Temperature distribution in air tight cavities of
steel framed modular buildings when exposed
to fire

Elin Bergroth
Greta Torstensson
Fire Protecting Engineering Bachelor Level
2019
Luleå University of Technology
Department of Civil, Environmental and Natural Resources Engineering

Temperature distribution in air tight cavities of
steel framed modular buildings when exposed
to fire
Elin Bergroth
Greta Torstensson

2019
Luleå University of Technology
Fire Protection Engineering

Preface
This thesis has been conducted in collaboration with Isolamin Sweden AB Part Group, and
contains a fire test and computer simulations to investigate the temperature distribution in a steel
column in a modular building. This is the final thesis to receive a Bachelor of Science in Fire
Protection Engineering at Luleå University of Technology.
This thesis includes 2x15 credits work, where initially Elin has been responsible for the theoretical
calculations and Greta for the computer simulations and the continuous work has been
distributed equally as well as the performed tests and laboratory work.
First, we would like to thank our internal supervisor Pedro Andrade for his support and guidance
and Isolamin Sweden AB Part Group for giving us the opportunity to carry out the project.
Furthermore, we would like to thank our examiner Alexandra Byström at Luleå University of
Technology for her great support and advice.
Finally, we would also like to thank the committed staff at the Complab at LTU and specially
thanks to Erik Andersson for his great guidance trough the building phase and the fire test.
Luleå, Sweden. 2019-02-21

