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1 Introduction & Objectives 

1.1 Introduction  
 In order to restrain fire spread and to contain the fire in one area, a building can be sub-
divided into compartments separated from one another by fire-resisting constructions. This 
passive fire protection method helps to reduce the fire size which gives more time for the 
occupants to evacuate, eases the fire service work and decreases property damage and business 
interruption time. The fire resistance rating of light weight construction, especially Cold-formed 
light gauge steel frame (LSF) stud wall systems, has become critical to the building safety design 
as their use has become increasingly popular in all areas of building construction [1]. 

 The fire resistance rating (FRR), given in unit of time, is the period of time during which a 
building element can withstand the exposure to defined heating and pressure conditions, until 
failure. Usually this time period ranges between 60min and 120 min [1]. Traditional fire resistance 
testing is done in furnace test and based upon the international standard ISO 834. According to 
the British code BS EN 1363-1, the failure criterions are based on three parameters: integrity, 
stability and insulation [2]. The insulation criterion relates to the ability of a building component 
to restrict the heat transfer through its boundaries to a certain level. According to the EN 1363-
1 code, failure of the insulation criterion is observed in two ways [2]. The code states that the 
specimen must maintain its function for the duration of the test without developing 
temperatures on its unexposed surface such as: 

�x An increase the average temperature above the initial average temperature by more than 
140 °C, called T140;  

�x An increase at any location (including the roving thermocouple) above the initial average 
temperature by more than 180 °C, called T180.  

 The integrity criterion represents the ability of a building component to prevent the 
passage, through its boundaries, of flames and hot gases and to prevent the occurrence of flames 
on the unexposed side. The requirements from the relevant code [2] are the following: 

�x Prevent the penetration of a 6 mm diameter gap gauge that can be passed through the 
test specimen, such that the gauge projects into the furnace, and can be moved a distance 
of 150 mm along the gap 

�x Prevent the penetration of a 25 mm diameter gap gauge that can be passed through the 
test specimen such that the gauge projects into the furnace. 
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�x Prevent the ignition of a cotton pad applied for a maximum of 30 s or until ignition 
positioned at least 30 mm from the unexposed surface and 10 mm from the boundaries 
of the wall. Charring of the cotton pad without flaming or glowing shall be ignored. 

 In the industry the fire rated partition are built according to specifications coming from 
manufacturers, providing fire resistance ratings. Those rating are based on full-scale furnace tests 
using the required standard [3]. Often, the fire barriers tested in the furnace are highly optimized 
in order to reach the required fire resistance. The test results remain confidential and the number 
of samples, which fail is not documented. In practice, the construction of the fire rated barrier 
can slightly differ from the optimized one tested in the furnace test. Furthermore, with time, the 
quality of the barrier can be altered, thus, reducing its ability to contain the fire. This raises 
concerns about the reliability of fire resisting partition as an effective mean of passive fire 
protection. Little research has been done with respect to the impact of reduced insulation and 
leakage on the reliability of fire resisting partition. It is not known what kind of safety factor can 
be expected of fire barrier and often, the designer relies simply on the obtained ratings. For this 
reason, research is necessary in order to determine the reliability of fire barriers. 

 In this report the effect of reduced integrity and insulation parameters will be 
investigated. In order to do so, two fire-rated barriers will be modeled with numerical tools and 
will be exposed to the standard fire. Then, the same barriers will be modified to exploit different 
features or defects, affecting the insulation or integrity criterion, and it will be exposed to the 
same conditions. Finally, the results will be compared to understand how those features affect 
the FRR. The different defects or features which will be investigated are the following: different 
type of insulation, different thickness of insulation, missing part of insulation, the absence of 
insulation, penetration through the drywall on one side or through the entire construction, 
infiltration of gases through cracks of different size at different location. Additionally, the report 
will look at the impact of the modeling techniques used such as the difference of grid size, the 
impact of different heat transfer modes and the assumptions taken.  

1.2 Objectives 
 The first objective of this study is to show how the FRR of partitions is affected by leakage. 
To do this, the FRR obtained from simulations of partitions with localized leakage, distributed 
leakage, different leakage size and location will be compared to an airtight partition.   

