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Abstract 
The main focus in this thesis is to show temperature distributions in insulated steel structures. Standard 

temperature-time curve, ISO 834 is used for predicting temperature in fire exposed insulated steel 

structures. In order to calculate temperature including heat transfer in voids a finite element computer 

code called TASEF is utilized. Temperature in one dimension and two dimensions are calculated in 

this computer code. 

In this report an I-profile is insulated in different methods by using two different materials, insulation 

board and concrete. Depending on the case modelled in TASEF, the calculations of the temperatures 

of the I-profile are shown at different positions of the steel section, in the middle of the bottom flange, 

in the middle of the web, in the middle of the top flange and in the ends of the flanges.   

In these complex cases the material properties are varying with temperature. It is necessary to have the 

right material data to assure high accuracy of the calculations. All cases except one of them contain 

internal voids or enclosures which are important from the point of view of calculating internal heat 

transfer by radiation and convection.  

The insulation board analyzed in this report is called VERMICUXLUX and is developed by Promat to 

provide fire protection to steel structures.  

The results gained from calculations are compared with each other and in some cases with 

temperatures given in Promat’s Handbook. 
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Sammanfattning 
 

Avancerade datorprogram är verktyg till dagens brandingenjörer som kan få analysera 

temperaturfördelning i brandutsatta konstruktioner. Ett av dessa program är bland annat TASEF som 

används i det här arbetet. TASEF är baserad på FEM och står för ”Temperature Analysis of Structure 

Exposed to Fire”. Denna datakod är utvecklad av prof. Wickström på SP. 

Konstruktioner kan innehålla olika material med olika materialegenskaper som varierar med 

temperatur och det är möjligt att beakta dessa egenskaper i TASEF. Förutom materialegenskaper 

beaktar TASEF värmeöverföring i två dimensioner och värmeöverföring i hålrum. Latent värme på 

grund av fukt avdunstning tas också till övervägande. 

Rapporten handlar om att förutse temperatur i skyddade I-profiler. Skyddade I-profilen har analyserats 

på endimensionellt genom att utnyttja enkla ekvationer i Eurokoder och tvådimensionell genom att 

TASEF utnyttjas. Enligt enklaste modellen i EC 3 beaktas inte värmeövergångsmotståndet och inte 

hörneffekten (värme från hörnor) heller. Värmeövergångsmotståndet och hörneffekt har beaktats i 

detta arbete. 

Rapporten är delad i tre delar där den första delen handlar om teorin bakom arbetet. Värmeöverföring 

genom strålning blir den dominerande faktorn speciellt vid höga temperaturer i brand på grund av den 

beror på T4. Därför antas effekten av olika värmeöverföringskoefficienter genom konvektion i detta 

arbete vara försumbar. 

I den andra delen, har fyra olika scenario simulerats i TASEF där en I-profil har skyddats på olika sätt. 

En beräkning på en- och tvådimensionell har gjorts gällande varje scenario. En typ av isoleringsskiva 

(VERMICULUX) och betong har nyttjats i detta arbete för att skydda I-profilen där betongens 

materialegenskaper är baserad på Eurokoder. Målet med andra delen är att visa vad en noggrann 

tvådimensionell beräkning ger i förhållande till en enkel EC-beräkning (endimensionell). 

Promat är ett företag som tillverkar brandisoleringsprodukter. VERMICULUX är en av deras 

produkter som är speciellt utformade för att ge brandskydd för stålkonstruktioner. VERMICULUX 

kan ge brandskydd upp till 240 minuter som beror på materialets tjocklek och stålprofilens 

sektionsfaktor Am/V. Två exempel från Promats katalog har simulerats i TASEF. En jämförelse mellan 

resultat från TASEF och resultat från Promat har gjorts. Detta är som sista del i rapporten. 

En noggrann tvådimensionell beräkning ger lägre temperatur i stålet efter en viss tid jämfört med en 

endimensionell beräkning. Vid beräkningen av värmeöverföring i en dimension enligt enklaste 

metoden i EC leder oss att vara i den konservativa eller på säkra sidan eftersom i endimensionella 

beräkning enligt EC, värmeöverföringsmotstånd, värmekapacitet av isoleringsskiva, och kyleffekt av 

betong har inte tagits till hänsyn. 
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Symbols  
 

�̇�𝑡𝑜𝑡
′′  Total heat flux   [𝑊

𝑚2⁄ ] 

�̇�𝑟𝑎𝑑
′′  Radiative heat flux  [𝑊

𝑚2⁄ ] 

�̇�𝑐𝑜𝑛
′′  Heat flux from convection   [𝑊

𝑚2⁄ ] 

�̇�𝑖𝑛𝑐
′′  Incident heat flux   [𝑊

𝑚2⁄ ] 

�̇�𝑒𝑚𝑖
′′  Heat flux emitted from surface [𝑊

𝑚2⁄ ] 

𝑇𝑓 Fire temperature  [𝐾, °𝐶] 

𝑇𝑔 Gas temperature  [𝐾, °𝐶] 

𝑇𝑟 Radiation temperature  [𝐾, °𝐶] 

𝑇𝑠 Surface temperature  [𝐾, °𝐶] 

𝑇0 The reference temperature  [𝐾, °𝐶] 

𝑇𝑙 Lower value of evaporation range [𝐾, °𝐶] 

𝑇𝑢 Upper value of evaporation range [𝐾, °𝐶] 

ℎ𝑐 Convection heat transfer coefficient [𝑊
𝑚2𝐾⁄ ] 

𝛾𝑐 Convection power at fire boundary [ − ] 

𝛼𝑠 Radiation absorptivity  [ − ] 

𝜀𝑠 Surface emissivity  [ − ] 

𝜀𝑟 Radiative emissivity  [ − ] 

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

𝜌 Density   [
𝑘𝑔

𝑚3⁄ ] 

𝜌𝑑𝑟𝑦 Density of specific material  [
𝑘𝑔

𝑚3⁄ ] 

𝜌𝑜𝑟𝑖 Density of origin material  [
𝑘𝑔

𝑚3⁄ ] 

𝜌𝑤 Density of water  [
𝑘𝑔

𝑚3⁄ ] 

𝑐 Specific heat capacity   [
𝐽

𝑘𝑔𝐾⁄ ] 

𝑐𝑑𝑟𝑦 Specific heat capacity of dry material [
𝐽

𝑘𝑔𝐾⁄ ] 

𝑐𝑜𝑟𝑖 Specific heat capacity of origin material [
𝐽

𝑘𝑔𝐾⁄ ] 
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𝑐𝑤 Heat capacity of water  [
𝐽

𝑘𝑔𝐾⁄ ] 

𝑘 Thermal conductivity  [𝑊
𝑚𝐾⁄ ] 

𝑘𝑠𝑡 Thermal conductivity of steel  [𝑊
𝑚𝐾⁄ ] 

𝑘𝑐 Thermal conductivity of concrete [𝑊
𝑚𝐾⁄ ] 

𝑒 Enthalpy   [
𝐽

𝑚3⁄ ] 

𝑙𝑤 Latent heat of water  [
𝐽

𝑘𝑔⁄ ] 

𝑎𝑤 Heat of evaporation of water  [
𝐽

𝑘𝑔⁄ ] 

𝑢𝑚𝑎𝑠𝑠 Mass fraction of water in a material. 

𝑢𝑣𝑜𝑙 Volumetric fraction of moisture content. 

t Time   [𝑠, 𝑚𝑖𝑛] 
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1. Introduction 
Following is a description of the background to the thesis and presentation of definitions used in the 

report. Furthermore, it describes problem specification, purpose and aims, as well as method for 

performing the work. 

1.1 Background 
Fire protection is primarily intended to prevent personal injuries in a fire, but also to limit damage to 

property. European Union has prepared some regulations in order to standardize the calculation 

methods of load-carrying capacity, stability, durability as well as their effectiveness when exposed to 

fire. These methods are called European design standards Eurocodes. The purpose of the Eurocodes is 

to develop the internal market and eliminate any barrier to trade among member countries. Eurocodes 

are also planned to contribute to more uniform levels of safety in construction in Europe. In Sweden, 

in terms of buildings, it governs the application of the Eurocodes in the EKS, Europeiska 

Konstruktionsstandarder. The EKS is a national application to the Eurocodes. The Eurocodes and the 

regulations in EKS together represent national standards for verification of load-carrying capacity, 

stability and durability in Sweden. BBR, Boverket Building Regulations, refers to the EKS with regard 

to verification of load-carrying capacity, stability and durability.  

In term of thermal exposure, Eurocodes present models to calculate temperature distributions in 

materials such as steel and also present rules and requirement to calculate the thermal response in 

protected and unprotected structures.  

According to SBI Institute of Steel Construction steel is the most widely used construction material in 

the construction sector, not only it is used primarily as framing material but also as a surface layer on 

the facades and roofs. There are several reasons why steel is well suited as a building material: 

strength in relation to dimensions, durability, quick installation, recycling, etc. [26]. These reasons 

make steel likeable to many building designers.  

The thermal properties of building materials are important because the thermal properties of the 

materials will influence the performance of the building. For example one of the weaknesses of steel is 

its response of exposure to fire. Steel starts to lose strength at about 400ºC [12]. To keep load-carrying 

capacity of steel, fire resisting materials must be used which prolong the time to reach the critical 

temperature of steel. Concrete and light insulating materials such as insulation boards, are the 

materials which are used to protect steel structures exposed to fire.  

When a fire starts in a building the material properties are affected. Therefore, it is important to know 

the performance of the thermal exposure of structures before a building starts to be built. This requires 

the execution of experiments on building structures. Each time the building structure is changed, the 

new experiments is needed which can cost huge amounts of money. There are simple equations in 

Eurocodes which can be utilized to calculate the thermal exposure of structures. It is also possible to 

use more advanced methods to calculate the temperature distributions when structures are exposed to 

fire by utilizing computer software. The computer software are useful tools which can make analyses 

of temperature distributions easy and cheap. This is because different scenarios can be simulated that 

can lead to roughly the same results obtained in the reality. TASEF is a computer code based on FEM 

that can calculate the temperature development in fire exposed structures. It calculates and analyzes 

the heat transfer in two dimensions. 

Heat transfer means the transport of thermal energy due to the difference in temperature. By definition 

of second law of thermodynamics the heat is transferred only from a warm to a cold medium. 

According to that, it is the temperature difference which creates the heat transfer. 

This thesis is about predicting temperature in steel by taking heat transfer into account. Different cases 

are modeled in different geometry to be studied. These cases contain one- and two-dimensional heat 
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transferring in structures with various material effect. The latent heat due to moisture evaporation is 

also taken to consideration. Heat transfer in void by radiation and convection is also taken to account 

for the cases contain void.  

1.2 Purpose 
The main purpose of this thesis is to carry out a survey on heat transfer in conjunction with insulated 

steel cross section by means of the computer code, TASEF. The purpose is to show what an accurate 

two-dimensional temperature calculation yields in relation to a simple EC-calculation. Fire protection 

materials can improve the safety and reduce the rate of heat transfer to steel structures exposed to fire.  

