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Abstract 
This study describes an attempt to determine the thermal conductivity of gypsum at higher temperatures 

with the aim of being able to predict temperatures of for example protected steel structures when exposed 

to fire by using temperature calculation computer programs. The determination in this study was done 

by conducting bench-scale trials in the cone calorimeter. The gypsum samples that have been used are 

named GYPROC GFE 15 PROTECT™ F ERGO which is a fire rated gypsum board provided by the 

manufacture Gyproc Saint-Gobain. Measured steel temperatures during the trials in the cone calorimeter 

were retrieved by curve fitting calculations with the finite element computer program TASEF 

(Temperature Analysis in Structures Exposed to Fire). The conductivity of gypsum was obtained by 

altering the conductivity in order to get a similar temperature curve as the measured temperatures during 

the laboratory trials. Meanwhile all other parameters were predefined. In particular the temperature-

volumetric enthalpy relation (the temperature integral of the product of the density and the specific heat 

of the material) was derived from values found in the literature. As gypsum contains a lot of physically 

and chemically bound water the specific heat has great spikes to consider the latent heat of evaporating 

water. This may cause numerical problems which, however, is overcome by using the enthalpy curve as 

input as in TASEF. The achieved conductivity of gypsum at various temperatures was then used as input 

to finite element calculations for comparison with temperatures of insulated steel structures as published 

by the manufacturer Gyproc Saint-Gobain. 

 

Measured steel temperatures in the cone calorimeter shows almost identical trends in presented 

temperature-curves, i.e. measured and calculated temperatures using determined properties were almost 

the same.  

 

The suggested method of determining thermal properties of gypsum plaster boards has shown reliable 

results. It is cheap, simple and consists of bench-scale tests in the cone calorimeter. More tests are 

however required in the cone calorimeter at higher incident heat fluxes to determine the conductivity at 

higher temperatures, and in particular analyses of additional full scale furnace tests are needed to 

validate the method and determine its accuracy.  

  



V 
 

Sammanfattning 
Denna rapport beskriver ett försök att bestämma konduktiviteten för gips vid höga temperaturer. Målet 

var att kunna prediktera temperaturer för exempelvis stålkonstruktioner som är utsatta för brand i 

avancerade datorprogram. Detta har genomförts med hjälp av småskaliga försök i konkalorimetern. 

Brandgipsskivan som studerades under labbförsöket heter GYPROC GFE 15 PROTECT™ F ERGO och 

är tillverkad av företaget Gyproc Saint-Gobain. Uppmätta ståltemperaturer i konkalorimetern under 

laborationsförsöken har återfåtts i dataprogrammet TASEF (Temperature Analysis in Structures 

Exposed to Fire) genom kurvanpassning.  Konduktivitetsvärden har kunnat bestämmas genom att 

variera konduktiviteten för gipset vid olika temperaturer där övriga parametrar var fördefinierade i 

synnerhet den specifika volymetriska entalpin. Eftersom gips innehåller både fysikalisk- och 

kemiskbundet vatten resulterar detta i två pikar på grund av dehydreringen av vattnet. Vanligtvis medför 

detta svårigheter i att utföra numeriska beräkningar men som har lösts sig genom att använde den 

specifika volymetriska entalpin i TASEF. De framtagna konduktivitetsvärden för gips vid olika 

temperaturer har använts vid jämförelse med ståltemperaturgrafer för en gipsisolerad stålprofil som 

återfinns i tillverkarens, Gyproc Saint-Gobain, handbok. 

 

Uppmätta ståltemperaturer från konkalorimeterförsöken visar nästan identiska trender i redovisade 

temperaturkurvor med resultat från beräknade temperaturer i TASEF vid användandet av liknande 

egenskapsdata.   

 

Den föreslagna metoden för bestämmandet av den termiska konduktiviteten för gips har bedömts 

lovande baserat på de resultat som har åstadkommits. Metoden är billig, enkel och kräver ingen 

avancerad utrustning. Dock krävs det mer tester med högre strålningspåverkan för att kunna bestämma 

gipsets konduktivitetvärden vid högre temperaturer samt brandprover i fullskaleförsök för att kunna 

bedöma metodens reliabilitet.  
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Nomenclature 
 
𝑇𝐴𝑆𝑇 Adiabatic surface temperature [℃] 

𝑉𝑠𝑡 Cross-section of the steel section [m2] 

𝜌 Density    [kg/m3] 

𝜌𝑠𝑡 Density of steel   [kg/m3] 

𝜀 Emissivity    [-] 

𝑇𝑔 Gas temperature  [℃] 

�̇�𝑎𝑏𝑠
´´  Heat flux absorbed in surface  [W/m2] 

�̇�𝑒𝑚𝑖
´´  Heat flux emitted from surface  [W/m2] 

�̇�𝑐𝑜𝑛
´´  Heat flux from convection   [W/m2] 

�̇�𝑟𝑎𝑑
´´  Heat flux from radiation   [W/m2] 

ℎ𝑐  Heat transfer coefficient for convection  [W/m2K] 

�̇�𝑖𝑛𝑐
´´  Incident heat flux   [W/m2] 

𝐴𝑚 Perimeter of exposed area  [m] 

𝛼 Radiation absorptivity  [-] 

𝑇𝑟 Radiation temperature   [℃] 

𝑑𝑠𝑡 Section factor    [m-1] 

𝑐 Specific heat capacity   [J/kgK or Ws/kgK] 

e Specific volumetric enthalpy   [J/m3] 

𝜎 Stefan-Boltzmann’s constant   [W/m2K4] 

𝜀𝑠 Surface emissivity  [-] 

𝑇𝑠 Surface temperature  [℃] 

k Thermal conductivity  [W/mK] 

𝑘𝑠𝑡 Thermal conductivity of steel  [W/mK] 

t  Time   [s]  

�̇�𝑡𝑜𝑡
´´  Total heat flux   [W/m2] 
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1. Introduction 
There are two different kinds of fire protection in a fire safety of buildings, namely active and passive 

fire protection respectively. Active fire protection covers devices like automatic sprinkler system and 

fire alarms that are activated after a fire is detected. Passive fire protections are built in the building 

construction in order to prevent passage of fire and smoke from a fire insulated room to adjacent rooms. 

The intentions with passive fire protections are to create a better environment for firefighters to save 

lives and property and give sufficient time to evacuate from the building with the aim of preventing 

personal injuries as well.  

 

Passive fire protections can be implemented in different ways. Widely used passive fire prevention 

materials are gypsum boards. Depending on the purpose of the building, gypsum boards can occur in 

different sizes of thickness, which in turn can provide improved durability in case of fire. The 

assessments of the classifications of gypsum board separating structures are based upon two criteria, 

namely its original integrity (E) and insulating capacity (I). These two criteria are followed by a time 

limit that usually varies from 15 to 240 minutes. (Saint-Gobain, 2010) 

 

Many industries that manufacture passive fire protection material provide listings of approved fire 

classifications of their products either in form of tables or with graphs. These listings exemplify an 

achieved steel temperature depending on the choice of the thickness or the quantity of layers of a specific 

kind of gypsum board. (Saint-Gobain, 2010) 

 

Fire tests regarding e.g. insulated steel structures are conducted with the purpose to investigate its fire 

resistance and indirectly the properties of the insulation material. These kind of fire tests can be 

expensive to carry out.  Being able to perform similar calculations of the fire resistance in advanced 

computer programs, reliable data concerning the thermal insulating materials are needed. The problem 

is that thermal properties of gypsum boards especially the conductivity are known to be rather difficult 

to quantify due to its high moisture content.  

 

TASEF is a computer program, based on finite element method for calculating fire exposed structures. 

A unique feature with TASEF is that the latent heat corresponding to the vaporization of water can be 

considered by the input of the temperature- enthalpy curve for the material. This makes the code suitable 

for evaluating gypsum boards. However, when computer programs are utilized the input arguments are 

needed to be reliable in order to achieve similar results as if it was performed at real fire tests. 

(Wickström, 2016) 
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1.1 The aim of this report 
The aim of this report is to develop a method to determine the thermal conductivity of gypsum boards 

at higher temperatures, which in turn can be utilized as input parameter in finite element computer 

programs like TASEF. The method will be based upon basic experimental trials in the cone calorimeter. 

Further on, the compiled conductivity values of gypsum are going to be used for comparison with full-

scale tests concerning gypsum insulated steel structures.  

 

1.1.1 Research questions 
The aim of this report has been subdivided into following questions to be answered in this report. 