 The second objective of this study, is to investigate the effect of a reduced thermal 
insulation on the FRR of partitions. Insulation can be reduced in multiple ways, the scenarios 
which will be investigated are: localized missing piece of different size of insulation, reduced 
thickness of insulation, different type of insulation, partition without insulation, hole of different 
size on the exposed boundary of the partition and hole through the partition. Those assumed 
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2.4 Heat flux in furnace test 
 The total heat flux measured in an ASTM E 119 furnace test, at the National Research 
Council of Canada, is provided in Figure 3, for a wall furnace. The total heat fluxes were measured 
using a water-cooled Gardon gauge and the wall furnace was lined with ceramic fiber. The 
temperature was controlled with ASTM E 119 shielded thermocouples [11]. Though, the time-
temperature curves are similar for ISO 834 and ASTM E119, the actual heat flux exposure early 
in the ASTM E 119 is more severe due to the type of thermocouples used to control the furnace. 
The same furnace controlled with a plate thermometer provided similar heat flux levels at times 
after 10 minutes [12]. This heat flux will be used later as means of validation. 

 

Figure 3: Heat flux measured during a furnace test (reproduced with the permission of the National Research Council of Canada) 
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 In North America the Normalized Air Leakage Rate of Building Enclosure is used to define 
leakage.  The average volume of air in L/s that passes through a unit area of the building enclosure 
in m2 , is measured and expressed in L/s·m2 when the building enclosure is subjected at 75 Pa of 
pressure differential, in accordance with ASTM E779 [14]. 

 The American Architectural Manufacturers Association (AAMA) suggests a maximum of 
0.3 L/s·m2 at 75 Pa [14], while the appendix of the National Model Building Code of Canada 
(NMBCC) recommends a value of 0.1 L/s·m2 at 75 Pa [14] as a maximum allowable leakage rate. 
Tamura and Shaw, from the NRCC, in the 1980s measured and studied the air leakage of seven 
high-rise office buildings. Their conclusion was that buildings are tight if they achieve a 
normalized air leakage rate of 0.5 L/s·m2 at 75 Pa[14]. ASHRAE considered that a building is very 
loose when there is opening in walls equivalent to 0.13x10E-2m2, average for values of 0.35x10E-
3m2 and tight for values of 0.17x10E-3m2 per total area of wall (m2) [13].  

 With the equation (16), and the density of air at ambient temperature (20°C), the previous 
leakage gives the following opening area/surface ratio: 
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4 Fire barrier construction 
 Fire-rated barriers may be constructed in a variety of ways. The required resistance rating 
will depend on the intended usage and the requirement of building codes. One of the most 
popular construction type of fire barrier is light weight stud wall system [1]. Lightweight partitions 
are usually built from various types of sheet materials, supported by timber or metal stud, with 
sealed joints. The cavity between the boards are filled with insulation layers or left empty. The 
insulation materials commonly used in the cavity are glass fibre, stone wool insulation [1]. This 
work will focus on LSF wall system as they are a popular types of installation [1]. Figure 4 shows 
a typical assembly of a light-weight partition with the insulation. The literature review of fire 
barrier specifications from Plasterboard manufacturer allowed to define the general component 
and construction specification required in order to obtain suitable fire rating.  

4.1 Partition investigated 

 Two different types of construction will be investigated in this project. The first one, called 
type A, correspond to a one hour fire resistance wall and the second construction, called type B, 
correspond to a two hours fire resisting wall. Construction specification of both type come from 
the literature review of different manufacturer. 

Figure 4: Typical light-weight construction assembly 
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4.1.3 Light gauge steel frame 
 The frame used to hold the insulation and on which the gypsum board is fixed to, is 
presented in the following picture with all related dimensions.   

 The gypsum boards are usually 1220mm wide by 3660mm long [16], this means that this 
wall would require 3 gypsum sheets to cover the whole surface. When using multiple sheets of 
gypsum, joints are formed between each sheet and the surrounding construction as well as 
between every two sheets. Those joints can be a source of leakage if they are not sealed properly. 

Figure 7: Metal frame 

Joint 

Figure 8: joint from gypsum board 
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5 Material Properties 
 To be able to withstand the furnace increasing temperature, the partition wall must 
have adequate thermal properties. The properties of each layer constituting the wall are 
important as they help to slow down heat transfer through partitions. The material properties 
which should be assessed, in order to investigate the partition reliability with regards to the 
insulation criterion, are the density, the specific heat and the conductivity. These properties 
differ from one manufacturer to another, for instance gypsum board type X or Glasroc F 
FIRECASE. In this study the focus is not on the variation in thermal properties, but on the effects 
of defects affecting fire-rated barrier. Consequently, material properties will be defined in this 
section and will not be change in the simulation. 