The questions that will be replied are: 

 What is the result if a steel section is insulated with various insulation materials?  

 What is the effect of the moisture content, gap (void), connection to the concrete slab? 

 What is the difference of calculation models in one or two dimensions? 

In addition, the objective in this report is to compare the output gained from TASEF with the results of 

same cases that are presented by Promat in their fire protection handbook. Another question that will 

be raised here is if there are any differences between these two and what do these differences mean for 

the fire safety?   

 

2. Methodology  
A literature review is done to show how the parameters such as specific volumetric enthalpy, thermal 

conductivity, specific heat capacity, density, section factor and etc. influence the temperature 

development of insulated steel sections. Each parameter is described by using the literature in form of 

books, e-books, published thesis or papers. Most of these sources are suggested by the supervisor. The 

literature review and description of material properties are included in the first part of this thesis. 

In second part, the steel section deals with different geometrical models and is subjected to standard 

fire, ISO 834. These models are simulated in two-dimensional finite element program TASEF 

considering the heat transfer. According to Eurocode’s simplest method, the simulation in one-

dimensional is also done to show the effect of corners and edges. By consideration of Eurocodes the 

material properties in EN 1992-1-2 and EN 1993-1-2 are applied for the main material in this work. 

At last, comparisons between different geometrical models are performed. The comparisons are made 

to see the distributions and increase rates of the temperature and to see how properties of fire 

protection material influence the behavior of steel sections. 
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3. Background theory 

In this section the used theory in this rapport are adapted to the studied cases. Some of these theories 

are more important and explained deeply. The others are just explained shortly to give an idea to 

reader. This section is mainly taken from Wickström U. “Heat Transfer in Fire Technology”, 

Interflam 2014 [1]. 

3.1 Theory of heat transfer 
Heat can be transferred in three different ways: conduction, convection or radiation.  Heat transfer by 

convection and radiation occur at surface of the material when it is exposed to fire. Then the heat 

balance at a surface becomes  

�̇�𝑡𝑜𝑡
′′ = �̇�𝑟𝑎𝑑

′′ + �̇�𝑐𝑜𝑛
′′     Eq. 1 

where �̇�𝑟𝑎𝑑
′′  is the radiation heat transfer and �̇�𝑐𝑜𝑛

′′  is the heat transfer by convection at a surface.  

3.1.1 Heat transfer by convection 

Heat transfer by convection occurs due to temperature difference between the temperature of the 

air/fluid surrounding the material and the temperature of its surface. [1]. 

�̇�𝑐𝑜𝑛
′′ = ℎ𝑐(𝑇𝑔 − 𝑇𝑠)

𝛾𝑐
    Eq. 2 

The value 𝛾𝑐 is equal to one for forced convection and it is greater than one for natural or free 

convection. ℎ𝑐  is convection heat transfer coefficient, 𝑇𝑠 is the surface temperature and 𝑇𝑔 is the gas 

temperature surrounding the surface. 

When 𝛾 is equal to one the heat transfer is directly proportional to temperature difference and the heat 

transfer by convection can then be calculated according to Newton’s law of cooling as [1]  

�̇�𝑐𝑜𝑛
′′ = ℎ𝑐(𝑇𝑔 − 𝑇𝑠)    Eq. 3 

According to Eurocode 1 [19] the value of the heat transfer coefficient is set to be 25 W/m2K at fire 

exposed surfaces.  

Heat transfer by convection to void surfaces is obtained by assuming the gas temperature in void is 

uniform and equal to the weighted average temperature of the surface elements surrounding the void. 

Heat transfer in void by convection is a very small part of the heat transfer in high temperature, 

therefore, the same equation, Eq. 3, is the heat transfer by convection for outer sides of the void is 

used here too.  

The value of the heat transfer coefficient in void is set to be 1 W/m2K and the emissivity of the inner 

surface is assumed to be 0.8 regardless of the materials. 

3.1.2 Heat transfer by radiation 

From the view point of heat transfer radiation is important when a structural element is exposed to fire 

and it is a dominant factor in high temperatures because of the T4 dependence. Heat transferred by 

radiation on a surface depends on incident radiation �̇�𝑖𝑛𝑐
′′ , surface temperature 𝑇𝑠 and surface 

emissivity 𝜀𝑠. 
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Figure 1: heat transfer by radiation at a surface [1] 

As shown in Figure 1, Some of the incident radiation is reflected, �̇�𝑟𝑒𝑓
′′  but some is absorbed, �̇�𝑎𝑏𝑠

′′ . 

Depending on the target surface emissivity and the surface absolute temperature will may be emit heat 

by radiation, �̇�𝑒𝑚𝑖
′′ . Then the radiation heat transfer by taking the Stephan-Boltzmann law to account is 

may be calculated as 

�̇�𝑟𝑎𝑑
′′ = �̇�𝑎𝑏𝑠

′′ − 𝜀𝑠𝜎𝑇𝑠
4    Eq. 4 

The absorption of the radiation depends on incident radiation and the absorptivity of the surface and it 

is calculated as  

�̇�𝑎𝑏𝑠
′′ = 𝛼𝑠�̇�𝑖𝑛𝑐

′′      Eq. 5 

By combining the Eq. 4 and 5 the net heat transfer by radiation will become 

�̇�𝑟𝑎𝑑
′′ = 𝛼𝑠�̇�𝑖𝑛𝑐

′′ − 𝜀𝑠𝜎𝑇𝑠
4    Eq. 6 

Kirchhoff’s identity says that if assuming so called grey radiation the emissivity and absorptivity are 

equal, 𝛼𝑠 = 𝜀𝑠.  According to Kirchhoff’s identity, the radiation heat transfer may be determined from 

following equation. 

�̇�𝑟𝑎𝑑
′′ = 𝜀𝑠(�̇�𝑖𝑛𝑐

′′ − 𝜎𝑇𝑠
4)    Eq. 7 

The incident radiation on a surface is emitted by may be a flame, surrounding gasses or the other 

surfaces and may be expressed as 

�̇�𝑖𝑛𝑐
′′ ≡ 𝜎𝑇𝑟

4     Eq. 8 

where 𝑇𝑟 represents radiation temperature. 

The net heat transfer by radiation is obtained by combining Eq. 7, 8 and applying the Kirchhoff’s 

identity. 

�̇�𝑟𝑎𝑑
′′ = 𝜀𝑠𝜎(𝑇𝑟

4 − 𝑇𝑠
4)    Eq. 9 

To calculate the amount of the heat transfer by radiation in voids the view factor is considered. View 

factor which is also called configuration factor or shape factor is a purely geometric quantity [9]. The 

view factors between two surfaces is the fraction of radiation which leaves one surface and gets to 

other surface [1].  

3.1.3 Total heat transfer 

Total heat transfer in external surfaces obtains by combining Eq. 3 and 9. 

�̇�𝑡𝑜𝑡
′′ = 𝜀𝑠𝜎(𝑇𝑟

4 − 𝑇𝑠
4) + ℎ𝑐(𝑇𝑔 − 𝑇𝑠)   Eq. 10 

In most fire engineering cases radiation temperature, 𝑇𝑟 and gas temperature, 𝑇𝑔 are assumed to be 

equal to one temperature, 𝑇𝑓. Therefore, the total heat transfer may be expressed as 
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�̇�𝑡𝑜𝑡
′′ = 𝜀𝑠𝜎(𝑇𝑓

4 − 𝑇𝑠
4) + ℎ𝑐(𝑇𝑓 − 𝑇𝑠)   Eq. 11 

3.2 The specific volumetric enthalpy 

The specific volumetric enthalpy, e, of a material as a function of temperature is calculated by adding 

the enthalpy of the dry material and the moisture (water) in the material. Most technical materials used 

in buildings contain more or less water. The specific volumetric enthalpy is the heat content per unit 

volume (Ws/m3) and it rises if a material absorbs moisture (water).  

The temperature integral of the specific heat capacity times the density is the enthalpy, see Eq. 18 [1]. 

The specific heat and the density are usually used as input parameters to calculation program and 

algorithms. When material starts to evaporate then enthalpy goes up and the specific heat rises until 

the water in the material will has evaporated totally. 

The latent heat is embedded in the integral in Eq. 12. 

𝑒(𝑇) = ∫ 𝜌 𝑐 𝑑𝑇 +  ∑𝑖𝑙𝑖
𝑇

𝑇0
    Eq. 12 

The specific volumetric enthalpy for dry material is calculated by Eq. 13. The specific volumetric 

enthalpy for material with constant density and specific heat is proportional to the temperature.   

𝑒(𝑇) = 𝑐𝑑𝑟𝑦 𝜌𝑑𝑟𝑦 𝑇    Eq. 13 

Moisture (mass of water) in a material is calculated by Eq. 14. Moisture is shown by u and it is 

expressed as the percentage by mass of the dry material. 

𝑢 = 100 
𝜌𝑜𝑟𝑖−𝜌𝑑𝑟𝑦

𝜌𝑑𝑟𝑦
    Eq. 14 

Evaporation of water occurs in a range of above 100°C depending on the diffusivity (the rate of heat 

transferring from the exposed surface to the inside) of the material and the rate of heating. The 

evaporation absorbs heat which gives material a cooling property, latent heat because it consumes a lot 

of energy. This means that temperature in material reduces as a result of elevation in enthalpy. The 

latent, 𝑙𝑤  heat of water is defined as 

𝑙𝑤 =
𝑢

100
 𝜌𝑑𝑟𝑦 𝑎𝑤    Eq. 15 

Where 𝑎𝑤  is the heat of evaporation of water which is 2260 [
𝑘𝐽

𝑘𝑔⁄ ]. 

Different steps of calculation of specific volumetric enthalpy for a material with constant dry 

properties with a moisture content of u% by mass of the dry material are shown below [1]. Notice that 

as an average only half of the water needs be heated to the upper temperature 𝑇𝑢. 

0                       𝑒0 = 0     Eq. 16 

𝑇𝑙                       𝑒𝑇𝑙
= 𝜌𝑑𝑟𝑦 [𝑐𝑑𝑟𝑦 +

𝑢

100
 𝑐𝑤] 𝑇𝑙    Eq. 17 

𝑇𝑢                     𝑒𝑇𝑢
= 𝑒𝑇𝑙

+ 𝜌𝑑𝑟𝑦  [𝑐𝑑𝑟𝑦 + 0.5 
𝑢

100
 𝑐𝑤] (𝑇𝑢 − 𝑇𝑙) +

𝑢

100
 𝜌𝑑𝑟𝑦 𝑎𝑤 Eq. 18 

𝑇 > 𝑇𝑢             𝑒𝑇 > 𝑇𝑢 = 𝑒𝑇𝑢
+ 𝜌𝑑𝑟𝑦 𝑐𝑑𝑟𝑦(𝑇 − 𝑇𝑢)   Eq. 19 

In order to calculate the specific volumetric enthalpy for specific material the insulation board 

VERMICULUX is taken as an example. To start the calculation of enthalpy some material properties 

must be determined. Those properties are specific heat capacity, density and the mass of water in 
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material. Heat capacity and density of water in the material have to be determined too. Evaporation of 

moisture occurs in the range of 100 °C, 𝑇𝑙 and 110 °C, 𝑇𝑢.  