Elin Bergroth
Greta Torstensson

I

Abstract
A common way to construct large buildings is by assemble prefabricated modules around a load
bearing steel construction. However, if a fire occurs these buildings can be subject to a rapid fire
spread due to its cellular nature. By assembling modules side-by-side, gaps are created between
the modules and these cavities must remain devoid of combustible material and remain air tight,
even during fire. This to avoid that the air flow causes the cavities to work as “highways” for the
fire spread which can lead to devastating damages.
A Swedish example of a fire in a modular building is a residential building at Klintbacken, Luleå
with a timber framed structure, which was constructed from prefabricated modules. The fire
originated in a kitchen and spread through the cavities to several modular compartments and
caused devastating damages on the construction.
When buildings are constructed using a steel structure, high temperatures which occurs during
a fire can cause the steel to lose its strength and stiffness. In some cases, unprotected steel
members can resist fires without collapse, however to fulfil the fire resistance requirements the
members do often need protection.
To examine a steel structure in a modular building when exposed to fire, a fire test and
temperature calculations have been performed and are presented in this thesis. The thesis is
conducted in collaboration with Isolamin Sweden AB Part Group and consists of a fire test,
theoretical calculations and a computer simulation using the finite element method. The aim of
the thesis is to examine to what extent a steel column in a modular building is affected by a fire
and to investigate the temperature distribution in the steel.
For the fire test, a specimen consisted of a steel column and sandwich panels was created. The
sandwich panels were assembled so that they created a cavity into where the steel column was
placed. Temperature measuring devices such as thermocouples and a plate thermometer were
placed on the specimen and a fire resistance furnace was used to simulate a fire. The fire test was
performed for one hour and the fire corresponded to the ISO-834 fire curve.
Furthermore, temperature calculations for the steel beam were made and five different models in
the finite element code TASEF was created and simulated. The temperature curves used were the
fire test time-temperature curve, the ISO 834-curve which represents a simplified fire, and the
parametric fire curve with gamma value of 20. Three models were created where the steel beam
was placed in contact to the mineral wool. Two models were created where a material with the
properties of air was placed between the steel beam and the mineral wool.
In the fire test the steel beam achieved a temperature of 41 °C. The most accurate simulation in
TASEF was when simulating with the fire test time-temperature curve and the temperature
achieved was 41°C. The theoretical calculated steel temperature achieved 36°C. The critical
temperature for the steel column was calculated to 506 °C, which was not nearly achieved in the
fire test, the theoretical calculations or in the computer simulations.
Errors can occur in the result depending on the material properties which not correspond in the
TASEF simulation and the fire test. Likewise, the theoretical calculations are based on constant
parameters which in reality may vary with time and temperature. The differences are not
negligible but can be assumed to not impact significantly on the result and therefore give a
trustworthy result.
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Sammanfattning
Ett vanligt sätt att konstruera stora byggnader är att montera ihop prefabricerade moduler runt
en bärande stålkonstruktion. Om en brand uppstår kan dessa byggnader dock bidra till en snabb
brandspridning på grund av denna struktur. När modulerna monteras sida vid sida bildas
hålrum mellan modulerna och det är då viktigt att dessa hålrum hålls fria från brännbart material
och är lufttäta, även under brand. Detta för att undvika att luftflödet i hålrummen fungerar som
”motorvägar” för brandspridningen vilket kan leda till förödande konsekvenser.
Ett svenskt exempel på en brand i en modulbyggnad är studentboendet på Klintbacken, Luleå,
där byggnaden vad konstruerad med prefabricerade moduler och en stomme av trä. Branden
startade i ett kök och spred sig via hålrummen till flera andra lägenheter och orsakade stora
skador på konstruktionen.
När byggnader konstrueras med en stålstomme kan höga temperaturer, som uppkommer vid
brand, orsaka förlorad hållfasthet och styvhet hos stålet. I vissa fall kan oskyddat stål stå emot
brand utan att kollapsa, men för att uppfylla kraven för hållfasthet vid brand måste stålet ofta
skyddas.
För att undersöka hur en stålkonstruktion i en modulbyggnad beter sig vid brand har ett
brandtest och olika beräkningar genomförts och presenteras i den här rapporten. Arbetet utfördes
i samarbete med Isolamin Sweden AB Part Group och består av ett brandtest, teoretiska
beräkningar och en datasimulering med finita elementmetoden. Syftet med arbetet är att
undersöka hur en stålbalk i en modulbyggnad påverkas av brand och vilken
temperaturfördelning som uppstår i balken.
En provkropp bestående av en stålbalk och sandwichpaneler monterades ihop till brandtestet.
Sandwichpanelerna monterades så att ett hålrum bildades varpå stålbalken placerades där.
Temperaturmätningsinstrument, så som termoelement och plattermoelement monterades på
provkroppen och en brandugn användes för att simulera en brand. Brandtestet pågick i 60
minuter och branden motsvarande ISO 834-kurvan.
Därefter genomfördes temperaturberäkningar för stålbalken där fem olika modeller skapades i
den finita elementkoden TASEF. Temperaturkurvorna som användes i TASEF var
temperaturkurvan uppmätt i brandtestet, ISO 834-kurvan som motsvarar en förenklad brand,
och den parametriska brandkurvan med ett gammavärde på 20. Tre modeller skapades där
stålbalken placerades i kontakt med mineralullen. Två modeller skapades där ett material med
samma materialegenskaper som luft placerades mellan stålet och mineralullen.
I brandtestet når stålbalken en temperatur på 41°C. Simuleringen i TASEF med tidtemperaturkurvan från brandtestet visade också en ståltemperatur på 41°C, vilket är den
simuleringen som stämmer bäst överens med brandtestet. Den teoretiskt beräknade
ståltemperaturen når en temperatur på 36°C. Den kritiska temperaturen för stålbalken
beräknades till 506°C, vilket inte uppnåddes varken under brandtestet, de teoretiska
beräkningarna eller simuleringar i TASEF.
Felmarginaler kan uppstå i resultatet beroende på att materialegenskaperna skiljer sig i TASEF
och i brandtestet. Likväl baseras de teoretiska beräkningarna på konstanta parametrar som i
verkligheten kan variera med tid och temperatur. Skillnaderna kan inte försummas men kan
antas ha sådan liten inverkan på resultatet att resultatet i sig kan betraktas trovärdigt.
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Nomenclature
𝐴𝑓 = floor area (m2 )
𝐴𝑠𝑡
𝑉𝑠𝑡