 The specific heat or thermal capacity is a measurable physical quantity equal to the ratio 
of the heat added to or removed from an object to the resulting temperature change. The 
specific heat is measure in J/kg*K. The thermal conductivity is a material property describing 
the ability to conduct heat. The thermal conductivity is measure in the units W/m*K. The 
density is a material attribute defining the weight per volume of a material in kg/m3.  

5.1  Thermal properties of Gypsum Board 
 Gypsum board is constructed of non-combustible products in which gypsum is the 
primary component with paper-laminated surfaces. In North America the gypsum board called 
Type X is used for fire barrier. This gypsum board has additives that give better fire-resistive 
performance compare to the regular gypsum board of the same thickness. 

 Gypsum is called calcium sulfate dihydrate (CaSO4 2H2O), which is a naturally occurring 
mineral. The water proportion is a key feature that makes gypsum a fire resistant material. When 
gypsum is heated, the crystalline gypsum dehydrates and water is released. This process is called 
Calcination and typically occur in two separate, reversible chemical reactions: 

   �%�=�5�1�8 �Û�t�*�6�1 E�3 �^ �%�=�5�1�8 �Û
�5

�6
�Û�*�6�1 E

�7

�6
�Û�*�6�1   (19) 

    �%�=�5�1�8 �Û
�5

�6
�Û�*�6�1 E�3 �^ �%�=�5�1�8 E

�5

�6
�Û�*�6   (20) 

 Both of these dehydration reactions are endothermic and generally occur at 
temperatures between 125 and 225°C. In addition to two dehydration reactions, a third 
exothermic reaction occurs at a temperature of around 400°C in which the molecular structure 
of the soluble crystal reorganizes itself into a lower insoluble energy state (hexagonal to 
orthorhombic) [17]: 

    �%�=�5�1�8�:�O�K�H�; �\ �%�=�5�1�8�:�E�J�O�K�H�; E�3    (21) 
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Figure 11: Mass loss of gypsum board type X and Contraction of gypsum X            

 With the combine effect of mass loss and contraction it is possible to estimate the change 
of the initial density with the increase in temperature. 

    �é�:�6�; L
�à �Ô�?�à �Ô�Û�¨ ���à�Ô�æ�æ���ß�â�æ�æ���:�Í �;

�é�Ô�?�é�Ô�Û�¨ �Ö�â�á�ç�å�Ô�Ö�ç�Ü�â�á�:�Í �;
    (22) 

The density found from the data NIST is presented in Figure 12. 

 

    Figure 12: Change of density of gypsum type X 
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5.2  Thermal properties of insulation 
 In fire barriers, insulation can be used to delay the temperature rise on the unexposed 
side of the structure this can increase the FRR of the barrier. This study will focus on the use of 
stone wool and glass fiber wool, which are two insulation materials widely used in steel-framed 
walls [1].  

5.2.1 Conductivity 
 Given sufficient time under heat, some materials undergo physical and chemical changes, 
which results in bonding reduction of the material and removal of successive thin layers from its 
surface. This process is referred to as ablation [18]. Ablation causes a reduction of the cross-
sectional thickness of insulation material and therefore an increase of the heat flux across the 
insulation. Finite element programs such as ABAQUS, do not allow the user to simulate the 
change in thickness of the insulation with time. Therefore, ablation can be taken into account 
inside the thermal properties of materials. Past researches, simulate the effect of ablation by 
increasing the values of thermal conductivity with the increase of temperature [19]. Thermal 
conductivities as a function of temperature with consideration of ablation, can be found by the 
following equations [19].  

Stone wool: 

   �GL �r�ä�t�wE�r�ä�r�r�r�r�{�6���������������������������������B�K�N���t�r�¹�%Q�6Q�w�w�r�(  (23) 

   �GL F�s�ä�s�u�z�wE�r�ä�r�r�t�x�6���������������B�K�N���w�w�r�¹�%Q�6Q�s�t�r�r�(    (24) 

 

Figure 13: Conductivity of stone wool 
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Glassfiber: 

   �GL �r�ä�wE�r�ä�r�r�r�t�6�������������������������������������������������B�K�N���t�r�¹�%Q�6Q�x�r�r�(   (25) 

   �GL F�y�ä�zE�r�ä�r�s�v�6�������������������������������������������B�K�N���x�r�r�¹�%Q�6Q�y�r�r�(   (26) 

   �GL F�r�ä�r�z�6F�w�v�����������������������������������������������������B�K�N���y�r�r�¹�%Q�6Q�z�r�r�(   (27) 

 

Figure 14: Conductivity of glass fiber wool 

5.2.2 Thermal capacity 
 The specific heat of thermal insulation was found from experimental work [19]. This 
thermal property was reported to fluctuate very little with the increase of temperature [19]. The 
value of Stone wool and Fiber glass wool found are presented in Table 2. 