The calculation of specific volumetric enthalpy is done for both dry and moist VERMICULUX. These 

two calculations are plotted separately which is shown in figure 2. All material properties in this 

example are gathered in Table 1 [6].  

Table 1: Material properties of VERMICULUX and water 

Heat capacity of Promat VERMICULUX, 𝒄𝒅𝒓𝒚 𝟗𝟐𝟎 [
𝑱

(𝒌𝒈. 𝑲)⁄ ] 

Density of Promat VERMICULUX with moist, 𝝆 515 [
𝑘𝑔

𝑚3⁄ ] 

Density of Promat VERMICULUX without moist, 𝝆𝒅𝒓𝒚 500 [
𝑘𝑔

𝑚3⁄ ] 

Assumed moisture content 3% 

Heat capacity of water, 𝒄𝒘 4187 [
𝐽

(𝑘𝑔. 𝐾)⁄ ] 

Density of water, 𝝆𝒘 1000 [
𝑘𝑔

𝑚3⁄ ] 

Heat of vaporization of water, 𝒂𝒘 2260 [
𝑘𝐽

(𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟)⁄ ] 

 

The calculations of specific volumetric enthalpy for VERMICULUX by using Eq. 16-19 are shown in 

Table 1. 

Table 2: The calculations of specific volumetric enthalpy, e for a dry and a moist Promat VERMICULUX board. For 

calculation of enthalpy the latent heat and enthalpy of dry material are taken to account. Heat of vaporization is included in 

calculation of “moist Promat VERMICULUX”.    

Temperature, 

T [°C] 

The specific volumetric enthalpy, e [
𝑴𝑱

𝒎𝟑⁄ ] 

Dry Promat VERMICULUX  Moist Promat VERMICULUX  

0 0 0 

100 46 52.28 

110 50.6 91.1 

1200 552 592.5 

 

The specific volumetric enthalpy’s unit must be changed from [
𝑀𝐽

𝑚3⁄ ] to [𝑊ℎ
𝑚3⁄ ] if hours is used as 

time unit as is often used in TASEF calculations. 
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Figure 2: Temperature - specific volumetric enthalpy of a dry and a moist Promat VERMICULUX board. The moisture 

content of Promat VERMICULUX is 3% by mass. Evaporation of moisture occurs in the range of 100 °C and 110 °C. The 

dry density of Promat VERMICULUX is 500 [
𝑘𝑔

𝑚3⁄ ] and 515 [
𝑘𝑔

𝑚3⁄ ] with moisuret. The specific heat capacity of Promat 

VERMICULUX 920 [
𝐽

(𝑘𝑔. 𝐾)⁄ ]. 

Specific volumetric enthalpy is input to TASEF instead of density and specific heat. 

3.3 Critical steel temperature 
Steel has high density and high heat specific capacity as well as high thermal conductivity. The 

conductivity of steel is 30 to 50 times higher than the corresponding value for concrete and 100 to 

1000 times higher than the conductivity of the insulation materials. Therefore the temperature field in 

a steel section can be assumed uniform [1]. The temperature development of a steel section exposed to 

fire depends on the ratio of the surface of steel section exposed to fire over the volume, see next 

section (3.4). However, performance of steel section can be improved by using fire protection 

material. Thus, the temperature development of steel is also depending on the amount of the applied 

fire protection materials [11]. 

The fire resistance time of a steel section is measured in relation to a standard fire, for example ISO 

834. The fire resistance time depends on three different components: 

 Size of section 

 Degree of exposure to the fire 

 Load 

The critical temperature is simply the temperature where the steel section cannot support its load and 

leads to collapse of the construction. Steel starts to loose both strength and stiffness at about 400 ºC 

and when the temperature surpasses 600 ºC more than half of its strength is lost [12],[1]. It can be 

assumed that the critical temperature of steel section is reached somewhere between 400 ºC and 600 

ºC.  
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3.4 Section factor 
Section factor is the ratio of the fire exposed area of the structure and the volume of the steel section. 

The section factor of an unprotected profile is obtained as shown below: 

𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐴𝑚

𝑉𝑠𝑡
=

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 [𝑚−1]  Eq. 20 

 

where: 

Am is the area of the section per unit length [𝑚2

𝑚⁄ ]  

V is the volume of the member per unit length [𝑚3

𝑚⁄ ] 
 
Table 3: Section factor for an unprotected steel profile 

 

The massivity of steel affects its heating rate and fire resistance. Heavy steel section heats up slower 

than the light steel section. The heating rate of a steel section can be described by 

its section factor [11]. 

For the steel sections with a shape like rectangular/box, there is no shadow effect. 

When calculating the section factor for the cross sections such as I-profile, the 

surface between two flanges will be partly shadowed; this leads to the 

consideration of the correction factor according to shadow effect. The reason 

is that the radiation heat transfer will be partly shadowed [1]. Protected I-

profile has the same function as unprotected, in term of the shadow effect, i.e. 

the I-profile receives same amount heat from fire whether or not it is 

protected. The radiation is dominant factor especially in high temperature; therefore, the shadow effect 

cannot be ignored. According to the Eurocode 3 (EN 1993-1-2) the correction factor may be 

determined from:  

𝑘𝑠ℎ = [
𝐴𝑚

𝑉𝑠𝑡
]

𝑏
/ [

𝐴𝑚

𝑉𝑠𝑡
]    Eq. 21 

The letter b in equation above stands for “boxed value”. [
𝐴𝑚

𝑉𝑠𝑡
]

𝑏
is the ratio of the area of an imaginary 

box around the cross section over the volume of cross section per meter. [
𝐴𝑚

𝑉𝑠𝑡
] is the area of the  section 

exposed to fire from four sides over the volume per meter. The correction factor obtains from the 

ration of those two terms. 

 

 

 

𝐴𝑚

𝑉𝑠𝑡

=
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

𝐴𝑚

𝑉𝑠𝑡

=
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

𝐴𝑚

𝑉𝑠𝑡

=
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

  
 

Figure 3: Shadow effect for 

an I-profile exposed to fire. 

Radiation heat transfer is 

partly shadowed 
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Table 4: Calculation of section factor for an unprotected I-profile. The case on the right side shows how shadow effects are 

considered when calculating section factors.  

 

 

 

 

 

In case of protected steel profile the section factor is obtained as shown below: 

𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐴𝑝

𝑉𝑠𝑡
=

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 [𝑚−1]  Eq. 22 

 

The steel cross-section area is calculated in the same way for both protected and unprotected steel 

section. However, for protected steel section the area exposed to fire is the area of fire insulation 

material, see Table 5.  

 
Table 5: Section factor for a protected steel profile by fire protection material 

𝐴𝑝

𝑉𝑠𝑡

=
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑟𝑒

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

𝐴𝑝

𝑉𝑠𝑡

=
2(𝐻 + 𝐵)

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

𝐴𝑝

𝑉𝑠𝑡

=
𝐵

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 
  

3.5 Eurocode  

The Eurocodes are a set of unified structural design standards which are used across Europe, 

developed by Comité Européen de Normalisation (CEN). The purpose of the Eurocodes is to develop 

the internal market and eliminate any barrier to trade among member countries. Eurocodes are also 

planned to contribute to more uniform levels of safety in construction in Europe. 

Eurocodes contains calculation methods for resistance, stability and durability of material as well as 

their effectiveness when exposed to fire.  

There are ten Eurocodes as shown below and each of the Eurocodes consists of 1-20 parts. The 

Eurocode program comprises the following: 

Eurocode 0 EN 1990 Basis of Structural design 

Eurocode 1 EN 1991 Actions on Structures 

Eurocode 2 EN 1992 Design of Concrete structures 

Eurocode 3 EN 1993 Design of steel structures 

Eurocode 4 EN 1994 Design of Composite Steel and Concrete structures 

Eurocode 5 EN 1995 Design of Timber structures 

Eurocode 6 EN 1996 Design of Masonry structures 

Eurocode 7 EN 1997 Geotechnical Design 

𝐴𝑚

𝑉𝑠𝑡

=
(2𝐻 + 4𝐵)

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

𝐴𝑚

𝑉𝑠𝑡

=
2(𝐻 + 𝐵)

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
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Eurocode 8 EN 1998 Design of structures for earthquake resistance 

Eurocode 9 EN 1999 Design of aluminum structures 

In order to calculate the heat transfer there are four kinds of Eurocodes and these are EN 1991: 

Actions on Structures – 1-2: General actions – Actions on structures exposed to fire, EN 1992: Design 

of concrete structures – Part 1-2: General rules – Structural fire design, EN 1993: Design of steel 

structure – Part 1-2: General rules – Structural fire design and EN 1994: Design of Composite Steel 

and Concrete structures – Part 1-2: General rules – Structural fire design. For example, when 

calculating the one-dimensional heat transfer the simplest method of Eurocode 3: (EN 1993-1-2) is 

utilized. In the simplest method the temperature is assumed to be uniform and the thermal properties 

are assumed to be constant (Lumped heat). 

Steel and concrete are the main materials in this thesis which are pre-defined in TASEF based on these 

four Eurocodes. The other main material which is used in this thesis is VERMICULUX that can be 

defined in TASEF by defining its properties. 

3.6 Design fire curve 
𝑇𝑓 (Fire temperature) is represented by different temperature-time curves which are also specified in 

the Eurocode 1 [19]. 

 ISO 834 or EN 1363-1 

 EC1 Parametric fire 

 Hydrocarbon 

These nominal temperature-time curves are input in TASEF by defining points on the time-

temperature curve. In TASEF, it is also possible to define non-standard fire curve by entering the time 

and temperature.  

The standard fire temperature curve ISO 834 (or EN 1363-1) is most common time temperature curve. 

This nominal temperature-time curve has different names in various countries e.g. BS 476: part 20 in 

UK. The company of Promat that manufactures fire insulation products fallows this British Standard. 

ISO 834 curve is based on the burning rate of the materials found inside a building environment, hence 

the curve represents a normal room fire [20 & 21]. The temperature development of fire curve, ISO 

834 is given by the following equation.  

𝑇𝑓(𝑡) = 345 log(8𝑡 + 1) + 20   Eq. 23 

where 𝑇𝑓 is in °C, and t is time in minutes. 

 

Figure 4: Standard fire time-temperature curve, ISO 834 
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4. Material properties  

Thermal properties of material are affected by fire and high temperatures. This section briefly 

describes the thermal properties of the material used in this thesis based on Eurocode. When 

calculating the temperature of the fire exposed structural elements, knowledge of the thermal 

properties of the materials are necessary. These properties are specific heat capacity, thermal 

conductivity as well as density. Material moisture content is also important.  

Throughout this thesis the specific volumetric enthalpy of each material is used instead of specific heat 

capacity and density. Note that the time integral of the specific heat capacity times the density gives 

the specific volumetric enthalpy, see the part 3.3.  

The emissivities of the three materials are all assumed to be 0.8. 

4.1 Steel 
Steel conducts heat well and temperature therefore rises rapidly and relatively evenly throughout a 

steel section. 

