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Abstract

This article analyzes gypsum board dehydration effect on heat conductivity and deformation of multi-layered mechanical structures
subjected to temperature changes. Specially designed structures (fire doors) consisting of steel sheets with stone wool and gypsum
insulating layers in between were heated in furnace for a specified period of time of not less than 60 min. Temperature versus
time curves and deformations of multi-layered structures were obtained. Experimental results were verified by numerical simulation.
Experimental data was found to be in good agreement with numerical simulation results. The percent differences between door
temperatures from simulation and fire test don't exceed 9 %. This shows that thermal behavior of such multi-layered structures can
be investigated numerically avoiding time-consuming and expensive fire tests. The data obtained allowed to calculate convective
heat transfer coefficient of gypsum board, which was fitted into multi-layered mechanical structure. It was found that it is more

advantageous to place gypsum layer in the middle of the structure rather than closer to the fire source in order to cool the structure

more efficiently during fire.
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1 Introduction

Fire safety of a building system plays a vital role from pre-
venting the building collapse to protecting building occu-
pants if fire exposure was to occur [1].

Modern constructions and large products are often pro-
duced of prefabricated multi-layered mechanical struc-
tures, which exhibit high specific stiffness, strength,
environmental resistance and thermal insulation charac-
teristics [2, 3]. Such mechanical structures are widely used
in residential and industrial buildings [4, 5], thermal and
nuclear power stations, space stations, ships [6—8] and air-
planes [9]. They can be used as fixed partitions or mobile
constructions. However, poor fire resistance is the critical
problem of multi-layered structures in engineering appli-
cations [2, 5, 9]. Most of the materials used in such struc-
tures are flammable [2]. In the presence of fire, the structures
decompose, ignite, and burn releasing heat, smoke, and toxic
gases [2]. The released heat and toxic gases from the poly-
mers can cause serious injury and death [2]. Moreover, the
load-bearing capacity of multi-layered structures is signifi-
cantly reduced, and the structure is weakened by the damage

from the fire, leading to failure [2, 10]. To use in structural
applications, the fire resistance of multi-layered structures
should be improved [2]. The fire performance of such struc-
tures has been a topic of investigation in recent years [5].

Heat reduction can be achieved by using polymer [2, 5]
and liquid fillers [11], however, such method of cooling is
too complicated and expensive to use in most applications.

Wood structures are good thermal insulators; however,
their insulation time is limited by high burning rate of
wood, which is about 2 mm/min [12].

Gypsum is a natural, cheap, and ecologic raw material,
which provides excellent fire protection because it dehy-
drates at a temperature around 100°C absorbing energy
and acting as a heat barrier [3]. However, the dehydra-
tion process severely deteriorates its integrity causing
the material to lose most of the ambient temperature
strength [1, 13]. The use of thin steel sheathing can pro-
vide enhanced stiffness to structures while also improving
strength, impact resistance, blast resistance, mechanical
or seismic vibration resistance and durability [1].
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In this study, experimental and numerical investigations
of fire resistance properties of two multi-layered mechan-
ical structures (fire doors) were carried out in accordance
with the requirements presented in [14, 15]. These inves-
tigations comprise simulation and measurements of tem-
peratures and deformations at certain points of real-scale
structure subjected to thermal load. The influence of con-
stituents of such structures on their thermal conductivity
and temperature deformations was analyzed.

This study analyses materials having ability to cool the
constructions heated in fire for some period of time. We
used gypsum boards for steel cooling in this study.

2 Test equipment and technique

Multi-layered structure (fire door) to be analyzed has
dimensions of 2090 x 980 x 62 mm and consists of an
outer steel sheet of 1 mm thickness, a gypsum board (den-
sity 840 kg/m3) of 10 mm thickness and a stone wool
(density 140 kg/m?®) plate of 50 mm thickness covered on
the inside with a steel sheet of 1 mm thickness (Fig. 1).
The whole door structure consists of two parts (door and
frame) interconnected by hinged joints — two hinges and
a lock latch. Structure was investigated numerically using
SolidWorks Simulation software. Transient thermal anal-
ysis was performed. Governing equations of heat transfer
and their numerical approximations are presented in [16].
The following initial conditions were used for temperature
and thermal deformations calculations: X =0 and X =L,
Y =0 and Y = L,, duration of temperature exposure was
3600 s, initial temperature was 15°C. Temperature was
increased according to ISO 834 standard [17] fire curve.
Temperatures were calculated at 600-second time inter-
vals. The layers forming the model were in contact with
each other in certain points. It was assumed that layers of
the model were combined into a single body through these
contact points. It was simulated using an iterative solver
FFEPIus, which solves faster and is recommended for
models with many degrees of freedom. It uses the approx-
imate techniques to solve the tasks and calculates the
associated errors. Iterations continue until errors become
acceptable. The properties of materials were considered
temperature dependent, and their values were taken from
the corresponding graphs [16].