 

 How well do the results of the measured steel temperatures in the cone calorimeter correspond 

to the computed results from TASEF? 

 Is there any uncertainness behind the derived values of the thermal conductivity of gypsum? If 

so, what and why? 

 

 

1.2 Boundaries of the report 
The presented results in the thesis do not consider the migration of moisture in the gypsum substance 

which occurs during heating. In those cases a more extensive analysis is needed. 

 

Gypsum boards start to lose its strength when the moisture content has been evaporated from the 

material. Gradually, cracks forms in the gypsum and induces to fall-off of the gypsum boards is also 

known as ablation usually occurs at temperatures around 600 ℃ but also depends on the quality of the 

gypsum board. During the development of the thermal conductivity, those kind of phenomena have not 

been considered in the thesis.  
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2. Theory 
This section brings up the theory behind the study that will be applied further on in this thesis.  

2.1 Gypsum boards 
Gypsum boards, also known as plasterboards, are one of the most used passive fire protection material 

within building constructions since the material is inexpensive comparing with other insulation materials 

on the market. The gypsum boards consist of a core of pure non-combustible gypsum with paper 

laminated sheets on both sides of each board for improved tensile strength. Improved strength in gypsum 

can also be achieved by additives into the substance e.g. glass fibre. (Rahmanian, 2011) 

 

2.1.1 Calcium sulphide anhydride 
The chemical formula for pure gypsum is 𝐶𝑎𝑆𝑂4 ∙ 𝐻2𝑂 which stands for Calcium Sulphide Anhydride. 

The substance usually consists of about 20 percent by weight of chemical and physical bounded water 

altogether. The physical water is also known as the free water while the chemical bounded water is also 

called for crystalline water.  Furthermore, the fraction of free moisture varies from 4 to 8 percent by 

weight depending on ambient conditions and the materials composition which varies from 

manufactures. Both the crystalline bound water and the free water constitute a significant part as an 

insulation material at exposure of fire. (Othuman Mydin, 2012)       

 

Since gypsum boards contain of physical as well as chemical bounded water it is known to be difficult 

to quantify the data regarding the thermal conductivity. To be able to understand gypsum boards 

behaviour under fire exposure the thermal properties e.g. thermal conductivity and specific volumetric 

enthalpy are of great significance. Previous published research reports show a wide range of methods 

for quantifying the thermal properties especially the thermal conductivity. (Rahmanian et al 2009) 

 

2.1.2 Calcination of gypsum 
When heated, the water content including the free water and the crystalline water will be evaporated 

from the material gradually. As soon as the evaporation of the free water ends at around 110 ℃, the 

initiation of dehydration reactions begin. The dehydration or calcination refers to the evaporation of the 

crystalline bound water in the plasterboard.  The dehydration process is divided into two stages which 

take place at different temperatures and they are both endothermic reactions. By experimental works, 

the first dehydration has been observed to initiate at temperature around 110 ℃ where gypsum,  

𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂 converts to calcium sulphate hemihydrate 𝐶𝑎𝑆𝑂4 ∙ 0.5𝐻2𝑂 and a rest product consisting 

of vaporized water, see eq. (1). (Yu et al. 2011) 

 

 𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂 +  ℎ𝑒𝑎𝑡 →  𝐶𝑎𝑆𝑂4 ∙ 0.5𝐻2𝑂 +  1. 5𝐻2𝑂 Eq. (1)  
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In this stage, the amount of evaporated crystalline bound water has been reduced by around 75 percent 

of its original content. The vaporization of the remaining water content occurs during the second (2) 

dehydration at around 210 ℃ where it finally becomes calcium sulphide anhydride i.e. pure gypsum, 

see eq. (2). (Rahmanian, 2011) 

 

 𝐶𝑎𝑆𝑂4 ∙ 0.5𝐻2𝑂 +  ℎ𝑒𝑎𝑡 →  𝐶𝑎𝑆𝑂4  +  0. 5𝐻2𝑂 Eq. (2)  

 

2.1.3 Enthalpy 
In thermodynamics enthalpy constitutes the change of a substance energy content. Gypsum is a good 

fire barrier because of its water content of crystalline bound water and free moisture which results a 

delayed temperature enhancement in the board.  

 

During a fire exposure it is important to separate the terms sensitive heat and latent heat respectively, 

because these are two dissimilar types of heats that occurs in different phases during the heating process. 

Sensitive heat is defined as the amount of thermal energy that contributes to an increase of temperature 

in the material.  The latent heat exists on the other hand at phase changes when the temperature rises 

above 100 °C. (Wickström, 2016) 

 

2.1.4 Specific volumetric enthalpy 
Phenomena such as evaporation of the free moisture and the release of chemical bound water when 

heated are essential to be able to design a model of the specific volumetric enthalpy. The specific 

volumetric enthalpy is expressed by eq. (3) for a water consisting material. 

 

 𝑒(𝑇) = ∫ 𝜌 ∗ 𝑐 ∗ 𝑑𝑇
𝑇

𝑇0

+ ∑ 𝑙𝑖

𝑖

 Eq. (3)  

, where the variable e represent the heat content at a specific temperature T above zero. The density 𝜌 

and the specific heat 𝑐 are both in general temperature dependent. The integral embody the sensitive 

heat while the second term represent the latent heat that are present at chemical and physical changes at 

increasing temperature.  

 

The specific volumetric enthalpy of gypsum containing of five percent of free moisture and 23 percent 

of crystalline water can be seen in figure 1. The model shows clearly the two stages where the 

dehydrations have been taken place. The first dehydration process can be observed at 110 ℃ while the 

second dehydration stage occurs around 200 °C. After the second dehydration, all of the water content 

has been evaporated from the material.  
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A unique feature with the computer program TASEF is that the derived values of the specific volumetric 

enthalpy can be directly applied as an input argument (table 6 is showing the numerical values of the 

specific volumetric enthalpy of gypsum consisting of 5 % free water and 23 % crystalline water). 

(Wickström & Virdi, 2014) 

 

Other advanced computer programs often necessitate the user to define the density and the specific heat 

capacity separately or a product of two.  In practise the specific volumetric heat capacity (𝜌 ∗ 𝑐) can 

cause calculation problems due to the existence of latent heat especially a material with a high moisture 

content and the temperature range is limited. (Wickström, 2016) Figure 1 illustrates the specific 

volumetric heat capacity as a function of temperature of gypsum where the latent heat results in two 

peaks caused by the dehydration of the water content.  

 

 

Figure 1. The specific volumetric heat capacity, (𝜌 ∗ 𝑐), of gypsum consisting of 5 % of free water and 23 % of crystalline water. 
The two peaks at 100 °C and 200 °C, respectively, are due to latent heat of vaporizing water.   

 

2.1.5 Thermal conductivity 
Thermal conductivity describes a materials capability to conduct heat. The determination of the thermal 

conductivity of gypsum is known to be rather complex. Earlier conducted experimental works show a 

wide range of stated values throughout the temperature scale which can partially be explained by the 

different chosen measuring methods see figure 2.  (Othuman Mydin, 2012) At high temperatures, there 

are bigger uncertainties since assumptions are usually needed to be done. The significant increase of the 

conductivity values at high temperatures can partly be explained by signs of cracks and ablation during 

the heating process. Ablation can briefly be described as a process when small amount of gypsum 
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powder falls of the heated surface. (Thomas, 1997) Essentially, gypsum is a porous material. When 

heated, the water content will be evaporated which in turn induces a decreased insulation capability 

(Chu Nguong, 2004) 

 

 
Figure 2. Wide range of stated values of the thermal conductivity of gypsum at high temperatures. (Rahmanian, 2011) 

 

2.2 Heat transfer by radiation and convection 
There are three boundary conditions namely the 1st kind of boundary condition with prescribed surface 

temperature, 2nd kind of boundary condition with a predefined heat flux and the 3rd kind of boundary 

condition which depends on a radiation and a gas temperature. In fire safety engineering the heat transfer 

to a boundary surface is determined by a gas temperature and a radiation temperature or alternatively an 

incident radiation from ignition source e.g. a fire. (Wickström, 2016) 

 

Generally heat is transferred via hot gases from the surroundings to solid surfaces. At high temperature 

the dominated mode of heat is radiation. The convection heat is significant when it comes to smaller 

surfaces and initial fires. In other words there is an interaction between the radiation and the convection 

heat that depends on e.g. the size of the study object and the time aspect of the fire. (Wickström, 2016)  

 

The general presentation of heat transfer by radiation and convection often referred as the third kind of 

boundary can be written as two terms that together induce a total heat flux which yields eq. (4)  

 

 �̇�𝑡𝑜𝑡
´´ = �̇�𝑟𝑎𝑑

´´ +  �̇�𝑐𝑜𝑛
´´   Eq. (4)  
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, where 𝑞𝑟𝑎𝑑 represent the radiation heat, 𝑞𝑐𝑜𝑛 is the convection and 𝑞𝑡𝑜𝑡 is the total heat transferring 

towards a solid body. 