The density, 𝜌, of the steel as input in the computer code is 7850 kg/m3. The properties of steel are 

affected by temperature. When the temperature of steel is between 20 ºC and 800 ºC, the thermal 

conductivity, 𝑘𝑠𝑡 , may be determined from Eurocode 3 [12], 𝑘𝑠𝑡 = 54 − 3.33 × 10−2𝑇𝑠𝑡, and it is 

constant beyond 800 ºC, 𝑘𝑠𝑡 = 27.3. Thus, the thermal conductivity of steel is 54.0 W/mK at 20 °C, 

27.3 W/mK at 800 °C and 27.3 W/mK at 1200 °C. 

The specific heat capacity of steel, 𝑐𝑠𝑡 , is approximately 600 J/kgK depending on temperature. 

However, these variations are very small before the temperature becomes around 730 ºC and after that 

temperature. Then the specific heat grows rapidly due to a metallurgic changes in the steel [4]. 

According to Eurocode 3: (EN 1993-1-2), the specific heat of steel will be determined from the 

following.  

Table 6: Specific heat capacity of steel as a function of the temperature [12] 

Temperature [ºC] Specific heat capacity [𝑱
𝒌𝒈𝑲⁄ ] 

20 ≤ 𝑇𝑠𝑡 ≤ 600 425 + 0.773 × 10−1𝑇𝑠𝑡 − 1.69 × 10−3𝑇𝑠𝑡
2 + 2.22 × 10−6𝑇𝑠𝑡

3  

600 ≤ 𝑇𝑠𝑡 ≤ 735 666 +
13002

738 − 𝑇𝑠𝑡
 

735 ≤ 𝑇𝑠𝑡 ≤ 900 545 +
17820

𝑇𝑠𝑡 − 731
 

900 ≤ 𝑇𝑠𝑡 ≤ 1200 650 
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Figure 5: Specific heat and thermal conductivity of carbon steel as a function of the temperature [12] 

Throughout this thesis, the I-profile that has been chosen to be analyzed is HE 200 B. Dimensions of I-

profile are available in Table 7. 

Table 7: Dimensions of the I-profile HE 200 B 

I-profile HE 200 B 

Steel dimensions [mm] 

 

Height  

H 

Width  

B 

Thickness 

Web 

 t 

Flange  

f 

200 200 9 15 

 

4.2 Concrete 

The thermal properties of the concrete is defined by its, density, thermal conductivity and specific heat 

capacity. 

The density 𝜌, of the concrete as input in the computer code is 2400 kg/m3. For example if there is 

some ballast mixed in concrete it will affect its thermal conductivity. The thermal property of concrete 

is described according to Eurocode 2: (EN 1992-1-2).Thermal conductivity, 𝑘𝑐, of the concrete varies 

with temperature and is expressed by following [13]. 

𝑘𝑐 = 2 − 0.2451(𝑇
100⁄ ) + 0.0107(𝑇

100⁄ )2  𝑓𝑜𝑟 20℃ ≤ 𝑇 ≤ 1200℃ 

Thus the thermal conductivity of concrete is 1.95 W/mK at 20 °C, 0.809 W/mK at 700 °C and 0.600 

W/mK at 1200 °C. As shown, the concrete does not conduct heat as well as steel. Therefore it is good 

to utilize concrete combined with steel as concrete cools off the steel by absorbing heat. 

According to Eurocode 2: (EN 1992-1-2), the specific heat capacity of dry concrete (no moisture 

content) will be determined from the following. 
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Table 8: Specific heat capacity of concrete as a function of the temperature [13] 

Temperature 

[ºC] 

Specific heat capacity [
𝑱

𝒌𝒈𝑲⁄ ] 

20 ≤ 𝑇 ≤ 100 900 

100 ≤ 𝑇 ≤ 200 900 + (𝑇 − 100) 

200 ≤ 𝑇 ≤ 400 1000 +
𝑇 − 200

2
 

400 ≤ 𝑇 ≤ 1200 1100 

 

 

Figure 6: Specific heat and thermal conductivity of concrete as a function of the temperature. Specific heat capacity is 

calculated at three different moisture contents, 0, 1.5 and 3 % [13] 

4.3 Insulation board 
There are two different methods to protect structures from fire, active and passive fire protection 

system. These two systems are preventive processes in order to achieve fire resistance requirement. 

Active fire protection systems such as sprinkler system are complicated, expensive and not thoroughly 

safe due to technical fails. 

Passive fire protection increases the fire resistance and hence the security of the building rises which 

helps the building occupants to get more time to evacuate. Insulation board counts as a passive fire 

protection and by using it the fire resistance of the structures increases, especially steel. 

Promat is a company that manufactures fire insulation products. VERMICULUX is one of their 

products that is specifically designed to provide fire protection for steel structures. This insulation 

board has low density and is composed of calcium silicate which develops a non-combustible feature 

in the board. VERMICULUX can provide fire protection up to 240 minutes which depends on the 

thickness of the material and Am/V factor. 

VERMICULUX is certified and approved by British Standard 476 fire test [5]. The board is non-

combustible to BS 476: Part 4, 1970; and Euro classed A1 to BS EN 13501: 1 

The material properties and the specific volumetric enthalpy of insulated board can be found in part 

3.3 of Table 1. Thermal conductivity at 20 °C, k, is 0.13 W/mK [6] and it is in all the analyses here 

assumed to remain constant for all temperatures. 

To determine the thickness of insulation board needed to obtain a specific fire rating the section factor 

and limiting temperature must be considered. In this thesis the thickness of insulation board is 

assumed to be 25 mm. 
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5. Temperature of protected I-profile exposed to standard fire 
How quickly a steel structure is heated is determined by the thermal properties, conduction, specific 

heat and density, of the steel. Moreover, the geometry of structure affects temperature development. 

Steel conducts heat well. It’s necessary to limit temperature rise in a steel structure to achieve its fire 

resistance requirements. This is possible by protecting the steel structure. The amount of fire 

protection required to achieve fire requirement depends on various parameters such as: 

- Type of fire protection used. 

- Duration of fire resistance required. 

- The part of the steel structure which is exposed to fire. 

- The shape and size of steel structure. 

This and next chapter will focus on the rate of temperature rise in protected steel section exposed to 

fire. Different cases are modeled in different geometry to be studied. These cases are analyzed 

considering one- and two-dimensional heat transfer. In two-dimensional analyses, insulated steel 

sections are heated both from beneath and from the sides. In one-dimensional analyses, insulated steel 

is heated only from one side. One-dimensional heat transfer is analysed in two ways. First, the heat 

transfer at the boundary condition between a surrounding fluid and surface (transitions resistance) is 

considered (same as two-dimensional). Secondly, the heat transfer is analyses according to Eurocode 

3: (EN 1993-1-2). The surface of the insulation is then assumed to have the fire temperature, i.e. the 

heat transfer resistance between the fire gases and the surface is neglected. In one-dimensional 

calculation whether it is according to Eurocode or not, corners and edges are here ignored to be able to 

compare the steel temperatures calculated in the various ways. 

5.1 Four sided insulated steel structure 

This part is focusing on the temperature distribution in a four sided insulated I-profile, HE 200 B. How 

the section factor for 4-sided protected I-profile gets to 106 m-1 is shown numerically in Table 9. 

Table 9: Section factor for four sided protected steel beam, HE 200 B 

I-profile HE 200 B 

Section factor 
𝑨𝒑

𝑽
⁄  [𝒎−𝟏] 

 

 
2(𝐻+𝐵)

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 

 
2(𝐻+𝐵)

2𝑡𝑓×𝐵+(𝐻−2𝑡𝑓)𝑡𝑤
 

 

 
0.800

0.00753
= 106 

 

Box 

Four sided 

 

       

The I-profile is protected by insulation boards by two different methods and these methods are 

modeled in a computer program, TASEF, to analyses heat transfer at the boundaries as well as heat 

transfer in the void. First, the insulation boards are located directly on the flanges and second, there is 

a 10 mm gap between flanges and insulation board, i.e. there is a void between the insulation board 

and the flanges, Figure 7. As shown in figure below, protecting I-profile by insulation board creates a 

void between the steel (flange and web) and the insulation board. 

Only one quarter of the cross section is needed to be modeled in TASEF due to the double symmetry 

and uniformly exposure to fire. In four sided insulated I-profile the temperature in steel is considered 
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in three different parts. In I-profile with no gap node 1 (see Figure 7) shows the middle web, node 8 

shows the middle of flange and node 98 shows the end of flange and in I-beam with an air gap, node 1 

shows the middle of web, node 8 shows the middle of flange and node 107 shows the end of flange.  

 

Figure 7: Temperature points in different parts of the insulated I-profile with no gap, with air gap and the geometry of the 

problem modeled in TASEF. Red lines indicate fire boundaries. 

These two methods are applied to see if there is any difference in temperature of the steel according to 

the air gap between the flange and the isolation board. The final temperature in steel HE 200 B 

subjected to the standard fire curve ISO 834 after 30, 60, 90 and 120 minutes is shown in Table 10.  

Table 10: Comparison of the 2D TASEF calculated steel temperature for the cases, an insulated I-profile with and with no 

gap as a function of time. 

Time 

[min] 

Temperature [°C] 

with gap with no gap 

Middle 

of web 

Middle 

of flange 

End of 

flange 

Middle 

of web 

Middle of 

flange 

End of 

flange 

0 20 20 20 20 20 20 

30 98 98 104 115 115 124 

60 243 242 250 263 263 271 

90 378 376 383 397 395 403 

120 486 484 491 501 498 506 

 

The calculated final temperatures in steel in each method do not vary greatly. Temperature distribution 

in steel is nearly uniform in both methods, Figure 8. In this figure the temperatures development in 

different part of the I-profile considered separately. 
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Figure 8: Temperature in the steel as a function of time for the cases with and without a gap. The calculations according to 

the EC are also included in the figure. 

The temperature distribution in the steel section is effected when the insulation boards contain 

moisture. Therefore, in order to show this effect the previous simulation, with no gap, is done 

considering no moisture in the insulation boards. If the moisture content in insulation board is ignored, 

the calculated final temperatures become higher than the final temperatures in the steel in with 

moisture in the insulation board, Table 11. 

Table 11: Comparison of the 2D TASEF calculated steel temperature for the cases, an insulated I-profile with no gap and no 

moisture and an insulated I-profile with no gap as a function of time. 

Time 

[min] 

Temperature [°C] 

With no gap and no moisture with no gap 

Middle 

of web 

Middle 

of flange 

End of 

flange 

Middle 

of web 

Middle of 

flange 

End of 

flange 

0 20 20 20 20 20 20 

30 124 126 135 115 115 124 

60 271 271 280 263 263 271 

90 403 402 409 397 395 403 

120 505 503 511 501 498 506 

 

In the one-dimensional heat transfer calculations here, the steel temperature is 

assumed to be uniform (lumped heat) and thermal properties are assumed to 

be constant [17]. When assuming one-dimensional heat transfer the invers of 

the section factor 
𝐴𝑝

𝑉
⁄  is the thickness of the steel, 𝑑𝑠𝑡 =

𝑉

𝐴𝑝
. The steel section 

with thickness 𝑑𝑠𝑡 is insulated from one side and is heated on the top 

according to standard fire, ISO 834. Other three sides assumed to be 

adiabatic, see Figure 9. The I-profile HE200B has section factor of  
𝐴𝑝

𝑉
=

Figure 9: Insulated steel is 

exposed to fire in one 

dimension. Insulation board is 

25mm thick and the steel is 

0.00941 thick corresponding to 

a section factor 
𝐴𝑝

𝑉
⁄ =

106𝑚−1[1]. Red line indicates 

the fire boundary.  
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Figure 10: Two dimensional simulation 

in TASEF without corner effect. The 

red line indicates the fire exposed 

surface, the green area disguise 

insulation materials and the blue area 

is the steel. 