The model presented in Fig. 1 was meshed into 3D solid
first-order finite elements. They were chosen in three sizes
to obtain minimum number of finite elements, thus avoid-
ing large errors. Coarser bodies were meshed into larg-
er-sized finite elements. The largest bodies (stone wool and
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gypsum layers) were meshed into elements of 44.5015 mm
size and hinged joints (hinges and lock latch) were meshed
into elements of 4.34324 mm. Size of elements of metal
construction was 20.5545 mm. The total number of finite
elements of the whole model was 245554, the number of
degrees of freedom - 7204, the number of nodes - 54143.
Results of numerical simulation of temperature changes
were used as one of the boundary conditions for simu-
lation of thermal deformations. A coefficient of friction
of 0.05 was selected. The door frame was rigidly fixed at
eight points (four are shown in Fig. 1 by green arrows).

Because of asymmetry of investigated structure, two
cases were analyzed. In the first case (door A), gypsum
layer was on the opposite side of the heat source. In the
second case (door B), the gypsum layer was on the heat
source side. A pressure of 20 Pa was applied on the heating
side. Such boundary conditions were fully consistent with
the method of fastening the doors used in the real fire tests
and forces acting on the experimental model.

Multi-layered structure was also investigated exper-
imentally in fire test. Two fire doors (A and B) were
installed into a brick wall (200 mm thick). The wall with
installed specimens was then hermetically fastened to the
furnace. The temperature inside the furnace was con-
trolled using six thermocouples distributed evenly inside
the furnace. Thermocouple signals were transmitted to
computer, which compares measured and programmed
temperature values and controls fuel valve of the furnace.
Initial temperature inside the furnace at beginning of the
fire test was equal to 15°C. Then it was increased accord-
ing to ISO 834 standard fire curve. Pressure inside the fur-
nace was kept constant (20 Pa) throughout the whole fire
test. The fire test was terminated after 60 min.

Door temperature outside the furnace during fire test
was measured by thermo elements attached to the door
at measuring points (Fig. 2). Thermal deformations of the

Gypsum, 10 mm Steel sheet, | mm

Stone wool, 50 mm

Frame, 1.5 mm

Temperature, 980 °C

Fig. 1 3D model of multi-layered structure
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Fig. 2 Temperature measuring points of the door A (left) and B (right)
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Fig. 3 Temperature distribution in door B after fire test
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Fig. 4 Temperature versus time curves of the door B: a) — obtained in numerical simulation; b) — obtained in fire test

structure were measured with respect to the wall at mea-
suring points. For that purpose, three horizontal steel
strings were attached to the wall before investigated struc-
ture. Thermal deformations of the structure were measured
with respect to these strings by means of caliper.

3 Results and discussion
After simulation, temperature values at the points 14—18
(Fig. 3) corresponding to the points where the temperature
was measured during the experiment were distinguished.
Temperature change curves obtained in computer simula-
tion and fire test of the door B are shown in Fig. 4.

It can be seen from Fig. 4(b) that temperature of steel
sheet of the door B measured at points 14, 15, 16, 17, 18

(Fig. 2) immediately began to rise and after 15 min-
utes reached 90-98°C, then it began to drop suddenly to
55-65°C (Fig. 4(b)). Temperature changes obtained in sim-
ulation were similar (Fig. 4(a)). Due to the composition of
layers, this multi-layered structure cooled itself for about
20 minutes. Subsequently, the temperature rose steadily at
a rate of about 1.5°C/min. Such "self-cooling" effect was
observed throughout the structure, wherever there was
contact with the gypsum.

Temperature change curves obtained for other measur-
ing points of the door B are presented in Fig. 5. It can be
seen from Fig. 5 that the temperature measured at mea-
suring points 19, 20, 21, 22 decreased less (10-20°C only)
as compared with points 14-18 (Fig. 4) as points 19-22



(Fig. 2) are located closer to the edges and were more
intensively heated by the steel edges than points located
closer to the center of the structure.