 

2.2.1 Radiation heat 
Fundamentally, �̇�𝑟𝑎𝑑

´´  is the net radiation which can be obtained by determining the absorb radiation, 

heat, �̇�𝑎𝑏𝑠
´´ , and the emitted radiation �̇�𝑒𝑚𝑖

´´  from a solid body. The difference between the absorb radiation 

and the emitted radiation give the net radiation according to eq. (5) 

 

 �̇�𝑡𝑜𝑡
´´ = �̇�𝑎𝑏𝑠

´´ −  �̇�𝑒𝑚𝑖
´´  = (𝛼 ∗ �̇�𝑖𝑛𝑐

´´ ) − (𝜀𝑠 ∗ 𝜎 ∗  𝑇𝑠
4)  Eq. (5)  

 

, which can also be simplified as below by taken into account that the absorptivity 𝛼 of the radiation and 

emissivity 𝜀𝑠 of the surface are equal according to Kirchhoff’s law. The incident radiation 𝑞𝑖𝑛𝑐 towards 

a surface can be expressed as following, see eq. (6) 

 

 �̇�𝑖𝑛𝑐
´´ ≡ 𝜎 ∗ 𝑇𝑟

4 Eq. (6)  

   

, which yields eq. (7) by simplifying eq. (5) and (6)  

 

 �̇�𝑟𝑎𝑑
´´ = 𝜀 ∗ 𝜎 ∗ (𝑇𝑟

4 − 𝑇𝑠
4) Eq. (7)  

, where 𝜀 is the emissivity, 𝜎 represent the Stefan-Boltzmann’s constant, Tr is the radiation temperature 

and Ts symbolize the surface temperature.   

2.2.2 Convection heat 
The general equation for the heat transfer by convection can be written as 

 

 �̇�𝑐𝑜𝑛
´´ = 𝛽(𝑇𝑔 − 𝑇𝑠)𝛾 Eq. (8)  

 

,where 𝛽and 𝛾 are variables that can be adapt according to the surrounding conditions to obtain a more 

physical real perspective over the study situation and 𝑇𝑔 is the surrounding gas temperature. The 

calculation can be facilitated by consider the convection heat as a linear process according to Newton´s 

law of cooling as  

 

 �̇�𝑐𝑜𝑛
´´ = ℎ𝑐(𝑇𝑔 −  𝑇𝑠) Eq. (9)  

 

, where ℎ𝑐 stands for the convection heat transfer. Eventually the total heat transfer, see eq. 10, by 

radiation and convection heat can be obtained by combining equation (7) and (9). 
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 �̇�𝑡𝑜𝑡
´´ = 𝜀𝜎(𝑇𝑟

4 −  𝑇𝑠
4)  + ℎ𝑐(𝑇𝑔 − 𝑇𝑠)  Eq. (10)

 

 

2.3 Adiabatic surface temperature 
A common way to measure fire temperatures in structural elements are by using thermocouples with 

small cross-section diameters. Since thermocouples with small diameters register a temperature more 

near the gas temperature, the data usually considers as unreliable.  The reason is because the heated 

surface for a structural element is generally caused primarily by the incident radiation during the post-

flashover stage. A well-known method especially designed to measure the adiabatic surface temperature 

is by using the plate thermometer. (Wickström, et. ul., 2009)  The plate thermometer consists of a thin 

steel plate 100 x 100 mm2 with a thickness of 0.7 mm. The steel plate is fully insulated on the backside. 

The temperature measuring is made through a welded thermocouple in the center of the backside of the 

steel plate. Due to its large exposed surface the plate thermometer reacts more sensitive to radiation heat 

than the surrounding gas temperature. (Wickström, 2016)  

 
Calculations regarding heat transfer to a surface in perspective of radiation and convection heat is known 

to be rather difficult. As mentioned heat transfer to a surface depends on the radiation heat as well as 

the convection heat. To facilitate these kinds of calculations a new term is introduced as the adiabatic 

surface temperature which is a weighted temperature between radiation and the gas temperature. It 

describes the surface temperature by definition as a perfect ideally insulated surface which does not 

absorb the incident heat. The general equation which describes the term can be seen in eq. (11) 

  

 𝜀(�̇�𝑖𝑛𝑐
´´ − 𝜎 ∗ 𝑇𝐴𝑆𝑇

4 ) +  ℎ𝑐(𝑇𝑔 −  𝑇𝐴𝑆𝑇) = 0 
Eq. (11)

 

 

The equation is equal to zero since the adiabatic surface temperature does not absorb any heat. The 

expression is almost identical with the equation expressing the total heat transfer, see eq. (10), except 

that the surface temperature, 𝑇𝑠, has been replaced by the adiabatic surface temperature, 𝑇𝐴𝑆𝑇. The 

measured adiabatic surface temperature is always between the radiation and the convection temperature. 

(Wickström, 2016) 

 

2.4 Steel behavior at fire exposure 
In fire design of steel structures it is fundamental to know the temperature of the steel. In addition the 

temperature of a steel member depends on the magnitude of the fire, amount of the exposed surface of 

the steel and also the amount of applied fire protection material. Steel profiles exposed to fire give an 

impact on the stiffness and strength which in turn can cause deformations in the construction. Previous 

laboratory tests have shown that deformations and reduced strength often occur around 400 °C. When 
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the temperature of the steel has exceed 600 °C basically half of its original strength has been 

degenerated. There are different ways to protect steel members against rapid temperature in sections for 

instance by building steel members with reinforced concrete, using fire protection paint or encasement 

systems like gypsum boards. (Buchanan, 2002) 

 

Many industries that manufacture passive fire protection material provides often listings of approved 

fire classifications of their products either in form of tables or visualizing with graphs. These listings 

exemplify achieved steel temperatures depending on the choice of the thickness or the quantity of layers 

of gypsum boards. The ratio between the heated perimeter of the fire protection material and the mass 

of the cross section area of the steel can be define as the steel´s section factor or shape factor. A higher 

value of the section factor indicates a faster temperature increment in the steel section and vice versa. 

The expression below see eq. 12 shows how the section factor can be obtained. (Franssen & Real, 2010) 

 

 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐴𝑚

𝑉𝑠𝑡
=  

𝑡ℎ𝑒 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑒𝑒𝑙
 

Eq. (12)

 

 

2.5 TASEF (Temperature Analysis of Structures Exposed to Fire) 
TASEF is a computer program especially developed to calculate temperature distributions in structural 

elements exposed to fire. The numerical method for calculating temperature is based on the finite 

element method. The advantages with the finite element method is that complex computing problems 

can be divided into small elements using differential equations in order to achieve more accurate 

temperature results. (Wickström et. ul, 2014) 

 

TASEF is capable to calculate temperature distributions in two-dimensional planes involving 

rectangular and triangular shapes but also axisymmetric structures like cylindrical profiles can be 

modelled. Furthermore, the computer program can handle temperature dependent thermal properties for 

e.g. specific volumetric enthalpy and thermal conductivity which make it suitable when studying e.g. 

gypsum boards since both sensitive heat and latent heat can be expected during heating. This feature 

can rarely be found in other similar programs today. Most of the material properties of steel, wood and 

concrete etc. are predefined as well as time-temperature curves according to Eurocodes 

recommendations. (Wickström et. ul, 2014) 

 

2.6 Eurocodes 
Eurocodes are the naming of the shared European standards for structural design. The standards are 

developed by Comité Européen de Normalisation (CEN). The purpose of the standards considering 

structural design is to create a better coordination among involving countries, primarily in Europe.  

(Comité Européen de Normalisation, u.d.) 
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There are totally ten different kind of Eurocodes that contain calculation regulations regarding e.g. 

sustainability and resistance for generally used construction materials. The ten Eurocodes are each 

divided into 20 subcategories. A general arrangement over the ten Eurocodes can be seen in table 1. 