1

106
= 0.00941𝑚−1, and then the thickness 𝑑𝑠𝑡 becomes 𝑑𝑠𝑡 =

𝑉

𝐴𝑝
= 0.00941𝑚. 

Table 12: The 1D TASEF calculated temperature for the analysis of a steel section in 4-sided insulated, see Figure 7. 

Time [min] 
Temperature [°C] 

1D EC 

0 20 20 

30 123 128 

60 266 273 

90 393 400 

120 492 499 

 

The calculated final temperature in one-dimensional after 120 minutes 

becomes 499 °C for the most simple calculations according to Eurocode 3: 

(EN 1993-1-2) (denoted EC) and 492 °C for calculations when taking the 

heat transfer resistance into account (denoted 1D). These temperatures (one-

dimensional calculations) are lower than the calculated temperatures in two-

dimensional model, with no gap, as shown in Table 13. This depends on the 

corners and edges in two-dimensional case which are taken to consideration 

and also subjected to standard fire. If the corners and edges for the two-

dimensional case are ignored, see Figure 10, the calculated final 

temperatures will, however, be on average become lower as in, Table 

13. The lower temperature depends on the insulation effects of the void 

between the board and the web of the steel section. 

 

Table 13: Comparison of the 2D and 1D TASEF calculated steel temperature for the cases, ignoring the corners effect 

(Figure 10). 

Time 

[min] 

Temperature [°C] 

1D EC 

2D-Without corner effect 

(Figure 10) 

Middle 

of web 

Middle 

of flange 

End of 

flange 

0 20 20 20 20 20 

30 123 128 111 109 114 

60 266 273 251 249 254 

90 393 400 378 375 380 

120 492 499 480 478 482 

 

The calculated final temperature for the case, without corner effect, becomes approximately 480 °C 

after 120 minutes. This temperature is lower than the corresponding calculated temperature of one-

dimensional model. Two-dimensional case includes a void and the reason to get lower temperature in 

two-dimensional is may depend on that. The void leads to certain isolation of structures especially in 

low temperature levels when the heat transfer by radiation is not as effective as in higher temperature 

levels.  
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5.2 Three sided insulated steel structure 

This part is focusing on the temperature distribution in a three sided insulated I-profile, HE200B. How 

the section factor for 3-sided protected I-profile gets to 79.7 m-1 is shown numerically in Table 14. 

Table 14 : Section factor for three sided protected steel beam, HE200B 

I-profile HE 200 B 

Section factor 
𝑨𝒑

𝑽
⁄  [𝒎−𝟏] 

 

 
2𝐻+𝐵

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 

 
2𝐻+𝐵

2𝑡𝑓×𝐵+(𝐻−2𝑡𝑓)𝑡𝑤
 

 

 
0.600

0.00753
= 79.7 

 

Box 

Three sided 

 

 

In this part the I-profile deals with two different geometrical methods and is subjected to standard fire 

only from three sides, see Figure 11. The first case is when the steel is protected by insulation board 

from three sides and is underneath a concrete slab. The second case is when the steel is protected by 

insulation board exactly like the first method but in this case the top flange is assumed to be adiabatic, 

i.e. no heat is transferred between the steel and the concrete. These cases are modeled and analyzed in 

TASEF considering the heat transfer from the fire to the boundary of insulation boards and then from 

the insulation board to the steel through the void. Protecting I-profile by insulation board creates a 

void between the steel and the insulation boards. 

Only one half of the cross section is modeled in TASEF due to the symmetry in one direction as 

shown in Figure 11. In three sided insulated I-profile the temperature in steel is considered in three 

different parts. Node 3 shows the middle of bottom flange, node 7 shows the middle of web and node 

12 shows the middle of top flange. 

 

Figure 11: Temperature points in different parts of the insulated I-profile with adiabatic boundary, with carrying concrete 

slab and the geometry of the problem modeled in TASEF. Red lines indicate fire boundaries. 

These two cases are simulated in TASEF to the difference between the results when an I-profile has 

different boundary conditions on one side but exposed to a fire in the same way on three sides. Table 
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15 shows the temperature distribution in steel according to these two cases (carrying concrete slab and 

adiabatic top flange). Temperatures in the case with concrete slab become less than the temperature in 

the case adiabatic top flange due to cooling the effect of the concrete.  

Calculated temperatures in steel HE 200 B after 30, 60, 90 and 120 minutes subjected to the standard 

fire, ISO 834 are given in Table 15. 

Table 15: Comparison of the 2D TASEF calculated steel temperature for the cases, an adiabatic boundary and a concrete 

slab boundary as a function of time. 

Time 

[min] 

Temperature [°C] 

Adiabatic boundary Carrying concrete 

Middle of 

bottom 

flange 

Middle of 

web 

Middle of 

top flange 

Middle of 

bottom 

 flange 

Middle of 

web 

Middle of  

top flange 

0 20 20 20 20 20 20 

30 108 96 67 108 92 61 

60 235 215 173 230 197 142 

90 339 323 283 321 285 222 

120 428 418 390 349 361 297 

 

Three sided case is also analyzed considering one-dimensional according to simplest method of heat 

transfer in Eurocode 3: (EN 1993-1-2) (denoted EC) and considering transition resistance (denoted 

1D). By utilizing the inverse of the section factor, the thickness of I-profile HE200B is calculated to 

0.0125 m. Steel is insulated from one side and subjected to the standard fire, ISO 834 from one side 

(top) for 120 minutes, Table 16. 

Table 16: The 1D TASEF calculated temperature history for the analysis of a steel section in a concrete at top, see Figure 

11. 

Time [min] 
Temperature [°C] 

1D EC 

0 20 20 

30 104 107 

60 220 226 

90 326 333 

120 422 428 

 

The calculated final temperature in one-dimensional after 120 minutes become 428 °C for the case 

according to Eurocode and 422 °C for the case when taking the heat transfer resistance into account. 

There is a small difference (6 °C) between them. These temperature can be compared with the 

temperatures calculated with the two-dimensional TASEF model for the case carrying a concrete slab 

and adiabatic top flange, Table 15. The temperatures in the bottom flange for two-dimensional cases 

are higher than one-dimensional calculation. The temperatures in the center of the web and top flange 

of the two-dimensional calculations become lower one-dimensional calculation. However, when 

considering the cooling effects as the full TASEF model the temperatures are overall significantly 

lower. 

A graph is plotted considering those three points in two-dimensional calculations which shows clearly 

the temperature difference between different parts of the I-profile, Figure 12. This figure also contains 

one-dimensional calculations according to the EC which is comparable with two-dimensional 

calculations. The one-dimensional case is also calculated with TASEF. 
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Figure 12: Temperature distribution in steel as a function of time for the cases, adiabatic top flange and carrying concrete at 

top flange. The Calculations according to the EC are also included in the figure. 
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6. Introduction to the cases presented in Promat’s fire protection 

handbook 

Promat has done a series of laboratory tests on steel structures that have been protected with 

VERMICULUX. They have measured temperature during these tests and come up with a couple of 

results that can be seen in Table 17 & 18. From the same table, you can read the thickness of the board 

that is needed for the element to achieve its fire resistance requirements. There it is assumed that steel 

temperature will not exceed 300 °C in Table 17 and 350 °C in Table 18. 

Table 17: Beam and Columns- limiting steel temperature 300 °C [7] 

S
ec

ti
o
n
 f

ac
to

r 
A

m
/V

 –
 m

-1
 

Fire resistance period – minutes Board 

thickness 

[mm] 
30 60 90 120 180 240 

260 119 61 41 24 - 20 

 183 84 54 32 22 25 

 260 112 70 40 28 30 

  148 88 48 33 35 

  194 109 58 39 40 

  255 134 68 46 45 

  260 163 79 52 50 

   199 92 60 55 

   244 106 67 60 
 

Table 18: Beam and Columns-limiting steel temperature 350 °C [7] 

S
ec

ti
o
n
 f

ac
to

r 
A

m
/V

 –
 m

-1
 

Fire resistance period – minutes Board 

thickness 

[mm] 30 60 90 120 180 240 

260 160 77 51 30 - 20 

 252 107 68 39 27 25 

 260 145 88 49 34 30 

  193 111 60 41 35 

  258 138 72 48 40 

  260 171 85 56 45 

   211 99 64 50 

   260 115 73 55 

    132 83 60 

 

This part is focusing on the temperature distribution in a one and two sided insulated I-profile, 

HE200B. To illustrate the importance of the fire protection materials, TASEF is used to analyze an 

insulated steel section in two-dimension and then a comparison between results gained from TASEF 

and designed temperature from Promat will be done. The material properties and the specific 

volumetric enthalpy of insulated board can be found in part 3.3 of Table 1. 
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6.1 Insulated I-profile in a concrete corner 

In two sided insulated steel, the I-profile is protected by Insulation boards from two sides and the other 

sided are bounded by two 100 mm thick concrete slabs. How the section factor for 2-sided protected I-

profile gets to 53 m-1 is shown numerically in Table 19. 

Table 19: Section factor for two sided protected steel beam, HE200B 

I-profile HE200B 

Section factor 
𝑨𝒑

𝑽
⁄  [𝒎−𝟏] 

 

 
𝐻+𝐵

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 

 
𝐻+𝐵

2𝑡𝑓×𝐵+(𝐻−2𝑡𝑓)𝑡𝑤
 

 

 
0.400

0.00753
= 53 

 

Box 

Two sided 

 

 

The two sided insulated I-profile is modeled by finite element method and analyzed considering the 

heat transfer in the void. This case is modeled in the whole shape because there is no symmetry, 

Figure13. The fire boundary is considered in three parts. Node 158 shows the middle of bottom 

flange, node 162 shows the middle of web and node 166 shows the middle of top flange. 

 

Figure 13: Temperature points in different parts of the I-profile and the geometry of the problem modeled in TASEF. Red line 

indicates fire boundaries. 

The temperatures in steel HE 200 B calculated after 30, 60, 90 and 120 minutes of exposure to the 

standard fire curve, ISO 834 are given in Table 20. 
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Table 20: The 2D TASEF calculated temperature for the case, an insulated I-profile in a corner concrete, Figure 13. 

Time 

[min] 

Temperature [°C] 

Middle of 

bottom  

flange 

Middle of 

web 

Middle of  

top  

flange 

0 20 20 20 

30 95 68 43 

60 183 137 89 

90 245 192 134 

120 291 236 176 

 

In two-dimensional calculations the final temperature in the center of web becomes lower than the 

final temperature in bottom flange but higher than the corresponding temperature of top flange, Table 

20. 