Temperature change curves obtained in fire test of the
door A are shown in Fig. 6. As can be seen from Fig. 6, the
"self-cooling" effect noticed for structure B is not observed
for A case.

Thermal deformations of structures A and B were
determined by numerical simulation and experimen-
tally. The central area of structure A remained almost
unchanged, but the edges that are most distant from the
interconnection of the segments were protruded away
from the heat source (Fig. 7(a)). Deformations obtained in
numerical simulation and fire test were similar and reached
about 22 mm at maximum.
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Fig. 5 Temperature versus time curves of the door B obtained for points
19-26 (Fig. 2) in fire test
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Fig. 6 Temperature versus time curves obtained in fire test of the door
A (1-13 — measuring points (Fig. 2))
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Deformations in the central area of the structure B were
greatest (Fig. 7(b)) compared to the structure A (Fig. 7(a)).
Numerical simulation results show that the structure B
curved up to 25 mm towards the heat source (Fig. 7(b)).
It was established after the real fire test that the central
area of the structure B was deformed 27 mm towards the
heat source.

The results obtained (Fig. 3) show that the frame was
heated more than the door because there was no gypsum
inside, only a layer of stone wool. The temperature at
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Fig. 7 Thermal deformations of multi-layered structure after 60 min

fire exposure obtained from numerical simulation (door photos after
fire tests are shown in the bottom right): a) — model A; b) — model B
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the edges of the door shown in Fig. 3 ranges from 280 to
360°C and frame temperature reaches 600°C. Such tem-
peratures are dangerous to the premises as they can cause
fire and burn evacuees.

Based on the simulation results, the design of the
multi-layered structure was modified by placing two
10 mm thick gypsum layers on either side of the central
steel sheet. A cross section of multi-layered structure with
three steel layers is shown in Fig. 8. The main middle sheet
providing the strength to the structure consists of 0.8 mm
thick steel sheet with welded edges connecting the exte-
rior steel layers. The reinforcing steel exterior layers are
made of thicker (3 mm thick) steel, but they do not com-
pletely cover the entire area of the structure. The outer
sides of the structure are covered by 12 mm thick chip-
board plates. The remaining steel structure cavities were
filled with stone wool of 140 kg/m? density.

Temperature change curves obtained in fire test are pre-
sented in Fig. 9.
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Fig. 8 Cross-section of modified multi-layered structure: 1 — steel sheet;
2 — chipboard plate; 3 — steel profile; 4 — stone wool insulation layer;

5 — gypsum layer
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Fig. 9 Temperature versus time curves obtained in fire test of the

door shown in Fig. 8 (1-11 — measuring points (Fig. 2))

It can be seen from Fig. 9 that temperature values of
modified design door after 1 hour and 15 minutes reached
102°C, with thermal deformation values ranging from 1.5
to 5 mm in the central part of structure (Fig. 10).

The location of insulating gypsum layers in the struc-
ture has significant influence on the temperature propa-
gation over time. Results have shown that structure with
gypsum layer located closer to the heat source (Fig. 4)
cools itself more efficiently, but in a shorter period of time
as compared with structure with gypsum layers located in
the middle (Fig. 9, Fig. 11).
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Fig. 10 Thermal deformations of modified multi-layered structure after

75 min fire exposure (numerical simulation results)
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Fig. 11 Comparative temperature versus time curves
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Fig. 12 Convective heat transfer coefficient of insulating layer versus time graphs

Experiments have shown that the sudden rise in tem-
perature destroys gypsum insulating layer, it immediately
turns to powder and falls to the bottom of the structure.
Therefore, the structure with gypsum insulating layer
located closer to heat source cannot maintain uniform
cooling throughout the whole area of the structure.

The best results in terms of fire safety of investigated
structures were obtained with a multi-layered struc-
ture with gypsum cooling layers (Fig. 11) in the middle.
Maximum gypsum convection was observed nearly an
hour after the test started and lasted about 20 minutes
before the wood trim ignited. According to the test results,
about 70 % the gypsum was not disintegrated and would
have cooled the structure further if finishing materials
had higher fire resistance. Based on the average tempera-
ture change curves obtained during the fire tests (Fig. 11),
the values of the convective heat transfer coefficient of
the gypsum layer were determined. These curves are pre-
sented in Fig. 12.
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