
as well as the recorded ambient temperatures in Figures
11 and 12, and the deformation curves in Figures 13 and
14 show that such double sheeted LSF assemblies could
have a potential fire resistance rating of 60 minutes, while
triple sheeted could reach about 90 minutes. This is due
to the increased vertical displacements that indicate a po-
tential collapse of the structure. In addition, the PUR insu-
lation layer separating CFS from the wallboards also de-
creases the temperature development on the CFS studs,
as temperatures on T4 did not immediately increase when

the wallboards lost their protective properties. The decom-
position of PUR generally takes place in three steps be-
tween 200 and 300°C [16]. Since the temperature in the
furnace is already above 900 °C in the 50th minute, the
degradation reactions occur almost immediately.

Temperatures at the CFS members stay below 100 °C for
more than 60 minutes for the double sheathed assembly
(Figure 8), and for almost 100 minutes for the triple
sheeted assembly (Figure 9). Nevertheless, a clear tem-
perature rise can be seen at T4, T5 and T6 after the 60th
minute for the double sheathed specimen i.e., 100th mi-
nute on triple sheathed specimen. At this point, the rapid
increase can be attributed to the loss of integrity of the
fire protective wallboards at the exposed side of the panel
and the degradation of the cavity polymer insulation. It is
believed that the rapid degradation and burning of the
foam is due to the direct exposure to heat as the wall-
boards lost their protective properties. This increase in
heat with simultaneous loading of the specimens has led
to the members buckling observed after the fire test (Fig-
ures 7.a), 7.b), 7.c) and 7.d)). Furthermore, the results
show that an additional layer of fire protective board (Fig-
ure 3.b)) has significant benefits for the fire performance
of the LSF assembly. This one additional layer extended
the temperature development to CFS for approximately 30
minutes of fire exposure.
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Figure 12 Average ambient side temperatures

Figures 11 and 12 show that both specimens stayed below
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the required insulation criterion during the entire test pro-
cedure. Even after the specimens had been unloaded and
the furnaces stopped the maximum temperature of 88 °C
was recorded for specimen 1, while the maximum ambient
temperature was only 44 °C for specimen 2. The average
recorded ambient temperature was only 60 °C for speci-
men 1, while it was only 42 °C for specimen 2. These re-
sults show that the insulation properties of the LSF speci-
mens are significant and can be attributed to PUR.

Figures 13 and 14 show that the first recorded defor-
mations began at the 12th minute for specimen 1 and at
the 10th minute for specimen 2. Specimen 1 deformed
continuously in the direction of the applied load, while
specimen 2 showed deformations in the opposite direction
of the applied load from the 10th to the 20th minute. This
is due to the thermal expansion of the steel frame inside
the specimen, as no significant temperature was meas-
ured in the cavity at that time. The displacement rate of
specimen 2 was rapid from the 100th minute, indicating
that the specimen would soon fail. This fact suggests that
the maximum load-bearing capacity of the specimen was
reached during simultaneous fire loading.
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Figure 13 Vertical displacement and displacement rate of specimen 1
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Figure 14 Vertical displacement and displacement rate of specimen 2

4 Comparison between tested specimens

The temperature-time curves between the wallboards for
both specimens are shown in Figure 15. Looking at the
time-temperature curves in Figure 15, there is a clear plat-
eau at thermocouples T1 and T2 for the specimen 1 (T1-1
and T2-1) and T1, T2 and T3 for specimen 2 (T1-2, T2-2
and T3-2).
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Figure 15 Comparison of the time-temperature curves between the
wallboards - specimen 1 vs. specimen 2

Temperatures at thermocouple T1 rise to 100 °C in the
first 10 minutes and remain so until the 20th minute. This
is primarily due to the dehydration processes that occur in
fire protective wallboards. Since the wallboards used were
GFB and GFBe, it can be asserted that they contain about
20% bound water and 3-4% free water, similar to gypsum
wallboards. This water content prevents a temperature in-
crease on the unexposed side of the specimens [15]. Af-
terwards, the temperatures at T1 remain similar for both
specimens because all the water has evaporated and only
the gypsum core remains. This dehydration process is also
evident when comparing the temperatures at T2-1, T2-2,
and T3-2. For specimen 1, the temperatures remain at 100
°C (T2-1) for about 40 minutes, which is about 10 minutes
less than on specimen 2 (T2-2). This again shows the ad-
vantages that an additional layer of wallboard has for the
temperature development on the unexposed side.
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Figure 16 Comparison of the time-temperature curves on the steel
studs - specimen 1 vs. specimen 2

The time-temperature curves on the steel studs for both
specimens are shown in Figure 15. In the figure, T4 is the
hot flange, T5 is the web and T6 the cold flange of the CFS
members. As it is expected, the temperatures on the spec-
imen 1 started to increase earlier than on specimen 2. In-
itially the wallboards prevented the temperature rise on
the CFS steel frame, for around 50 minutes on specimen
1 and 90 minutes on specimen 2 while the PUR layer only
prevented the temperature rise for around 5-10 minutes.
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However, as soon as the fire protective wallboards lost
their function (around the 50th, i.e., 90th minute, as seen
in Figures 8 and 9), the foam began to rapidly decompose,
resulting in a rapid increase in the recorded temperatures
on the steel frame members. This can also be clearly seen
in Figure 15, where the temperatures at T4 began to rise
at the 50th and 90th minutes, respectively. The same can
be seen when comparing the temperatures at the steel
frame for specimen 2 in Figure 15. Since steel loses
strength in elevated temperatures, by 550 °C only about
60% of its room temperature yield strength is maintained
[17]. In the tests conducted, this temperature was
reached at about the 70th minute for specimen 1 and the
100th minute for specimen 2, Figure 15. As the tempera-
ture on the steel studs increased further, the structural
stability of the studs rapidly decreases. This loss of
strength can also be seen in Figures 12 and 13 when the
vertical displacement curves began to increase. It also ex-
plains the local buckling of members observed in Figures
7.a), 7.b), 7.c) and 7.d). This implies that the PUR insula-
tion can be used as cavity insulation for LSF structures but
once the fire enters the cavity, the foam cannot provide
any significant benefit to the continued fire resistance of
the structure. Consequently, most of the PUR insulation
benefit is reflected in its thermal behaviour at ambient
temperatures.

5 Conclusion

This paper presents the results of two fire tests conducted
on double- and triple-lined PUR cavity insulated LSF wall
specimens that used spacers to physically separate wall-
boards form the CFS frame. The results show that this LSF
composition can be used where fire resistance higher than
60 (double sheathed specimen) or 90 minutes (triple
sheathed specimen) is not required. The gypsum fibre-
boards used have the most important protective function.
The evaporation of bound and free water in their micro-
structure prolongs the temperature development in the
whole assembly. Once the gypsum fibreboards lose their
protective properties on the exposed side of the specimen,
temperatures rise rapidly in the rest of the specimen. The
temperature rise is amplified by the low fire behaviour of
the PUR foam, which ignites in the cavity and further heats
up the CFS frame.

Although tests have shown that an additional layer of fi-
breboard increases fire resistance (about 30 minutes), ad-
ditional studies should be carried out to fully investigate
other properties and economic aspects depending on the
purpose of the LSF assembly itself.
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