 

Table 1. An overview of the Eurocodes 

EN 1990 Eurocode 0: Basis of structural design 

EN 1991 Eurocode 1: Actions on structures 

EN 1992 Eurocode 2: Design of concrete structures 

EN 1993 Eurocode 3: Design of steel structures 

EN 1994 Eurocode 4: Design of composite steel and concrete structures 

EN 1995 Eurocode 5: Design of timber structures 

EN 1996 Eurocode 6: Design of masonry structures 

EN 1997 Eurocode 7: Geotechnical design 

 

2.7 ISO-834 
In structural design regarding fire modelling there are some time-temperature curves that can be used in 

order to evaluate the fire resistance depending on the study scenario. These temperature curves are 

analytical functions and give a temperature of the fire at a given time.  

 

ISO 834 is the most frequently used nominal curve which represent a fire development similar to a 

compartment fire. The temperature curves is called nominal since they are supposed to represent the 

temperature of the same magnitude as the temperature observed in fire tests. (Franssen et. ul, 2010) The 

intensity of the fire can be explained according to a logarithmic function see eq. 13 with an associated 

graph, see figure 3. (Boström & Johansson, u.d.) 

 

 𝑇 =  345 ∗  𝑙𝑜𝑔(8 ∗ 𝑡 + 1) + 20 Eq. (13)

 

The parameter t stands for the time in minutes and T represents the furnace temperature in Celsius. 
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Figure 3. Fire development of the standard time-temperature curve, ISO 834. 

2.8 Cone Calorimeter 
The Cone Calorimeter, see figure 4 is a commonly used device for fire testing. This apparatus is 

appropriate for small bench-scale laboratory tests where values regarding for instance the heat release 

rate, mass loss rate,  ignition time, amount of smoke production and other significant burning properties 

of a fuel  can be obtained. (Chu Nguong, 2004) The Cone Calorimeter uses a oxygen analyzer to 

determine the amount of consumed oxygen during combustion and thereof the needed parameters can 

be measuerd.  The measured results from the laboratory test can then be analyzed for further evaluations. 

(Lindholm et. ul, 2009) 
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Figure 4. A general picture over a cone calorimeter (Lindholm, Brink, & Hupa, 2009) 

 

When performing laboratory tests according to international standards the specimen should have the 

dimensions 100x100 mm2 with a maximum thickness of 50 mm. The samples are usually placed in a 

sample holder which in turn is placed on a load cell. The purpose with a load cell is to measure the 

amount of lost weight of the specimens during combustion. Additionally, the samples are heated by a 

cone heater located horizontally above the specimens. The cone heater has the capability to provide heat 

fluxes up to 100 kW/m2. The heat fluxes are supposed to simulate the ranges from  early stages of an 

arbiratry fire to a fully developed compartment fire. (Lindholm et. ul, 2009) 

 

The Cone Caloriameter is considered as a key tool in fire safety enginnering and gives a prediction of 

large scale fire tests. The reliability in the output results depend primarily of the measured oxygen 

beacause the majority of the parameters are based upon the consumed oxygen. (Lindholm et. ul, 2009)  
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3. Methodology 
The chosen method for this report can be divided into three parts.  The first part covers a wide range of 

literature studies in order to get a wide perspective of understanding. Subsequently a total of six 

laboratory tests have been carried out in the cone calorimeter. At last, simulations in TASEF have been 

performed in order to obtain conductivity values of gypsum at higher temperatures. 

3.1 Literature review 
An literature study has been performed based on the content from an earlier accomplished thesis named 

Evaluation of a gypsum based fire seal by finite element calculations: Development of material 

parameters for Firesafe AS fire sealant, FS-GP. The purpose is to be able to understand the material´s 

structure and function in its natural form and its behavior at fire exposure.  

 

3.2 Experimental tests 
A total of sex experimental trials have been conducted in the cone calorimeter. The normal sample 

holder made by steel has been replaced by a custom made holder, in order to minimize the risk for error 

sources. The adiabatic surface temperature have been measured and an attempt to create the first kind 

of boundary condition has also been done. A fully description about the test stand and the fire boundary 

conditions can be read in section 4. The Experimental Trials.  

 

3.3 Computer simulations 
After the experimental trials had been completed, a similar model has been recreated in TASEF in order 

to derive the conductivity of gypsum. The defined specific volumetric enthalpy of gypsum in TASEF 

are based upon a gypsum substance consisting of five percent of free water and 23 percent of crystalline 

water.  The reason behind the choice of the developed specific volumetric enthalpy is because it has 

shown similar measured temperatures in fire tests carried out in practice (Ringh, 2014). By using a curve 

fitting method, the conductivity has been varied at 100 ℃, 200 ℃, 400 ℃ and 600 ℃ while the specific 

volumetric enthalpy of gypsum has been set as a fixed parameter in TASEF i.e. it was never altered. 

The aim is to obtain a similar temperature curve as from the laboratory trials. Further on, comparison 

with the stated steel temperature graphs in the Gyproc Handbook has been performed in order to test the 

reliability of the conductivity values determined by small scale test.    
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4. The Experimental Trials 
Small-scale experiments have been conducted in the cone calorimeter with the intention to evaluate how 

close the computed values from TASEF can correlates with results from experimental tests by altering 

the thermal conductivity. The experimental trials have been run in the cone heater until the temperatures 

have practically been stabilized.  

 

4.1 Test Stand 
A total of six laboratory trials have been conducted in the cone calorimeter. The samples of gypsum, see 

figure 5, have been cut out from a fire-rated plasterboard.  

 

 

 

 

 

For dimensions and weights of the gypsum samples an overview is presented in table 2 and 3 A fully 

detailed description over the properties of the tested gypsum sample provided by the manufacture can 

be found in Appendix A - GYPROC GFE 15 PROTECT™ F ERGO - Data sheet provided by 

manufacture.  

Table 2. Dimensions and weights of the gypsum samples used during the three trials without the cover steel sheet 

Without sheet Trial 1 Trial 2 Trial 3 

Side 1 [mm] 100.3 101.3 101.4 

Side 2 [mm] 101.4 100.2 100.4 

Thickness [mm] 15.6 15.6 15.5 

Weight [g] 127.5 127.0 127.5 

 

Table 3. Dimensions and weights of the gypsum samples used during the three trials with the cover steel sheet 

With sheet 0.4 mm Trial 1 Trial 2 Trial 3 

Side 1 [mm] 100.4 101.7 99.5 

Side 2 [mm] 101.8 100.4 100.8 

Thickness [mm] 15.6 15.6 15.7 

Weight [g] 128.0 130.0 125.0 

 

Half of the samples i.e. three trials were conducted with a thin sheet of steel (102 x 102 mm2) on top of 

the gypsum sample, see figure 6, which was screwed with four screws at each corner of the sample. The 

meaning behind the added length in the metal sheet is to prevent air influence in the gaps in the test 

stand.  

Figure 5. Gypsum sample used in the laboratory 
trials 
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Figure 6. Gypsum sample with a steel cover steel sheet on top. 

 

The screws had a pitch diameter of 3 mm and where screw down about two-third in the plasterboard. 

The reason behind the steel plate on top of the gypsum sample is to create a fire boundary according to 

the first boundary condition with a prescribed surface temperature. Three laboratory trials were 

performed with a steel sheet on top of the test stand to determine the boundary condition. The steel sheet 

is assumed to have a uniform temperature distribution due to its thin thickness of 0.4 mm during the 

heating process. To prevent major deformations in the steel sheet during heating the surface has been 

applied with a heat-resisting paint which according to the manufacture can resist up to 650 ℃. After the 

paint was sprayed on the surface the sheet was preheated to around 250 ℃ in order to make the paint 

hardened. On top of the thin steel plate a thermocouple with a diameter of 5 mm has been welded in the 

center of the plate.  

 
Under the gypsum specimen, a steel plate of 100 x 100 mm2, with a thickness of 10 mm was utilized 

see figure 7 for measuring the steel temperature. To avoid any spaces between the steel and the gypsum 

sample thermocouples have been welded on the lower surface of the steel.  

 

 
Figure 7. A thickness of 10 mm metal plate for measuring steel temperature during the cone calorimeter tests. The figure is 
showing the bottom surface. 
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The whole test stand was resting on a bigger steel plate, 160 x 160 mm2, with a thickness of 2 mm. The 

purpose of the steel plate is principally to stabilize the test stand during heating. On top of the steel plate, 

insulating materials (mineral wool and ceramic wool) with a total thickness of 55 mm has been used to 

separate the contact with the upper steel specimen. Further on, two layers of insulating material (ceramic 

wool) has been used to insulate the sides of the samples to prevent heat influences around the sides since 

the aim is to create a one-dimensional heat distribution. The two layers of insulating material has been 

cut out in the center of the material in able to fit the specimens. Since the test stand was supposed to 

resemble a one-dimensional study the samples needed to be tightly placed against each other to eliminate 

any room for air influence. To minimize the error sources the insulating material was needed to be 

compact and not  covering the exposed surface of the specimens. Figure 8 shows the insulating materials 

without the specimens. Figure 9 is showing a fully assembled test stand with the specimens placed inside 

the insulating materials with the thin sheet screwed on top. An overview over the test stand can also 

been seen in Figure 10.  