When assuming one-dimensional heat transfer, two different calculations are done. First one is 

according to simplest method of heat transfer in Eurocode 3: (EN 1993-1-2) and second one is by 

taking transition resistance into account. For the first one the calculated final temperature after 120 

minutes becomes 332 °C (denoted EC) and for second one the calculated final temperature becomes 

326 °C (denoted 1D), Table 21. By utilizing the inverse of the section factor, the thickness of I-profile 

HE200B, for the case insulated from two sides, is calculated to 0.0189 m.  

Table 21: The 1D TASEF calculated temperature for the analysis of a steel section in a concrete corner, Figure 13. 

Time [min] 
Temperature [°C] 

1D EC 

0 20 20 

30 81 84 

60 167 171 

90 249 254 

120 326 332 

 

The calculated temperatures in one- and two-dimensional can be compared to each other and to the 

tabulated temperature, 300 °C from Promat, see Table 22. 

Table 22: Comparison of the 2D and 1D TASEF calculated steel temperature with tabulated temperature by Promat for the 

cases, an I-profile embedded in a concrete slab. 

Time 

[min] 

Temperature [°C] 

Promat 1D EC 

2D_Corner concrete (Figure 13) 

Middle 

of 

bottom  

flange 

Middle 

of web 

Middle of  

top  

flange 

0 - 20 20 20 20 20 

30 - 81 84 95 68 43 

60 - 167 171 183 137 89 

90 - 249 254 245 192 134 

120 300 326 332 291 236 176 
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In two-dimensional the calculated final temperatures are lower than the corresponding temperature 

from both the one-dimensional calculation and the tabulated temperature (300 °C) from the Promat 

handbook.  

Points of consideration in two-dimensional calculations are plotted in a time-temperature graph and 

compared to the one-dimensional calculation, Figure 14. Notice that the analysis in one-dimensional 

according to Eurocode 3: (EN 1993-1-2) in generally yields considerably higher temperature than the 

more accurate two-dimensional analysis. 

 

Figure 14: Temperature distribution in steel as a function of time. One-dimensional calculation is taken to account to show 

the difference between the temperature developments. 

6.2 I-profile embedded in a concrete slab with insulation on one side  

In one sided insulated I-profile the whole of the steel is embedded in concrete except the outer surface 

of bottom flange. This part of the I-profile is protected by insulation board, VERMICULUX, and 

subjected for 4 hours to standard fire curve, ISO 834. Table 23 indicates how the section factor for 1-

sided protected I-profile gets to 26.6 m-1. 

Table 23: Section factor for one sided protected steel beam, HE200B 

I-profile HE 200 B 

Section factor 
𝑨𝒑

𝑽
⁄  [𝒎−𝟏] 

 

 
𝐵

𝑠𝑡𝑒𝑒𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 

 

 
𝐵

2𝑡𝑓×𝐵+(𝐻−2𝑡𝑓)𝑡𝑤
 

 

 
0.200

0.00753
= 26.6 

 

One sided 
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Due to the symmetry the cross section is modeled in TASEF in one direction, Figure 15. In one sided 

insulated I-profile the fire boundary is considered in three parts. Node 4 shows the middle of bottom 

flange, node 8 shows the middle of web and node 12 shows the middle of top flange.  

 

Figure 15: Temperature points in different parts of the I-profile and the geometry of the problem modeled in TASEF. Red line 

indicates fire boundaries. 

The calculated temperatures of two-dimensional model in computer code, TASEF are gathered in 

Table 24.  

Table 24: The 2D calculated temperature for the case, an insulated I-profile embedded in a concrete slab. 

Time 

[min] 

Temperature [°C] 

Middle of 

bottom  

flange 

Middle of 

web 

Middle of  

top  

flange 

0 20 20 20 

30 71 31 21 

60 131 59 28 

90 180 88 40 

120 218 114 54 

180 277 159 85 

240 323 197 114 

 

Since the I-profile is embedded in the concrete slab and is heated from one side the calculated final 

temperatures vary greatly and temperature distribution is non-uniform, Table 24.  

In the case of one-dimensional heat transfer according to simplest method of heat transfer in Eurocode 

3: (EN 1993-1-2) (denoted EC), the calculated final temperature becomes 383 °C and according to the 

heat transfer resistance becomes 378 °C (denoted 1D) after 240 minutes, Table 25. The thickness of I-

profile HE200B, for the case insulated from one side, is calculated to 0.0376 m. The steel is insulated 

from one side and is heated only from that side. 
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Table 25: The calculated temperature history for the one-dimensional analysis of a steel section embedded in a concrete 

slab, see Figure 15. 

Time 

[min] 

Temperature [°C] 

1D EC 

0 20 20 

30 52 54 

60 104 106 

90 153 156 

120 203 206 

180 293 296 

240 378 383 

 

The calculated temperatures in one- and two-dimensional can be compared to each other and further to 

the tabulated temperature, 350 °C from Promat, see Table 26. 

Table 26: Comparison of the calculated temperatures for the case 4-sided insulated I-profile in one- and two-dimensional. 

Time 

[min] 

Temperature [°C] 

 

Promat 
1D EC 

2D_I-profile embedded in 

a concrete slab 

Middle 

of 

bottom  

flange 

Middle 

of web 

Middle 

of  

top  

flange 

0 - 20 20 20 20 20 

30 - 52 54 71 31 21 

60 - 104 106 131 59 28 

90 - 153 156 180 88 40 

120 - 203 206 218 114 54 

180 - 293 296 277 159 85 

240 350 378 383 323 197 114 

 

As the calculation for two-sided the calculated final temperatures in two-dimensional are lower than 

the corresponding temperature from one-dimensional calculation and tabulated temperature from 

Promat. Note that the analysis in one-dimensional according to Eurocode yields considerably higher 

temperature than the tabulated temperature by Promat. 

Point of consideration in two-dimensional calculations are plotted in a time-temperature graph and 

compared to the one-dimensional calculation. One-dimensional analysis in generally yields 

considerably higher temperature than the more accurate two-dimensional. 



27 
 

 

Figure 16: Temperature distribution in steel as a function of time. One-dimensional calculation according to Eurocode is 

taken to account to show the difference between the temperature developments. 

7. Software  

7.1 Introduction to FEM 

FEM stands for Finite Element Method. It is a numerical method to solve differential equations by 

using computers [15]. There are many computer programs that are able to use this method such as 

TASEF, ABAQUS, NASTRAN, COMSOL, etc.  

The use of this method is rapidly increasing due to various reasons. The reason is that the computers 

are constantly developing and that makes it easy to use this method. 

FEM has many applications in different engineering fields, such as calculations of heat transfer, fluid 

mechanics and electromagnetism and material behavior, where the large and complex problems are 

divided into small elements that can each one of them has to be solved in order to solve the main 

problem. 

Finite element method is based on matrices and is very adaptable to solve temperature problems in 

elements exposed to fire by solving the heat balance equation [16]. 

7.2 TASEF 

TASEF stands for Thermal Analysis of Sections Exposed to Fire. This computer code is developed by 

Professor Ulf Wickström and is based on finite element methods. TASEF is developed to calculate 

temperature distribution in two-dimensional for structures exposed to fire. Structures may be 

comprised of several different materials with different thermal properties. These properties vary with 

temperature which is considered in TASEF. Steel, concrete and insolation board are the main materials 

in this thesis and all of them act differently when exposed to fire. Steel and concrete are predefined 

based on Eurocodes in TASEF as input. Moreover, it is also possible to define new materials in 

TASEF which is done in this thesis by defining the properties of insulation board, VERMICULUX.  
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If the material contains water, TASEF considers latent heat due to evaporation of water, see section 

3.2. In term of heat transfer, TASEF fallows the section 3.1.1 and 3.1.2. TASEF utilizes Hottele’s 

crossed-string method to calculate the heat transfer in voids. 

8. Discussion 
In this section, the advantages and disadvantages of the geometrical models of insolating the I-profile 

from fire are discussed. The discussion is based on the experiences of sections 3, 4, 5 and 6. In this 

section the comparisons between different models calculated in TASEF will also be discussed. 

8.1 Computer code TASEF 
It is possible to predict temperature in structures with the computer code TASEF. Structures may be 

comprised of several different materials with different thermal properties. These properties may vary 

with temperature. Calculations of temperature of insulated I-profile protected in different ways with 

different materials are taken into account. In this thesis some of protection models create a void 

between the steel (flange and web) and insulation board. TASEF uses Hottele’s crossed-string method 

to analyze the heat transfer by radiation in voids considering the view factors between the surfaces 

surrounding the voids. 

The results gained from TASEF depend on the input data. With the right material properties and 

boundary conditions, TASEF can calculate temperature very accurately. Therefore, it is very important 

to apply the best possible material properties in order to reduce any calculation inaccuracies. 

In calculation of temperature in materials such as insulation board used in this work, the latent heat is 

taken into consideration due to evaporation of water. The insulation board contains 3% bounded water. 

This makes it possible to reach more accurate results. Check SFPE verification report which 

demonstrates the importance of the input code and the results, output [25]. 

8.2 Heat transfer and calculations of the steel temperatures 
The convection properties are dependent on condition surrounding the structures. It is important that 

properties are selected to be in conservative side. Heat transfer by convection depends on the 

temperature differences between the gas temperature and the surface temperature. When assuming 

natural convection it is the temperature differences that are driving force of gas velocities and thereby 

of the heat transfer. However, when structures are exposed to fire the gas velocities depends on the 

differences the fire and the ambient temperature and not the individual surfaces of structures. 

Therefore it is assumed that forced convection is created. The value of the convection heat transfer 

coefficient, ℎ𝑐, is set to be 25 W/m2K according to Eurocode 1. The convection heat transfer 

coefficient does not affect the calculation of the heat transfer because of the dominance of the heat 

transfer by radiation in the high temperatures. Heat transfer by radiation becomes the dominant factor 

at high temperatures in fire because of the T4 dependence. Therefore, the effect of the different 

convection heat transfer coefficients in this work is assumed to be negligible. 

When assuming heat transfer in internal void by radiation, view factors between the surrounding 

surfaces are considered when determining the internal heat transfer. 

The emissivities of the considered materials are in the range of 0.6 – 1. The emissivity of the materials 

used in this thesis are all assumed to be 0.8 independently of whether the surface is inside a void or 

not. The reason is that the access to this data is not possible and the other reason is that the impact of 

the choice emissivity is normally small for insulated structures. For non-insulated steel structures the 

emissivity is decisive for the temperature development. 
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8.3 Moisture content in material 
Throughout studied cases the influence of water in materials is taken to consideration in order to 

predict temperature. The heat of evaporation, latent heat, takes a lot of energy and leads to increment 

of the specific volumetric enthalpy. Latent heat is presented by embedding it in the temperature-

enthalpy curve as shown in Figure 2. The latent heat of material which includes water has cooling 

effect when it is exposed to fire. The evaporation of water occurs in the range around 100 °C which is 

taken to consideration when calculating temperature in TASEF in order to increase accuracy.    