 Stone wool  Fibre glass wool  

Thermal capacity (J/(kg° C) 850 900 

Table 2: Thermal capacity of insulation 

 

5.2.3 Density 
 The density for insulation material will be assumed constant with increase of temperature 
because ablation is already considered in the conductivity parameter. The density used for 
insulation is presented in Table 3 [19]. 
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(20°C) conductivity is found at values around 0,026W/m*K and for temperature such as 600 ºC 
at around 0.35W/m*K [21]. The density of air also depends on the temperature and is depicted 
in Figure 17 [21].The heat transfer by radiation in the cavity is important to consider and it 
depends on the emissivity of the hot and cold surfaces. The assumed emissivity of the different 
layer is shown below [22]. 

Layer Emissivity 

Gypsum  0.8 

Insulation 0.8 

Table 4: Emissivity of material 

 

 

Figure 17: Air density change with temperature 
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 To investigate if the boundary conditions used in ABAQUS are appropriate, another 
simulation was performed. In this simulation the surface of the wall inside the furnace is exposed 
to the experimental heat flux given in section 2.4. Temperatures on the unexposed and exposed 
gypsum surfaces of the wall were measured. The following figures show the difference between 
the temperatures obtained using the two methods. 

UNEXPOSED SIDE EXPOSED SIDE 

SIDE INSIDE FURNACE SIDE INSIDE AMBIENT 
TEMPERATURE ROOM 

Perfectly insulated boundary 

Boundary 
with 
radiation 
and 
convection 
from 
furnace 

Boundary 
with 
convection 
from 
ambient 
room 
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Figure 19: Unexposed surface temperature 

 

Figure 20: Exposed surface temperature 

 As we can see from the figures above, the modelling method used in the simulation gives 
slightly higher exposure temperature, but still quite similar. Therefore, the results should be 
considered to be conservative, especially since it is known that the ASTM E119 is also slightly 
more strict than the ISO 834 [12]. 

6.1.3 Interactions and assumptions 
 To accurately model the heat transfer inside the wall from the unexposed to the exposed 
surface different assumption were used. ABAQUS calculates heat transfer inside a building 
element with its thermal properties and conduction equation. In the model it was assumed that 
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the surface between different components of the wall in contact were at the same temperature. 
This was set using TIE interaction.  

 The cavity radiation was modeled with the interaction, SURFACE CAVITY RADIATION, for 
every scenario where a space inside the wall was not filled with insulation. ABAQUS estimate the 
heat transfer by radiation, in cavities, from the equation (37). The temperature and emissivity 
values come from the surfaces inside the cavity and F is the view factor which depends on the 
distance between the surfaces.  

    �M�²�²�¼�Ô�é�Ü�ç�ì���Ë�Ô�×�Ü�Ô�ç�Ü�â�áL �(�Ý�ê�:�6�Ì�5
�8 F �6�Ì�6

�8 �;    (37) 

 The conduction through air was modeled using the SURFACE TO SURFACE conduction 
interaction. This defines conduction between two surfaces by using the defined thermal 
conductivity only. This was used for every scenario where air cavity was present. Since the main 
heat transfer mode at elevated temperature when a cavity is present is radiation, it was assumed 
that the cavity do not heat up, but conduct heat through radiation and conduction. This allowed 
for simpler model and was the most conservative scenario. All the thermal properties defined in 
the section 5 were used.  

6.1.4 Mesh and Element Type 
 For the heat transfer analysis, a standard heat transfer element type is chosen. In the 
ABAQUS there is no advantage in using higher order of elements than four node linear 
quadrilateral element, DC3D8 [30]. The number of elements is an important parameter to 
consider as the precision of the results will be greatly affected by this factor. The grid size across 
the thickness is not relevant since only the temperature at the surface is analyzed. To choose the 
optimum element size on the surface, a sensitivity study has been performed. For the analysis, 
the wall, insulated with stone wool, was selected with the following different mesh sizes:  