 

 
Figure 8. Insulation materials on top of the thin steel plate      

 

 

 Figure 9. A fully assembled test stand with the steel cover sheet 
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Figure 10. The test stand with a description below 

 
 

4.2 Determining the boundary conditions in the cone calorimeter 
The cone calorimeter was set to 820 ℃ and a plate thermometer was used to measure the adiabatic 

surface temperature. The gas temperature was measured by using thermocouples with a diameter of 

0.25 mm. The size of the diameter of the thermocouple is crucial in order to measure the factual gas 

temperature. Smaller diameters of thermocouples are more sensitive of convection heat than the 

radiation heat. Both the plate thermometer and the thermocouple were placed about 25 mm under the 

cone heater during heating.  

 

 

  

1. Thin steel sheet  102 x 102 x 0.4 mm3 

2. Screws x 4, pitch diameter ∅=3 mm 

3. Thermocouples ∅=0.25 mm 

4. Gypsum sample 100 x 100 x 15.4 mm3 

5. Steel sample 100 x 100 x 10 mm3 

6. Insulating material     (ceramic wool)  

7. Insulating material (mineral wool)  

8. Steel plate 160 x 160 x 2mm3 
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5. Computer simulations performed in TASEF 
Obtained temperature curves from experimental trials are going to be utilized as a starting point in the 

development of the conductivity of gypsum in TASEF. The aim is to alternate the conductivity at various 

temperature levels while the remaining input parameters are staying fixed until a similar temperature 

curve from the laboratory trials are achieved in TASEF. An identical set up model has been created in 

TASEF with matching boundary conditions.  

 

5.1 The model created in TASEF 
The geometry model, created in TASEF, is supposed to resemble the test stand used during the 

laboratory tests see figure 11. By taking advantage of the symmetry of the test stand, half of the model 

has been created in TASEF. The blue area embody the steel sample with a thickness of 10 mm. The 

orange area represent the gypsum sample with the same width as the steel, however, a thickness of 15.4 

mm. The ceramic wool (Kao wool) has a total thickness of approximately 50.4 mm shown as the grey 

are in the figure. The mineral wool is 30 mm in thickness placed at the bottom with a color of green. 

Altogether the model induces a total thickness of 80.4 mm. Gridlines have been defined throughout the 

model. In the gypsum sample smaller distance of 2 mm has been set since a higher possibility of latent 

heat changes can be expected in the area. The distance between the gridlines was determined after that 

a sensitive analysis had been done. The brown line on the top of the model is supposed to illustrate the 

fire boundary condition. The yellow and the purple lines are representing ambient conditions. Other 

sides of the model are assumed adiabatic.  
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Figure 111. The model created in TASEF, the line on top of the test stand represents the fire boundary. The yellow and the 
purple lines are representing ambient conditions. The orange part represents the 15.4mm thick gypsum sample while the 
blue area embody the 10mm thick steel plate. The grey and the green area embody the ceramic and the mineral wool 
respectively. 

 

Table 4 and 5 are showing the distance between all of the set grid-lines in the model along the x-axis 

and y-axis considering the lower left as origin (0; 0) in figure 11. The computed temperatures from 

TASEF are based from the intersection points of the grid-lines x = 0 m and y = 0.055 m.  

 
Table 4. Distance of defined gridlines in the geometry along the y-axis in figure 15. 

Gridlines Y-direction [m] Gridlines Y-direction [m] 

0 0.067 

0.014 0.069 

0.024 0.071 

0.034 0.073 

0.042 0.075 

0.05 0.077 

0.055 0.079 

0.065 0.0804 

0.069 
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Table 5. Distance of defined gridlines in the geometry along the x-axis in figure 15 

Gridlines X-direction [m] Gridlines X-direction [m] 

0 0.05 

0.01 0.055 

0.02 0.063 

0.03 0.073 

0.04 0.08 

 

5.1.1 Boundary conditions 
The fire temperature development has been set according to the measured adiabatic surface temperature. 

The adiabatic surface temperature has been assumed to be constant throughout the whole simulations in 

TASEF. The emissivity of the material has been set to 0.8 which should represent an average value of 

the study materials and a convection heat transfer coefficient at 10 W/m2K (Wickström, 2016).  

 

5.1.2 Thermal properties in TASEF 
Following input data that are going to be presented in this section will remain unchanged during the 

simulations in TASEF. As mentioned before, TASEF can handle temperature dependent parameters 

such as the thermal conductivity and the specific volumetric enthalpy. Steel properties are already 

programmed in TASEF according to Eurocodes recommendations. In TASEF the thermal conductivity 

for steel is programmed at 0℃, 800℃ and 2000℃ as follows; k0 = 54 W/mK, k800 = 27.36 W/mK and 

k2000 = 27 W/mK. The conductivity is assumed to have linear development between the temperatures. 

The density of steel, ρst =7850kg/m3, has been set as constant along the temperature scale and the specific 

heat capacity has been calculated according to Eurocode standards.  

 

The derived values for the specific volumetric enthalpy of gypsum in TASEF are based on a gypsum 

substance with a free moisture of 5 percent by weight as well as 23 percent of crystalline water by 

weight. During the development of the enthalpy curve of gypsum two dehydrating occurrences at 100 

and 200 ℃ respectively have been considered. The numerical values for the specific volumetric enthalpy 

up to 2000 ℃ can be seen in table 6. 
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Table 6. Specific volumetric enthalpy of gypsum (from figure 1.) containing of 5 % free water and 23 % crystalline water. 
(Ringh, 2014) 

Temperature [℃] Specific volumetric enthalpy [𝑾𝒉/𝒎𝟑] 

0 0 

100 20400 

110 103377 

120 159329 

200 172769 

220 216207 

2000 589162 

 

Other essential parameters are the initial temperature for the materials, which has been set to 20 ℃ and 

Stefan-Boltzmann’s constant, σ = 5.67 x 10-8 W/m2K4. The yellow and purple line in figure 11 got 

ambient conditions with a heat transfer coefficient of 3 W/m2K and an emissivity of 0.9. The thermal 

properties for the ceramic wool and the mineral wool has been stated in Appendix B – Thermal properties 

of mineral wool and ceramic wool. 

 

5.2 Comparison with steel temperatures in the Gyproc Handbook 
As a further evaluation, the derived conductivity values are going to be utilized for comparison with 

real fire tests in order to confirm its validity. 

 

5.2.1 Introduction to the Gyproc handbook 
Most of the manufactures that produce fire protection materials provide listings of fire classifications of 

their products. In the Gyproc handbook there are graphs showing obtained steel temperatures for 

different quantity of applied GYPROC GFE 15 PROTECT™ F ERGO fire rated boards. These 

temperatures have been measured by conducting a series of full scale fire tests of insulating steel 

structures and are based upon recommendations according to Eurocode 3: Design of steel structures as 

well. The visualizing graphs are showing achieved temperatures of insulating steel sections under fire 

exposure after 30, 60 and 90 minutes. 

 

For comparison with the stated temperatures in the Gyproc handbook a steel column of a HEB 200 

section has been used as a reference profile, see figure 12. The section factor has been calculated for an 

insulated steel section exposed to a four side fire impact according to presented directions in the Gyproc 

handbook, see Appendix C – Section factor for a hollow encased steel section. Equation 13 is showing 

the calculated section factor for a HEB 200 profile. Note that a gap of 5 mm between the flanges and 

the insulation boards have been considered since it is a recommendation from the manufacture when 

insulating with GYPROC GFE 15 PROTECT™ F ERGO.  
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 𝑑𝑠𝑡 =
𝐴𝑚

𝑉𝑠𝑡
=

(2 ∗ 0.2) + (2 ∗ 0.21) 𝑚

0.00781 𝑚2
= 104.9 𝑚−1 

Eq.(13)

 

 

Table 7 shows the obtained steel temperatures for a section factor of 104.9 m-1 that can be read from the 

temperature graphs, see Appendix D – Steel temperatures graphs in the Gyproc handbook.   

Table 7. Presented steel temperatures after 30, 60 and 90 min of heating with a section factor of 104.9 m-1 according to the 
Gyproc handbook. 