= Section factor (m−1 )

𝐴𝑡 = total surface area (m2 )
𝐴𝑡𝑜𝑡 = total surface area of enclosure (m2 )
𝐴𝑣 = total surface area of vertical openings on all walls (m2 )
𝑂 = opening factor (m1/2 )
𝑇 = temperature of intrest (K or ℃)
𝑇0 = refrence temperature (K or ℃)
𝑇𝐴𝑆𝑇 = adiabatic surface temperature (K or ℃)
𝑇𝑓 = fire temperature (K or ℃)
𝑇𝑓𝑖+1 = fire temperature varying with time (K or ℃)
𝑇𝑔 = absolute surrounding gas temperature (K or ℃)
𝑇𝑔,𝑚𝑎𝑥 = maximum gas temperature at the end of the heating phase (K or ℃)
𝑇𝑚𝑎𝑥 = gas temperature at the end of the heating phase (K or ℃)
𝑇𝑟 = incident radiation (K or ℃)
𝑇𝑠𝑡 = steel temperature (K or ℃)
𝑇𝑠 = absolute surface temperature (K or ℃)
𝑏 = thermal property parameter (J/(m2 s1/2 K))
𝑐 = specific heat capacity(J/kg ∗ K)
𝑐𝑐𝑠 = width of the cross section (mm)
𝑖
𝑐𝑠𝑡
= specific heat capacity of steel(J/kg ∗ K)

𝑑𝑖𝑛 = thickness of insulation (m)
𝑒 = specific volumetric enthalpy (kJ/m3 )
𝑓𝑦 = yield strenght (N/mm2 )
𝑓𝑦,𝜃 = the effective yield strenght (N/mm2 )
ℎ𝑐 = heat transfer coefficient (W/(m2 K))
ℎ𝑒𝑞 = weighted average of window heights (m)
𝑘 = conductivity (W/(m K))
𝑘𝑖𝑛 = conductivity of insulation(W/(m K))
𝑙𝑖 = latent heat at various temperatures(J/m3 )

VII

𝑡 = time (min)
𝑡𝑐𝑠 = thickness of the cross section (mm)
𝑡𝑚𝑎𝑥 = duration of the heating phase (h)
𝑡 ∗ = expanded time(h)
∗
𝑡𝑚𝑎𝑥
= expanded time in correspond to maximum time (h)

𝑞 = heat flux boundary (Ws)
"
𝑞̇ 𝑖𝑛𝑐
= incident radiation(Ws per unit area)

𝑞𝑡,𝑑 = fire load density related to the total surface area (MJ/m2 )
𝛽 = convective heat transfer coefficient (W/m2 K)
𝛤 = expansion coefficient (−)
𝛾 = convective heat transfer power (−)
𝛥𝑡 = time increment (s)
𝜀 = resultant emissivity (−)
𝜀𝑐𝑠 = coefficient depending on fy (−)
𝜃𝑎,𝑐𝑟 = critical temperature (℃)
𝜆 = thermal conductivity (W/mK)
𝜇0 = deegree of utilization (−)
𝜌 = density(kg/m3 )
𝜌𝑠𝑡 = steel density(kg/m3 )
𝜎 = stefan − bolzmann constant (W/m2 K 4 )

Abbreviations
AST

Adiabatic surface temperature

BBR

Boverkets Building Regulations (Boverkets Byggregler)