Case a) mesh size: 0.1 m 

Case b) mesh size: 0.05mm 

Case c) mesh size: 0.03mm 

 The following figures show the difference between different grid sizes. It can be observed 
that the maximum temperature measured on the surface is seen from the case B (Figure 22) and 
does not change in case C, therefore it is not required to run simulation with a finer grid.   
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Figure 21: Temperature at the unexposed surface case a) 

 

Figure 22: Temperature at the unexposed surface case b) 
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Type of assembly Experimental test ABAQUS  

FRR (min) Criterion REF FRR 
(min) 

Relative 
error  

1 x 1 - 9.5mm gypsum + 50mm Stone wool 
insulation 

42, 41 T180 [32] 45 +8% 

1 x 1 - 12.5mm gypsum 50mm air cavity 38, 33, 34, 33, 36, 36  T180 [32] 31  -11% 

2 x 2 - 12.5mm gypsum 50mm air cavity 78, 77, 89, 91  T180 [32] 89  +6% 

2 x 2 - 15.9mm gypsum 90mm air cavity 52 min  T140 [33] 37  -28% 

1 x 2 - 15.9mm gypsum 90mm air cavity 66 min  T140 [33] 78  +20% 

Table 5: Experimental and simulation results 

 The Table 5 shows the results of the validation test with ABAQUS. It is possible to see that 
the relative error obtained is generally low, ranging from 6 to 28%. The Wall with an empty cavity 
yields good results if compared to the data taken from the passive fire safety document from 
Ghent University [32]. When the model is compared with the results of SULTAN [33], the findings 
seems to be more confusing. The error could come from the different standard used in the 
experimental test, different material properties or the testing methods. However, results in the 
range of 6-28% are deemed acceptable considering that experiment results can differ by as much 
as 15% and maybe more.  
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6.3 FDS Procedure 
 To investigate the effect of leakage on the integrity criterion a furnace test is reproduced 
using the CFD tool FDS. For this purpose, the wall furnaces of the NRCC, was reproduced as 
precisely as possible with FDS, see Figure 24, from data [23], [11]. However, due to lack of 
information available, assumptions were needed. Also, the furnace was modeled to cope with 
the requirement of the European standard EN-1301-6, not the ASTM E119. This means that the 
ISO-834 temperature-time curve was used in the simulation. All parameters, assumptions and 
dimensions used to replicate the furnace test with FDS will be presented in this section.  

6.3.1 Dimensions and materials 
 The furnace dimensions are 3600 mm wide by 3100 mm high by 600 mm deep. The 
furnace walls were lined with 38-mm-thick fibrous ceramic blanket. The overall dimensions of 
the sample were 3600 mm wide by 3100 mm high. The fire barrier sample used correspond to 
the type B construction, presented in section 4. To simulate the integrity criterion, a cotton pad 
was modeled and positioned in front of the leakage area. The thermal properties presented in 
section 5 were used for all material related to the fire-rated barrier. For the thermal properties 
of the ceramic blanket, data from the work of Sultan [11] were used. For the cotton pad generic 
thermal properties were used from engineering toolbox [24], [25], [26]. The properties of the 
cotton pad and the ceramic blanket are presented in Table 6. The Temperature of ignition of the 
cotton pad was assumed to be at 400 °C as experimental results shows [12].  

 Ceramic fibre blanket  Cotton Pad  

Thermal conductivity (W/mK) 0.04 0.23 

Specific heat (J/kgK) 1150 1339 

Density (kgm3) 160 150 

 

Table 6: Thermal properties of ceramic blanket 
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Figure 24: Furnace modeled with FDS 

6.3.2 Temperature 
 Furnaces use premix air and gas burners, using different types of combustible, in order to 
heat up the space at the required temperature. The NRCC wall furnace, which was used as model 
and validation (section 2.4), has 90 propane burner ports. Those were implemented in the model 
as 90 vents of one grid size area with a set HRRPUA. Propane was used as fuel with the properties 
presented in Table 7 [27], [28]. One issues with FDS is that it is not possible to simulate pre-mixed 
air-fuel burners. In order to overcome this issue vents were added close to the burner ports from 
which air is introduced inside the furnace. Those vent are controlled, in FDS, to keep the oxygen 
level between 15 and 20 %. The air is introduced inside the furnace at the temperature of the 
ISO-834 temperature time curve, in order to reduce the extra heat necessary to warm the new 
air. Another major issue when it comes to modelling a fire resistance test with FDS, is to keep 
temperature in the furnace within the range required by the code. This was done by setting up a 
control system which open or close burner ports depending on the temperature inside the 
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