Section factor R30 [min] R60 [min] R90 [min] 

104.9 m-1 ~105℃ ~340℃ ~550℃ 

 

 
Figure 12. HEB200 steel profile insulated with gypsum boards with a thickness of 15.4 mm. A gap of 5mm between the 
flanges and the gypsum board has been considered. 

 

5.2.2 Fire boundary 
As mentioned earlier the presented steel temperatures in the Gyproc handbook are based upon 

Eurocodes, therefore the fire boundary has been defined as the standard fire temperature curve ISO 834. 

The emissivity of the gypsum and concrete surfaces has been set to 0.8 and the heat transfer coefficient 

to 10 W/m2K. The emissivity of the steel surfaces to calculate the heat changes in the voids between 

flanges was set to 0.8 with a heat transfer coefficient of 1.0 W/m2K. 

5.3 Geometry of a HEB 200 insulated with one layer of gypsum board in TASEF 
In TASEF, only a quarter of the steel section has been created for the simulations due to its double 

symmetry and the uniform distributed fire exposure of the model, see figure 13. The orange part is 

representing one layer of the gypsum board with a thickness of 15.4 mm and the green part is the steel 

section of a HEB200 profile. The outer red lines is the fire boundary and voids is both surrounded by 

the purple/blue line and the green line. Temperatures of three different positions of the steel section have 

been considered. Those are node 1 (center of the web), node 63 (center of the flange) and node 74 (end 

of flange). These nodes can be seen as blue dots. The obtained temperatures in the nodes are going to 

be compared with the stated temperatures in table 7. 
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Figure 13. HEB200 column (The green part) insulated with one layer of gypsum boards (orange part) exposed to a two-sided 
fire development. The thicker red lines indicates the fire boundary. The purple lines surrounding the void and the green lines 
are surrounding the gap of 5mm. 

Table 8 is showing the distance between all of the settled grid-lines in the model along both the y-axis 

and the x-axis considering the lower left as origin (0; 0) in figure 20.  

 
Table 8. Distance of defined gridlines in the geometry in figure 13 

Gridlines, y-direction [m] Gridlines, x-direction [m] 

0 0 

0.01 0.02 

0.02 0.04 

0.04 0.06 

0.06 0.08 

0.08 0.11 

0.105 0.0115 

0.110 0.1204 

0.1154 

 

5.4 Geometry of a HEB 200 insulated with two layers of gypsum boards in TASEF 
In this section a HEB 200 steel column has been insulated with two layers of gypsum boards which 

induces a total thickness of 30.8 mm, see figure 14. Only a quarter of the entire model has been created 

in TASEF due to double symmetry. The orange part of the model represents the gypsum boards, the 



24 
 

green part the steel column. A gap of 5 mm between the flange and the gypsum boards have also been 

considered in TASEF. The registered temperatures obtained in TASEF are based upon the three nodes, 

End of flange (Node 74), Middle of flange (Node 65) and Middle of web (Node 1). 

 

 
Figure 14. HEB200 column (The green part) insulated with two layers of gypsum boards (orange part) exposed to a two-
sided fire development. The thicker red lines indicates the fire boundary. The purple lines surrounding the void and the green 
lines are surrounding the gap of 5mm. 

Table 9 presents the defined gridlines in the model created in TASEF, see figure 14. 

Table 9. Distance of defined gridlines in the geometry in figure 14 

Gridlines, y-direction [m] Gridlines, x-direction [m] 

0 0 

0.01 0.02 

0.02 0.04 

0.04 0.06 

0.06 0.08 

0.08 0.11 

0.105 0.115 

0.110 0.120 

0.115 0.125 

0.120 0.130 

0.125 0.1358 

0.1308 
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6. Results and Analysis 
Before the laboratory trials were conducted, the adiabatic surface temperature and the gas temperature 

were measured in the cone calorimeter.  The adiabatic surface temperature and the surrounding gas 

temperature were measured according to the presented graph in figure 15. The measuring process was 

terminated approximately after four minutes since the temperatures had virtually been stabilized. 

 

 

Figure 15. Measured adiabatic surface temperature ~660℃ with a plate thermometer and the gas temperature ~130℃ 
with a thermocouple ∅=0.25 mm. 

 

When the adiabatic surface temperature and the gas temperature are determined, the incident radiation 

can be obtained by simple calculations. The calculation has been done by solving out the variable �̇�𝑖𝑛𝑐
´´  

from eq. 11 which gives a new equation as below, see eq. 14. 

 

 �̇�𝑖𝑛𝑐
´´ = 𝜎 ∗ 𝑇𝐴𝑆𝑇

4 −  
ℎ𝑐

𝜀
(𝑇𝑔 −  𝑇𝐴𝑆𝑇) 

Eq. (14)

 

 

The heat transfer coefficient of convection has been chosen to 12.8 W/m2K which depends on the surface 

temperature of the plate thermometer (Wickström, 2016). The emissivity of the plate thermometer was 

set to 0.9 which are supposed to represent an average value of the materials. The measured adiabatic 

surface temperature was 660 ℃ while an average value of 130 ℃ was chosen for the gas temperature. 

By solving the equation with known variables, see eq. 15, the incident radiative flux from the cone 

heater could be calculated to approximately 50.5 kW/m2. 
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�̇�𝑖𝑛𝑐

´´ = 𝜎 ∗ (660 + 273)4 −  
12.8

0.9
(130 −  660) = 50502.26 𝑊/𝑚2

≈ 50.5 𝑘𝑊/𝑚2 

Eq. (15)

 

 

 

6.1 Experimental obtained results exclusive the cover sheet 
Three trials were conducted without the thin sheet on top. The results from the measured steel 

temperature can be seen in figure 16.  

 

 
Figure 16. Graph showing measured steel temperatures without the cover steel sheet. A plateau can be observed at 100 ℃ 
for all of the three laboratory trials.  

 
Table 10 shows the measured steel temperatures after 30, 60 and 90 minutes of heating in the cone 

calorimeter. Property data regarding measured weights before and after performed trials can be found 

in table 11.   

 
Table 10. Obtained temperatures after 30, 60 and 90 minutes without the cover steel sheet 

Exposure time Trial 1 Trial 2 Trial 3 

0 min 20 ℃ 19.7 ℃ 20 ℃ 

30 min 175 ℃ 169 ℃ 163 ℃ 

60 min 337 ℃ 338 ℃ 321 ℃ 

90 min 410 ℃ 411 ℃ 392 ℃ 
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Table 11. Weights and calculated density of the gypsum samples of trial 1, 2 & 3 

 Trial 1 Trial 2 Trial 3 

Weight, before [g] 127.5 127.0 127.5 

Weight, after [g] 101.0 101.5 101.0 

Density, before [kg/m3] 801.6 802.5 795.4 

Density, after [kg/m3] 635.0 653.7 623.0 

 

6.2 Experimental obtained results inclusive the cover steel sheet 
Three trials were conducted in the cone calorimeter with the thin sheet on top of the samples. The 

measured temperatures for the steel sheet and the steel temperatures can be seen in figure 17.  

 

 
Figure 17.The upper temperature curves are showing the measured temperatures of the steel sheet for the three trials. The 
lower temperature curves are showing measured steel temperatures when placing the cover steel sheet (10 mm) on top of 
the gypsum samples. A plateau can be noticed at 100 ℃ for all of the lower steel temperature curves in the graph.  

Table 12 shows the obtained measured temperatures after 30, 60 and 90 minutes of heating in the cone 

calorimeter. Property data regarding measured weights before and after performed trials can be found 

in table 13.   

Table 12. Obtained temperatures after 30, 60 and 90 minutes with the cover steel sheet 

Exposure time Trial 4 Trial 5 Trial 6 

0 min 24.3 ℃ 26.9 ℃ 20.6 ℃ 

30 min 180 ℃ 162 ℃ 162 ℃ 

60 min 337 ℃ 335 ℃ 323 ℃ 

90 min 411 ℃ 417 ℃  397 ℃ 
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Table 13. Weights and calculated density of the gypsum samples of trial 4, 5 & 6 

 Trial 4 Trial 5 Trial 6 

Weight, before [g] 128.0 130.0 125.0 

Weight, after [g] 102.0 104.0 99.0 

Density, before [kg/m3] 801.4 817.2 795.4 

Density, after [kg/m3] 638.6 653.7 623.0 

 

6.3 Review of the laboratory trials 
Generally each of the six trials performed in the cone calorimeter have shown similar temperatures with 

minor differences when being exposed for 90 minutes. The weights of the gypsum samples have been 

decreased with a quite precise amount of water of 26 gram (~20 % by total weight). By studying the 

figures 17 and 18, all of the experimental tests have shown signs of a plateau as well, which could be 

identified at around 100 ℃. This can be explained by the release of the water content in the gypsum 

samples which depends of the physical and chemical bonded water. A further discussion can be read in 

section 7: Discussion 

 
The measured steel temperature curves of the 10 mm thick steel plate in figures 17 and 18 show 

occurrence of heat losses in the test stand. The reason is because the steel temperatures of the 10 mm 

steel plate should have reached the same temperatures as the thin metal sheet during heating.  The heat 

losses from the 10 mm steel plate may have exist due to leaky sides or downwards in the model.  For 

that reason, one-dimensional heat distributions cannot be assumed in TASEF. 