FEM

Finite Element Method

ISO

International Organization for Standardization

LTU

Lulea University of Technology

PT

Plate thermometer

TC

Thermocouple

TASEF

Computer code for Temperature Analysis of Structures Exposed to Fire

PBA

The Planning and Building Act
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1 Introduction
A common way to construct buildings is by using modular construction where the different parts
of the building are constructed off-site and then assembled on-site. Modular construction is
considered to be a faster, smarter and more environmentally friendly way of building large and
small buildings. Due to that the modules are pre-fabricated off-site under controlled conditions
in factories, construction schedules, waste and transportations can be reduced. The construction
work of the modules can occur simultaneously with the foundation work and materials can be
reused and recycled. The building process then becomes more efficient, more sustainable and
safer as the delays due to the weather are eliminated and the risk of accidents are reduced due to
the indoor construction environment. Large commercial buildings, like hospitals and hotels, are
often built using this process because the modules can be designed and engineered in accordance
to specific site requirements (Modular Building Institute, n.d).
Modular buildings can however be subject to easy fire spread due to its cellular nature. By
assembling modules side-by-side, gaps are created between the modules and/or in between
modules and facades, see Figure 1.1. These cavities must remain devoid of combustible material
and remain air tight at all times, even during fire. The reason of this is to avoid that the air flow
inside the cavity causes them to work as “highways” for the fire spread, see Figure 1.2, which can
lead to devastating damages on properties (P.Andrade, personal communication, 21 January,
2018).

Module walls

Steel column

Cavity

Module 1

Module 2

Figure 1.1: Drawing of a cavity between two modules in a modular building with a steel framed construction.
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Figure 1.2: Fire spread in cavities between modules in a modular building shown with an IR-camera. (Umeå kommun
Brandförsvar och Säkerhet, 2013).

However, if a fire occurs in a compartment of a modular building it is essential that the loadbearing construction, like all times during a fire, is dimensioned to meet the requirements of fire
safety (Buchanan et al., 2017).

1.1 Background
Boverket’s Building Regulations (BBR) regulates how buildings in Sweden are built, rebuilt or
extended and contains mandatory provisions and general recommendations. It is divided into
nine chapters where chapter five regulates the safety in case of fire (Boverket, 2017).
An essential part of structural design for fire safety is to be able to predict the impact of heat on
the structures. With help from measured and predicted temperatures this can be calculated and
examined approximately. Several experimental studies have measured temperatures for different
compartments of post-flashover fires depending on the balance between the heat transfer
throughout the room and the heat losses due to openings etc (Buchanan et al., 2017). Butcher et
al. in 1966 measured time temperature curves in real rooms with door or window openings and
well distributed fuel load (Butcher et al., 1966). Magnusson and Thelandersson in 1970 developed
time-temperature curves for different ventilation factors and fuel loads, often referred to as the
“Swedish” fire curves (Magnusson and Thelandersson, 1970). Thomas and Heselden in 1972
examined the recorded temperatures during the burning period of wood crib fires in small-scale
compartments (Thomas & Heselden, 1972). Typical time-temperature-curves have then been
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obtained and standardised for various temperature calculations and fire resistance testing, for
example the ISO 834-curve (Buchanan et al., 2017).
The behaviour of fire-exposed steel structures is an essential knowledge in fire safety designs.
The temperature in the steel increases when exposed to fire while the strength and stiffness are
reduced. Depending on several factors like the severity of the fire and the area of steel exposed
to the fire, the temperature development in the steel differs. However, by using methods for
calculating the fire resistance and protecting steel members the steel buildings can be designed
to fulfil the fire resistance requirements (Buchanan et al., 2017).
Modelling and predicting the thermal behaviour in a fire-exposed structure can be used when
developing solutions to different fire safety problem. By using computer codes, the temperature
development can be calculated and analysed for structures and materials with temperaturedependent thermal properties. Temperature Analysis of Structures Exposed to Fires (TASEF) is a
computer program based on the finite element method and optimized for fire safety problems. It
allows for temperature calculations in two dimensions and modelling heat transfer by radiation
and convection in internal voids (Wickström, 2016).
In Performance of cavity barriers exposed to fire it is validated that cavities surrounded by
combustible material, for example wood, need cavity barriers to prevent fire spread (Gustavsson
et.al., 2017). In buildings constructed by non-combustible materials the behaviour of the
construction when exposed to fire depends on several other factors, for example if the cavities are
ventilated or non-ventilated, and if the load bearing construction is protected or not.