A simulation in part 5.1 is made by ignoring the moisture content in an insulation board. The solution 

shows that the temperature of the steel structure becomes higher. In TASEF enthalpy is calculated by 

summing the enthalpy of dry material with the percentage of water content, where the specific heat 

capacity of dry material and water are indirect input in enthalpy. The water in an insulation board or in 

any material is the reason why the enthalpy rises, which causes a reduction in the temperature due to 

latent heat in a structure that has been protected. 

8.4 Comparison of results 
Four-sided insulated I-profile 

In Table 10 and Figure 8, the temperatures calculated for the case with gap between adjacent flanges 

and insulation board is compared to the temperatures calculated for the case with no gap. The 

calculated final temperatures in steel in each method do not vary greatly. Temperature distribution in 

steel is nearly uniform in both cases. This is because the steel conducts heat well (high conductivity) 

and protected I-profile is exposed to fire uniformly from all sides. However, when comparing these 

two methods there is a noticeable difference between results of each simulation. The calculated 

temperature for simulation with no gap becomes approximately 505 °C after 120 minutes which is 

higher than the corresponding temperature for simulation with gap, approximately 490 °C. Thus, 

having an air gap between the insulation board and adjacent flanges causes a slight reduction of the 

temperature by about 15 °C after 120 minutes, Table 27. 

Table 27: The 2D TASEF calculated temperature and the temperature differences for cases with and with no gap after 120 

minutes. 

 

Temperature [°C] 

2D_with 

gap 

2D_with no 

gap 
The temperature difference 

Middle of web 486 501 15 

Middle of flange 484 498 14 

End of flange 491 506 15 

 

In order to show the effect of moisture content in material the simulation, with no gap, is done 

considering no moisture in the insulation board. The calculated temperatures in steel without any 

moisture in insulation board are compared to the calculated final temperatures in steel with moisture in 

insulation board, Table 28. Comparison between these two simulations shows that the temperatures in 

the steel become higher when there is no moisture in insolation board. Evaporation of water absorbs 

heat which cools the material. This cooling property is called latent heat which consumes a lot of 

energy and leads to a reduction in the temperature in material exposed to fire. 
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Table 28: The 2D TASEF calculated temperature and the temperature differences for cases, with and with no moisture in 

insulation board. 

Time 

[min] 

Temperature [°C] 

With no gap and no moisture with no gap Temperature differences 

Middle 

of web 

Middle 

of 

flange 

End of 

flange 

Middle 

of web 

Middle 

of  

flange 

End of 

flange 

Middle 

of web 

Middle 

of 

flange 

End of 

flange 

0 20 20 20 20 20 20 0 0 0 

30 124 126 135 115 115 124 9 11 11 

60 271 271 280 263 263 271 8 8 9 

90 403 402 409 397 395 403 6 7 6 

120 505 503 511 501 498 506 4 5 5 

 

The calculate temperatures for simulation with no moisture becomes about 506 °C after 120 minutes 

which is higher than the corresponding final temperature for simulation with moisture content in 

insulation board, 502 °C. The temperature difference between having moisture and having no moisture 

in the insulation board is within 4 °C after 120 minutes. The insulation board can contain up to 3% 

water and this is the reason that the temperature in steel structure is reduced by a few degrees. 

According to the Table 28, temperature difference between the case with and with no moisture 

decreases as long as the time of the exposure to fire increases. This is because the moisture in the 

insulation board has already evaporated and there is no water to consume the heat.  

When assuming one dimensional heat transfer, the simplest method as given in Eurocode 3 is utilized. 

The calculated uniform steel temperature then becomes 499 °C after 120 minutes. This temperature is 

lower than the temperatures of the two-dimensional model, with no gap. This is because in two-

dimensional the corners are also exposed to fire but in one-dimensional according to Eurocode 3 the 

effect of corners are ignored. When the effects of corners and edges in two-dimensional are ignored 

the predicted temperature becomes lower than the calculation in one-dimensional. The calculated steel 

temperature with the two-dimensional model ignoring corners becomes approximately 480 °C after 

120 minutes. The void in the two-dimensional case including leads to some insolation of the steel 

especially in lower temperatures. 

Table 29: Comparison of the 2D and 1D TASEF calculated steel temperature for the cases, ignoring the corners effect 

(Figure 10). 

Time 

[min] 

Temperature [°C] 

1D EC 

2D_Without corner effect 

(Figure 10) 

Middle 

of web 

Middle 

of 

flange 

End of 

flange 

0 20 20 20 20 20 

30 123 128 111 109 114 

60 266 273 251 249 254 

90 393 400 378 375 380 

120 492 499 480 478 482 

 

When the heat transfer resistance in one-dimensional calculation is taken to consideration, the 

calculated temperature becomes lower than the calculations according to Eurocode. This is because the 
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heat transfer at the boundary between a surrounding fluid and surface (by Newton’s law of cooling) is 

considered. The calculated temperatures in one-dimensional (considering heat transfer resistance) are 

also higher than the calculated temperatures in two-dimensional. 

Three-sided insulated I-profile 

In Table 15 and Figure 12, the temperatures calculated for the case of adiabatic top flange are 

compared to the temperature calculated for the case carrying concrete slap at top. In reality the area 

above the top flange cannot be assumed to be adiabatic and the heat should be conducted from the 

steel section to the concrete or any other material. Due to cooling effect of the concrete, the calculated 

temperatures in steel become entirely lower than the corresponding temperatures for the adiabatic top 

flange case. The cooling effects of the concrete depend on its thermal conductivity and its density and 

specific heat. The thermal conductivity is proportional to density and therefore a material with high 

density has high thermal conductivity which leads to high cooling effect. Hence, concrete in this thesis 

has a high cooling effect. 

The concrete used in this report contains no water but still it cools off the steel because of the two 

reasons. First, because of the previously mention reason, high density and thermal conductivity, and 

second reason is that the case in this part is subjected to fire only from three sides. In fact the concrete 

should contain water which leads to even more reduction in temperatures. Dry concrete do not have 

the same thermal conductivity as the concrete containing moisture. Thermal conductivity of the 

concrete deteriorates when the material contains 0% of water. 

In the case with concrete, the calculated final temperature of the top flange is considerably lower than 

the web and bottom flange. When assuming adiabatic surface, there is also difference in temperature 

distribution in steel, the temperature in top flange becomes lower than the web and bottom flange. The 

reason is that I-profile is not subjected to fire from top flange which leads to a lower temperature in 

top flange corresponding to the other parts of the steel. 

The concrete slab leads to temperature variation from 349 °C at the bottom flange to 297 °C at the top 

flange after 120 minutes exposure to standard fire. The calculated final temperature at the web 

becomes 361 °C. These temperatures are considerably lower than corresponding temperatures of the 

case without concrete slab at the top. Temperature in the middle of top flange and middle of web is 

reduced by almost 50 °C for the case adiabatic boundary at top flange. 

Table 30: Comparison of the 2D TASEF calculated steel temperature for the cases, an adiabatic boundary and a concrete 

slab boundary as a function of time. 

Time 

[min] 

Temperature [°C] 

Adiabatic boundary Carrying concrete 

Middle of 

bottom 

flange 

Middle of 

web 

Middle of 

top flange 

Middle of 

bottom 

 flange 

Middle of 

web 

Middle of  

top flange 

0 20 20 20 20 20 20 

30 108 96 67 108 92 61 

60 235 215 173 230 197 142 

90 339 323 283 321 285 222 

120 428 418 390 349 361 297 

 

The calculated final temperatures for the case carrying concrete become lower than the corresponding 

final temperatures for the case adiabatic boundary after 120 minutes. The final temperature in middle 

of bottom flange becomes approximately 80 °C (19%), in middle of web 60 °C (14%) and in the 
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middle of top flange 95 °C (24%) lower. This is because of the cooling property of the concrete. 

According to the Table 30, temperature differences between the case with and with no concrete slab 

increase as long as the time of the exposure to fire increases. This is because the cooling property of 

the concrete.  

In terms of one-dimensional heat transfer according to simplest method in Eurocode 3 (denoted EC), 

the calculated steel temperature becomes 428 °C after 120 minutes, Table 31. This temperature is 

much higher than the final temperature of two-dimensional model, with carrying concrete slab. This is 

because in two-dimensional the case is connected to a concrete slab (upper side of steel). However, the 

one-dimensional final temperature is approximately the same as two-dimensional case with adiabatic 

top flange. There is only a small temperature difference in the upper flange and this is because the 

upper flange in this case (adiabatic top flange) is not exposed to fire. 

Table 31: Comparison of the 2D and 1D TASEF calculated steel temperature for the cases, an adiabatic boundary and a 

concrete slab boundary as a function of time. 

Time 

[min] 

Temperature [°C] 

1D EC 

2D_Adiabatic boundary 2D_Carrying concrete 

Middle 

of 

bottom 

flange 

Middle 

of web 

Middle 

of top 

flange 

Middle 

of 

bottom 

 flange 

Middle 

of web 

Middle 

of  

top 

flange 

0 20 20 20 20 20 20 20 20 

30 104 107 108 96 67 108 92 61 

60 220 226 235 215 173 230 197 142 

90 326 333 339 323 283 321 285 222 

120 422 428 428 418 390 349 361 297 

 

If only the final temperatures in the middle of the web for two-dimensional cases are compared with 

one-dimensional, the temperature is reduced by almost 60 °C for the case with concrete slab which is 

15%. The temperature in center of web for the case adiabatic top flange reduced by 10 °C comparison 

with one-dimensional calculation which is only 2%. 

The calculated temperatures in one-dimensional by taking transition resistance into account becomes 

422 °C which is 6 °C (1.5%) lower than the calculations according to Eurocode due to Newton’s law 

of cooling, Table 31. The calculated temperatures in one-dimensional (considering heat transfer 

resistance) are also higher than the calculated temperatures in two-dimensional. 

8.4.1 Presented cased in Promat’s fire protection handbook 

Promat has done a series of laboratory tests on steel structures by protecting these structures with 

insulation boards. They have measured temperature during these testes and come up with couple of 

results in the table format. The contact with the company, Promat, shows that they are uncertain about 

the material properties for their products. They claim that the material properties for the products are 

primarily developed by adapting to the laboratory tests. For example, one material property is thermal 

conductivity. This property of insulation boards varies with temperature, but in this work the thermal 

conductivity is set to be constant whether the temperature is high or low. This affects the solution of 

the temperature. To be in conservative side and increase the accuracy of solutions, the access to these 

kind of the material properties are necessary. They need to do much more to produce reliable 

properties for their products. 

Following text is about the comparisons between the calculated models in TASEF and the tabulated 

temperature design temperature by Promat.  
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Two-sided insulated I-profile 

When considering two dimensional for two-sided insulated steel structure the calculated final 

temperatures become lower than the tabulated 300 °C by Promat. As shown in Table 32 the calculated 

final temperature in the middle of bottom flange becomes 291 °C, in the web becomes 236 °C and in 

the middle of top flange becomes 176 °C. The temperature in steel structure in two sided insulated I-

profile is not uniform because the I-profile is insulated by boards from two sides and the other two 

sides are covered by concrete structures. The concrete cools the steel by absorbing heat. The calculated 

temperature in middle of bottom flange is higher than the temperatures in middle of web and middle of 

the top flange. It is because I-profile is exposed to fire from two sides. 