 
In those cases where the gypsum sample were covered with a steel sheet, the measured steel 

temperatures of the 100 mm steel plates were principally unaffected. This means that the cover sheet 

seems to have negligible influence on the measured steel temperatures, however, minor deformations of 

the sheet could be noticed after the simulations, see figure 18.  

 

 
Figure 18. Buckled cover sheet of steel after heating 

  

6.4 TASEF-runs 
This part presents the results from the simulations in TASEF. The main assignment is to derive 

parameters concerning the thermal conductivity in order to achieve similar temperatures as the 
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experimental trials. In this case the fire boundary will be defined as the measured adiabatic surface 

temperature during the laboratory test.  

6.4.1 Steel temperatures from the laboratory trials. 
Since the measured steel temperatures during the laboratory trials have shown similar temperatures, an 

average of measured temperatures have been calculated after each 10th minute from the laboratory trials, 

with the intention to make it easier to compare with computed results from TASEF see table 14.  

 

Table 14. Calculated average steel temperatures from the laboratory trials regarding trial 1, 2 and 3 

Time [min] 0 10 20 30 40 50 60 70 80 90 

Steel 

temperatures 

(Average) [℃] 

20 89 112 168 231 286 332 366 391 409 

 

6.4.2 Thermal conductivity at 100 ℃, 200 ℃, 400 ℃ and 600 ℃ 
The main purpose of this thesis is to develop the thermal conductivity of gypsum for higher 

temperatures. In the product sheet, provided by the manufacturer, describing the properties of the 

gypsum board used in the laboratory works, a conductivity value of 0.25 W/mK is stated. However it is 

not specified for which temperature the value is valid. Therefore an assumption had been made where 

the stated conductivity value is valid at room temperature i.e. at 20 ℃.  

 

In addition, the conductivity values has been altered at four arbitrary temperatures namely 100 ℃,  

200 ℃, 400 ℃, and 600 ℃, since the maximum recorded temperature during the laboratory trials were 

around 660℃. The conductivity of gypsum for each of the presented temperatures has been altered in 

TASEF in order to get a best fit temperature curve as the presented temperatures at 30 min, 60 min and 

90 min in table 14. During the development of the conductivity, the specific volumetric enthalpy 

remained as a fixed parameter. The final stated conductivity values are presented in table 15. The last 

stated conductivity value obtained from the TASEF simulations was at 600 ℃. At higher temperatures 

the conductivity values have been assumed to stay constant since the maximum registered temperature 

from the laboratory trials were around 660 ℃ . The final conductivity value has been stated at 1200 ℃. 

Figure 19 shows a linear presentation of the developed conductivity values of gypsum. 
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Table 15. The derived conductivity values of gypsum at 20 ℃, 100 ℃, 200 ℃, 400 ℃ and 600 ℃. (The conductivity has been 

assumed constant at higher temperatures than 600 ℃ ) 

Temperature [℃] Thermal conductivity [𝑾/𝒎𝒌] 

20   0.25 * 

100 0.20 

200 0.19 

400 0.19 

600 0.15 

1200      0.15 ** 

*Stated value in data sheet provided by manufacturer 

**The conductivity values are assumed to be constant after 600 ℃. 

 

 

Figure 19. A linear presentation of the derived conductivity of gypsum at 20 ℃, 100 ℃, 200 ℃, 400 ℃ and 600 ℃. After    
600 ℃ the thermal conductivity is assumed constant (dotted line).  

 
After several performed simulations in TASEF, a temperature curve with corresponding temperatures 

as the laboratory trials, see figure 20, has been obtained by using the derived thermal conductivity values 

according to table 15. During the developing of the conductivity of gypsum, the measured temperatures 

at 30 min, 60 min and 90 min from the laboratory trials have been considered. The orange temperature 

curve is the calculated results from TASEF. The blue temperature curve are the plotted average 

temperatures from table 14.  
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Figure 20. Comparison between measured steel temperatures from the laboratory trials after each 10th minute interval (blue 
line) and computed results from TASEF with developed conductivity values according to table 13 (dotted line). 

 

Table 15 which shows a comparison between the measured steel temperatures and computed 

temperatures from TASEF at 30 min, 60 min and 90 min. The difference in temperature at 30 min is  

5 ℃, at 60 min is 5 ℃ and at 90 min is 6 ℃. 

 

Table 15. Comparison between measured and calculated steel temperatures at 30 min, 60 min and 90 min.  

Temperatures [℃] 0 min 30 min 60 min 90 min 

Measured steel 

temperature 

(Laboratory trials) 

20 166 332 408 

Computed results 

(TASEF) 
20 171 327 414 
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6.5 Testing the validity of the conductivity values 
In this section a further evaluation of the developed conductivity values, (see. table. 15), have been 

performed in order to tests its validity. This will be completed by comparing outcomes gained from 

TASEF with steel-temperature graphs presented in the Gyproc handbook.  In section 5.2 Comparison 

with steel temperatures in the Gyproc Handbook. 

 

6.5.1 Comparison between TASEF results and the Gyproc handbook with one layer of gypsum 
board 
Comparison between computed values from TASEF of the three nodes and numerical values from the 

Gyproc Handbook can be seen in table 16 below, by using the presented conductivity values from table 

15. A graphical presentation over the comparison can be seen in figure 20.  

 

Table 16. Comparison between stated values in Gyproc Handbook and computed results from TASEF (one layer of gypsum 
boards) by using the conductivity values from table 12. 

Temperature 

[℃] 
Gyproc handbook 

Middle of web 

(Node 1) 

Middle of flange 

(Node 63) 

End of flange 

(Node 74) 

30 min ~105 110 109 115 

60 min ~335 344 340 352 

90 min ~540 518 514 523 

 

Input arguments concerning other essential parameters have been defined as in section 5.1.2 Thermal 

properties in TASEF. See the outcomes in figure 21 below.  
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Figure 21.  Comparison between computed values in TASEF and stated temperatures in the Gyproc Handbook (black dots) 
with one layer of gypsum board. In TASEF the temperatures have been registered in three different positions, Node 1 (Center 
of the Web), Node 63 (Center of flange) and Node 74 (End of flange).  The thermal conductivity of gypsum has been used 
from table 13.  

 
The different nodes throughout the steel section show almost similar temperatures. There are only 

minimal differences. Comparison between the computed temperatures in TASEF with stated values 

from the Gyproc Handbook, show slightly higher temperatures up to around 60 minutes and marginally 

lower temperatures after 90 minutes. A further discussion can be read in section 7. Discussion. 

 

6.5.2 Comparison between TASEF and the Gyproc handbook with two layers of gypsum 
boards 
A comparison between computed values from TASEF of the three nodes and numerical values from the 

Gyproc Handbook can be seen in table 17 below, by using the presented conductivity values from table 

15. A graphical presentation over the comparison can be seen in figure 22.  
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Table 17. Comparison between stated values in Gyproc Handbook and computed results from TASEF (two layers of gypsum 
boards) by using the conductivity values from table 13.  

Temperature 

[℃] 
Gyproc handbook 

Middle of web 

(Node 1) 

Middle of flange 

(Node 63) 

End of flange 

(Node 74) 

30 min ~70 35 35 38 

60 min ~140 69 71 79 

90 min ~260 204 203 211 

120 min ~440 342 341 350 

 
 
The thermal conductivity is based upon presented values in table 12.  Input arguments concerning other 

essential parameters have been defined as in section 5.1.2 Thermal properties in TASEF. The results of 

the steel temperatures calculated in TASEF can be seen in figure 22.  

 

 

Figure 22. Comparison between computed values in TASEF and stated temperatures in the Gyproc Handbook (black dots) with 
two layers of gypsum boards. In TASEF the temperatures have been registered in three different positions, Node 1 (Center of 
the Web), Node 63 (Center of flange) and Node 74 (End of flange).  The thermal conductivity of gypsum has been used from 
table 13. 