1.2 Aim
The aim of the thesis was to examine to what extent an unprotected steel column in a modular
building is affected by a fire. The steel column is placed in a cavity between two modules and
thereafter exposed to a fire. The temperature distribution in the steel column was investigated to
confirm if the column meets the requirements.

1.2.1 Questions to be answered
Problem statements:
•

What temperatures can be expected in sandwich panels and the steel column?

•

What parameters affects the temperature differences?

•

Does the steel column need to be fire protected?

•

In TASEF, what temperatures are generated in the test assembly?

1.3 Objectives
The main objective of this thesis was to investigate the temperature distribution in a steel column
between two modules when exposed to fire. To examine the temperature distribution a specimen
constituted of sandwich panels and a steel column was built and examined during a fire test. The
specimen was built to represent the gap between two modules and the steel column structure in
the building.
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Another objective was to compare the result from the fire test with calculated temperatures and
computer simulations.

1.4 Limitations
The thesis was limited to a fire test regarding temperature distribution in the specimen when fire
exposed to one side. The results from the test was compared with theoretical calculations and
computer simulations made in TASEF.
The specimen investigated was constructed to meet the EI60 requirements according to BBR and
should therefore withstand a fire for 60 minutes regarding integrity and insulation.
Temperature distribution in the different materials were considered in the thesis but the
structural behaviours of the steel column and sandwich panels were not investigated.
The steel profile in the examined building is a column. However, the steel profile investigated is
referred to as a beam, due to its horizontal placement in the fire test.
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2 Theory
This section includes the theory required to evaluate and examine the result of the thesis.
Furthermore, the section describes modular building, cavities, heat transfer, steel constructions
exposed to fire, temperature measuring devices, design fires and the TASEF method.

2.1 Modular Building
The process when buildings are constructed off-site and then assembled on-site is called modular
construction. The modules are often manufactured using the same materials, design and codes as
buildings constructed on-site. The modules are also constructed in controlled conditions and
often produced in half the time compared to on-site constructed buildings (Modular Building
Institute, n.d).
A Swedish example of a fire in a modular building is Klintbacken, Luleå, 2013. The building was
a residential building with a timber framed structure, which was constructed from prefabricated
modules. The fire originated in a kitchen due to an oil fire in a saucepan and spread to the cabinet
above the stove and through the ventilation shaft up to the attic. The fire spread in the ventilation
shaft due to combustible paperboard and plastic protection left in the cavity from the building
process. The fire spread from the attic to several modular compartments. The building was almost
burned down to the ground, see Figure 2.1 and caused devastating damages on the construction
(Umeå kommun Brandförsvar och Säkerhet, 2013).

Figure 2.1: Damages on the residential building at Klintbacken the day after the fire.
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2.1.1 Cavities
When modules are assembled, cavities or concealed spaces arise in the enclosed area in the
building elements between the modules. The cavities are non-ventilated or ventilated depending
on the construction. The cavities are particularly hazardous in the event of a fire and smoke
spread, as it can spread rapidly throughout the building and remain undetected for fire protection
system and occupants in the building. Ventilated cavities are more prone to quickly spread the
fire than unventilated cavities, due to the unlimited air supply in the ventilated cavities. These
fires can cause severe damage to occupants and buildings, therefore it is important to control the
sizes of the concealed spaces and the material used in them (Scottish Building Standards, 2016).