When considering one-dimensional for two-sided insulated I-profile according to Eurocode, the 

calculated final temperature becomes 332 °C  which is higher than both tabulated temperature by 

Promat and calculated temperatures in two-dimensional in TASEF, Table 32. 

Table 32: Comparison of the 2D and 1D TASEF calculated steel temperature and tabulated temperature by Promat for the 

cases, a corner concrete. 

Time 

[min] 

Temperature [°C] 

 

Promat 
1D EC 

2D_Corner concrete (Figure 13) 

Middle 

of 

bottom  

flange 

Middle 

of web 

Middle of  

top  

flange 

0 - 20 20 20 20 20 

30 - 81 84 95 68 43 

60 - 167 171 183 137 89 

90 - 249 254 245 192 134 

120 300 326 332 291 236 176 

 

The calculated final temperature in middle of bottom flange becomes approximately 35 °C (11%), in 

middle of web 90 °C (28%) and in the middle of top flange 150 °C (46%) lower in two-dimensional 

calculation comparison with one-dimensional calculations. This is because of the cooling property of 

the concrete and boundary conditions in one dimensional calculations (the fire is placed directly on the 

surface). The calculated final temperature in one-dimensional is 26 °C higher than the tabulated 

temperature by Promat which is approximately 8%. 

The calculated temperatures in one-dimensional when taking the heat transfer resistance into account 

becomes 326 °C which is 6 °C (2%) lower than the calculations according to Eurocode 3 due to 

Newton’s law of cooling and 26 °C (8%) higher than the calculations according to tabulated 

temperature by promat, Table 31. The calculated temperatures in one-dimensional (considering heat 

transfer resistance) are also higher than the calculated temperatures in two-dimensional. 

According to the Table 32, temperature difference between the calculations in one- and two-

dimensional increase as long as the time of the exposure to fire increases. This is because the cooling 

property of the concrete. The voids also gives a slight effect to get lower temperatures in two-

dimensional case especially in lower temperatures. 
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One-sided insulated I-profile 

When considering two dimensional for one-sided insulated steel structure the final temperatures 

become also lower than the tabulated 350 °C by Promat. As shown in Table 33 the calculated final 

temperature in the middle of bottom flange becomes 323 °C, in the web becomes 197 °C and in the 

middle of top flange becomes 114 °C. The temperature in steel structure in one sided insulated is not 

uniform because the I-profile is totally located in the concrete slab which cools off the steel by 

absorbing its heat. Note that the temperature in middle of bottom flange is higher than the 

temperatures in middle of web and middle of the top flange. The reason is that the structure is exposed 

to fire just from one side, surface of bottom flange. The second parameter is the concrete which the I-

profile is embedded in. Concrete cools off the I-profile. 

Table 33: Comparison of the 2D and 1D TASEF calculated steel temperature and tabulated temperature by Promat for the 

cases, an I-profile embedded in a concrete slab. 

Time 

[min] 

Temperature [°C] 

 

Promat 
1D EC 

2D_I-profile embedded in a 

concrete slab 

Middle 

of 

bottom  

flange 

Middle 

of web 

Middle 

of  

top  

flange 

0 - 20 20 20 20 20 

30 - 52 54 71 31 21 

60 - 104 106 131 59 28 

90 - 153 156 180 88 40 

120 - 203 206 218 114 54 

180 - 293 296 277 159 85 

240 350 378 383 323 197 114 

 

In term of one-dimensional heat transfer for two-sided insulated I-profile, the calculated final 

temperature becomes 383 °C after 240 minutes, Table 33. This temperature is much higher than the 

final temperature of two-dimensional model, I-profile embedded in a concrete slab and tabulated 

temperature by Promat. This is because in two-dimensional the case is embedded in a concrete slab 

and concrete cools of the I-profile due to absorbing the heat. 

The calculated final temperature in middle of bottom flange becomes approximately 55 °C (15%), in 

middle of web 180 °C (48%) and in the middle of top flange 265 °C (70%) lower in two-dimensional 

calculation comparison with one-dimensional calculations. The calculated final temperature in one-

dimensional is 28 °C higher than the tabulated temperature by Promat which is approximately 8%. 

The calculated temperatures in one-dimensional when taking the heat transfer resistance into account 

becomes 378 °C which is 5 °C (1%) lower than the calculations according to Eurocode 3 due to 

Newton’s law of cooling and 28 °C (7%) higher than the calculations according to tabulated 

temperature by Promat, Table 33. The calculated temperatures in one-dimensional (considering heat 

transfer resistance) are also higher than the calculated temperatures in two-dimensional. 

According to the Table 33, the temperature differences between the calculations in one- and two-

dimensional increase as long as the time of the exposure to fire increases.  
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9. Conclusions 
This thesis describes how a fire protection insulation board material can be taken into consideration 

when calculating temperature in a steel I-profile exposed to fire. 

The calculation of heat transfer in one dimension according to simplest method in EC, leads us to be in 

the conservative or safe side because in one-dimensional calculation according to EC the transfer 

resistance, heat capacity of insulation board, and cooling effect of concrete are not taken to 

consideration. 

The calculation of heat transfer in one dimension by consideration of transition resistance, leads to get 

lower temperature than corresponding calculated temperature of one-dimensional according to 

Eurocode due to Newton’s law of cooling. 

In two-dimensional analysis the heat transfer in voids and thermal heat capacity as well as the heat 

capacity of the insulation are taken to consideration. Therefore, the predicted temperature in two-

dimensional can be expected to be more accurate but also lower. 

The moisture content of a material adds to the fire protection effects due to the heat needed to 

evaporate the water. 

Lower temperatures are obtained in these simulations compared to tabulated temperatures by Promat. 

But the results are questionable due to the accuracy of the input material properties. In the here 

analyzed cases the thermal properties of the insulation board, VERMICULUX produced by Promat are 

assumed. To increase the accuracy of the calculated solutions, the access to reliable material properties 

are necessary. 

The studies on steel sections protected in different geometric show that using TASEF is efficient for 

calculating the temperature distribution when exposed to fire. When using TASEF accurate solutions 

may be obtained as the specific volumetric enthalpy, heat transfer in void by radiation and convection, 

boundary condition, temperature dependence of material, thermal inertia and etc. may be considered. 

The results are of course highly dependent on the input data. With the right material properties TASEF 

can calculate temperature very accurately. Therefore, it is very important to apply the best possible 

material properties in order to reduce any calculation inaccuracies. 

 

 

9.1 Further studies 
 

 A study is needed to be made concerning heat transfer in void by radiation and convection. 

Does the void and especially convection in a void provide insulation ability to structures of 

any importance not considered in the current model?  

 A series of tests should be performed to calculate material properties regarding to insulation 

board to be able to get more reliable results. 

 By using the results of this thesis (results from TASEF), the same calculations can be carried 

out by altering the thermal load. 

 

 

 



36 
 

References  
[1] Wickström U. “Heat Transfer in Fire Technology”, Interflam 2014. 

[2] Sterner E., Wickström U. “Temperature Analaysis of Structures Exposed to Fire”, Swedish 

National Testing Institute, SP Report 1990:05. 

[3] Wickström, U., Pålsson J. “A Scheme for Verification of Computer Codes for Calculating 

Temperature in Fire Exposed Structure”, Swedish National Testing Institute, SP Report 1999:36 

[4] Buchanan, A.-H., “Structural Design for Fire Safety”. ISBN 978-0471890607 

[5] BS 476: Part 4:1970. Non-combustibility test for materials. 

[6] Promat. The Passive Fire Protection Handbook – Uniclass L5:P2:N32.  

[7] Promat. The Passive Fire Protection Handbook - Chapter 3: Structural Steel. 

[8] Tuovinen T. March 2011. “Simple user guide to Pre-TASEF”, SP Fire Technology 

[9] Karlsson, B., Quintiere, J. 2000. Enclosure Fire Dynamics, ISBN 978-0849313004 

[10] Modest, Michael F., 2013. “Radiative Heat Transfer”, ISBN 978-0844242064 

[11] Franssen, J.-M., Vila Real, P. “Fire Design of Steel Structures”. ISBN 978-3433029749 

[12] EN1993-1-2: 2005. “Design of steel structure-Part 1-2: General rules-structural fire design’’. 

[13] EN 1992-1-2: 2004. “Design of Concrete structure-Part 1-2: General rules-Structural fire 

design”. 

[14] EN1994-1-2: 2005. Design of composite steel and concrete structure. General rules. Structural 

fire design. 

[15] Ottosen, N., Petersson, H. 1992. “Introduction to the Finite Element Method”. ISBN 978-

0134738772 

[16] Sandström J. 2008. “Temperature calculations in fire exposed structures with the use of adiabatic 

surface temperature” (master thesis), ISSN: 1402-1617 – ISRN: LTU-EX--08/049—SE 

[17] Virdi K.-S., Wickström U. 2013 “Influence of shadow effect on the strength of steel beam 

exposed to fire” 

[18] Boverket. 2015. Homepage  

[19] EN1991-1-2: 2002. “Actions on structure-Part 1-2: General actions-Actions on structures 

exposed to fire”. 

[20] BS 476: Part 21:1987. Fire tests on building materials and structure. 

[21] Promat, Tunnel fire and safety, Fire protection, Fire curves. Internet page (http://www.promat-

tunnel.com/en/advices/fire-protection/fire%20curves) 

[22] BS 476: Part 20:1987. Fire tests on building materials and structure. 

 [23] Jeffers A., Wickström U., McGrattan K. 2013. “Documentation of the Solution to the SFPE Heat 

Transfer Verification Cases”, Society of Fire Protection Engineers (SFPE), Bethesda, MD 

[24] Wickström U. “A numerical procedure for calculating temperature in hallow structures exposed 

to fire”, Lund institute of technology, Department of structural mechanics, Report NO.79-3. 

http://www.promat-tunnel.com/en/advices/fire-protection/fire%20curves
http://www.promat-tunnel.com/en/advices/fire-protection/fire%20curves


37 
 

[25] SFPE, January 22, 2015. “Standard on Calculation Methods to Predict the Thermal Performance 

of Structural and Fire Resistive Assemblies”, Society of Fire Protection Engineers (SFPE), Bethesda, 

MD 

[26] The Swedish Institute of Steel Construction, SBI. Internet page (http://sbi.se/) 

[27] European Committee for Standardization, CEN. Internet page 

(https://www.cen.eu/Pages/default.aspx) 

[28] Swedish standards institute, SIS. Internet page (http://www.sis.se/innehall/om-sis/) 

[29] The leading authority on wood, TRADA. Internet page 

(http://www.trada.co.uk/publications/Eurocode_List.html) 

[30] Safety data sheet, Promat VERMICULUX, Issued 10/03/08 

http://sbi.se/
https://www.cen.eu/Pages/default.aspx
http://www.sis.se/innehall/om-sis/
http://www.trada.co.uk/publications/Eurocode_List.html