0

50

100

150

200

250

300

350

400

450

500

0 20 40 60 80 100 120 140

Te
m

p
er

at
u

re
 [

 ͦC
]

Time [min]

Stated Steel temperatures in the Gyproc Handbook

End of flange (TASEF)

Middle of flange (TASEF)

Middle of web (TASEF)



35 
 

7. Discussion 
This part brings up topics concerning the reliability and validity of the statements that has been 

mentioned in the report. More detailed explanations and discussions about the presented temperature 

curves as well as the thermal conductivity will be discussed.  

 
The six laboratory trials performed in the cone calorimeter have showed similar steel temperatures 

according to presented temperature graphs. This indicate that the measured steel temperatures from the 

laboratory work are deemed reliable and accurate. However the presented temperature curves revealed 

occurrences of heat losses in the specimen holder from the steel specimen which induces that a one-

dimensional model could not be assumed in TASEF.  

 

The idea with the test stand was to create a one-dimensional heat distribution. If the idea with the test 

stand had stayed consistent the measured steel temperatures of the 10 mm steel plate would reach the 

same temperature as the thin metal plate. Heat losses have certainly occurred at the sides of the test stand 

or downwards during heating. If similar test stands are going to be used thicker insulations materials are 

recommended in order to reduce the possibilities of air losses in the insulation materials.   

 

Smaller variance in measured temperatures from the six trials can be explained by a few reasons. First 

each of the gypsum sample have different calculated densities. The density depends on the water content 

of the samples. Measuring water content specifically the crystalline water requires specific instruments 

and those kinds of the instruments were not available during the implementation of the laboratory trials.  

The presence of cracks inside the samples can also be a significant factor for measured different 

temperatures but those factors are difficult to be aware of in practice.  

 

The thin sheet which was placed on top of the gypsum sample to create resembling condition as the first 

kind of boundary condition where it has a prescribed heat source.  In practice it is known to be rather 

difficult to achieve. Assumptions are usually needed to be done. The method by using a thin metal sheet 

as the fire boundary gives a good prediction to define the surface temperature. Due to its thin thickness 

there was a risk that the sheet will be deformed during heating which thus could affect the temperature 

measurement.  

 

So forth a heat resisting paint was applied on the cover steel sheet. However, clear signs of deformations 

from the sheet occurred already after the first trial despite the fact that a heat-resisting paint was applied 

on the surface. During heating the heat-resisting paint started also eventually to fall off. A new layer of 

paint was added before the last trial. If the deformations are being ignored computed values in TASEF 

shows that measured temperatures of the cover steel sheet gives a good method to predict steel 

temperatures since the difference is relativity small. This way to facilitate the boundary condition could 
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be used if the radiation and gas temperature are unidentified or uncertain. If similar method is going to 

be used in upcoming studies in the cone calorimeter, the cover steel sheet may not need to be painted 

with the heat-resisting paint since an accurate boundary condition still can be achieved.  

 

In TASEF, thermal properties of steel and concrete are available according to Eurocode 

recommendations but there are still a few parameters that are needed to be defined by the user itself like 

the thermal conductivity and the specific volumetric enthalpy of the protection material. The specific 

volumetric enthalpy was needed to be defined in addition to the thermal conductivity. The specific 

volumetric enthalpy used in this study is based upon the existent of sensitive and latent heat during 

heating where the dehydration process have been taking into account. The input values of the specific 

volumetric enthalpy of gypsum used in TASEF are deemed trustworthy since comparison between 

computed temperatures in TASEF match large-scale fire tests well. Based upon these arguments the 

values should be seen as reliable.    

 

The values for the thermal conductivity of gypsum have been altered in order to match average measured 

temperatures from the laboratory trials. The assumption of the stated conductivity value in the data sheet 

is deemed as a reasonable way to do since most of presented values from manufactures is valid at room 

temperatures. To be able to get a better temperature curve as the laboratory results additional values for 

the conductivity have been added, especially at higher temperatures up to 600℃.  

 

The best fit steel temperature curve obtained in TASEF presented in figure 20 does not show any clear 

sign of a plateau at 100 ℃. This can mostly be explained by the migration of the water from the gypsum 

sample that diffuses in the steel specimen in practise. In the temperature calculations in TASEF the 

movement of the moisture content of the gypsum sample is difficult to consider during the development 

of the conductivity values therefore no plateau can be observed. Further analysis are needed to be done 

in those cases. 

 

The comparison between the computed temperatures in TASEF with stated temperatures from the 

manufacture’s handbook (Gyproc handbook) show good similarities in the temperature curves for one 

layer of gypsum board. Just smaller differences can be noticed between the two temperature curves. But 

still there are uncertainties in conductivity values above 600℃. It was in this study assumed to remain 

constant. So forth a further evaluation is needed to be done. However, regarding two layers of Gyproc 

gypsum boards, bigger difference can be observed. A possible explanation may be due to the migration 

of moisture content in the gypsum board that has not been considered in the calculations performed in 

TASEF. 
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In figure 22, the calculated temperatures in TASEF show a lower temperatures than the stated 

temperature in the Gyproc handbook. This may be due to some uncertain factors like the migration of 

the water during heating and occurrence of ablation that has not been considered in TASEF. Another 

explanation could be the derived conductivity presented in table 12. Since the conductivity values are 

only defined up to 600 ℃, there is an uncertainness of the conductivity at higher temperatures.  

 

Regarding the reliability and validity of the new derived thermal conductivity for gypsum is too early 

to form an opinion of. Similar experimental trials are needed to be done with either a higher incident 

radiation in the cone calorimeter and/or with more layers of gypsum in order to evaluate if the developed 

conductivity values of gypsum are valid in those cases as well. Noticeably, this is supposed to be a first 

attempt to determine the conductivity values at higher temperatures therefore the derived values for this 

study should be used with great caution.   
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8. Conclusion 
Previous research reports have shown a wide range of methods to determine the conductivity of gypsum 

at higher temperatures. (Rahmanian, 2011) This report includes a simple method to determine the 

conductivity values of gypsum where basic laboratory trials were performed in the cone calorimeter   

 

The developed conductivity values of gypsum at high temperatures yield a good similarity with 

measured steel temperatures during the laboratory trials as well as comparison with steel temperature 

graphs presented in the handbook provided by the manufacture.  At this stage the presented values of 

conductivity according to table 12 should be used with great caution, since more laboratory trials 

especially at higher temperatures and in full scale are needed to be conducted in order to confirm its 

reliability and validity.   

 

The developed method to determine the thermal properties of gypsum is deemed promising based on 

the obtained results in this study. The method is based on simple small-scale test carried out in the cone 

calorimeter. But in order to confirm the precision of the method in terms of reliable results, additional 

full-scale tests are needed to be done.   

 

 

8.1 Further studies 
 Tests with higher incident radiation levels should be carried out in the cone calorimeter in 

order to determine the thermal conductivity at higher temperatures.  

 Similar laboratory trials should be performed but with more layers of gypsum board e.g. with 

two and three layers to be able to get reliable conductivity values. 

 Since this study is based on basic cone calorimeter tests a comparison and validation with full-

scale furnace tests should be conducted in order to confirm the reliability and validity of the 

developed conductivity values of the evaluated gypsum board. 
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10. Appendices 
Appendix A – GYPROC GFE 15 PROTECT™ F ERGO - Data sheet provided by 
manufacture 
 
Following properties are stated in the data sheet provided by the manufacture. 

 
 

 

  



B 
 

Appendix B – Thermal properties of mineral wool and ceramic wool  
 

Ceramic wool properties (Inc., 2016) (Matweb. Material Property data, u.d.) 
 
Temperature [℃] Thermal conductivity [W/mK] 

0 0.06 

260 0.075 

538 0.135 

816 0.23 

982 0.26 

1093 0.3 

 

Temperature [℃] Specific volumetric enthalpy [𝑾𝒉/𝒎𝟑] 

0 0 

1000 30250 

 

Mineral wool properties (iCell, 2016) (Paroc , u.d.) (Matweb. Material Property data, u.d.) 
 
Temperature [℃] Thermal conductivity [W/mK] 

0 0.037 

1000 0.185 

 

Temperature [℃] Specific volumetric enthalpy [𝑾𝒉/𝒎𝟑] 

0 0 

1000 21500 
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Appendix C – Section factor for a hollow encased steel section 
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Appendix D – Steel temperature graphs from the Gyproc Handbook  
 

  

      
 
 