2.2 Building Regulations
The Planning and Building Act (PBA) (SFS 2010:900) is the law in Sweden that regulates the
planning of ground, water and construction. Boverkets Building Regulations (BBR) is a collection
of mandatory provisions and general recommendations that specifies the requirements from the
PBA. The mandatory provisions constitute of more detailed regulations. The general
recommendations state how to meet the regulations in an act or a mandatory provision (Boverket,
2017).
BBR consists of nine chapters that regulate how buildings should be built, rebuilt or extended.
Chapter five in BBR regulates fire safety and how a building should be designed and functionate
during a fire. According to BBR chapter five, the EI60 requirements imply that every module
should withstand a fire for 60 minutes regarding integrity and insulation. The EI60 requirement
is, according to BBR, typical for residential and commercial buildings (Boverket, 2017).

2.3 Heat Transfer
In nature, all systems are trying to achieve equilibrium. When heat transfers, it generally travels
from high temperatures to low temperature. This can be proceeded in three different ways, via
conduction, convection or radiation, see Figure 2.2 (Wickström, 2016).

Figure 2.2: Heat transfer mechanism by radiation and convection at a surface.
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Thermal conduction is known as a molecular process by which energy is transferred from high
energy/temperature to low energy/temperature. This is associated with high molecular energies
and high temperatures and are achieved when molecules collide and transfer energy from more
to less energetic molecules (Wickström, 2016).
Convection is a process when heat is transferred by movement from a fluid to a surface or solid
at different temperatures, such as air or water. There are different kinds of convection such as
forced and natural convection. The natural convection occurs when the temperature differs
between a surface and the adjacent gas. Forced convection is when the gas or fluid is induced by
for example a fan (Wickström, 2016).
Radiation is heat transfer by electromagnetic waves where the energy passes through vacuum as
well as air. Radiation is different from both conduction and convection as it does not require
matter or medium. Conduction and convection are depending on temperature differences, yet
radiation depends on the individual body surface temperatures differences. Heat transfer by
radiation is therefore dominate over convection in high temperature levels in fires (Wickström,
2016).
The total heat flux to a surface can be calculated by subtracting the emitted and convective flux
from the absorbed heat:
"
"
"
"
𝑞̇ 𝑡𝑜𝑡
= 𝑞̇ 𝑎𝑏𝑠
− 𝑞̇ 𝑒𝑚𝑖
+ 𝑞̇ 𝑐𝑜𝑛

2.1

According to Newton’s law of cooling, the heat transferred by convection is expressed as:
"
𝑞̇ 𝑐𝑜𝑛
= ℎ𝑐 ∙ (𝑇𝑔 + 𝑇𝑠 )

2.2

Where ℎ𝑐 is the convection heat transfer coefficient (W/m2K), 𝑇𝑔 is the surrounding gas
”
temperature (K) and 𝑇𝑠 is the surface temperature (K). The net heat flux 𝑞̇ 𝑟𝑎𝑑
is the difference
”
”
between the absorbed, 𝑞̇ 𝑎𝑏𝑠
and emitted, 𝑞̇ 𝑒𝑚𝑖
heat flux. The absorbed heat flux is in proportion
to the incident heat flux to a surface:
”
”
𝑞̇ 𝑎𝑏𝑠
= 𝜀𝑠 ∙ 𝑞̇ 𝑖𝑛𝑐

2.3

The surface emissivity, 𝜀𝑠 depend on the temperature and the wavelength of the radiation. The
"
incident radiation, 𝑞̇ 𝑖𝑛𝑐
of a black body is according to Stefan-Boltzmann law of thermal radiation
expressed as:
"
𝑞̇ 𝑖𝑛𝑐
= 𝜎 ∙ 𝑇𝑟4

2.4

Where 𝑇𝑟 is the black body radiation temperature (K) and σ is Stefan Boltzmann's constant
(W/(m2*K4)) (Wickström, 2016).

2.4 Steel Constructions Exposed to Fire
When steel is exposed to fire, the strength and stiffness of the steel are reduced due to the
increased temperature (Buchanan et al., 2017). The critical temperature of a steel member is
defined as the temperature at which it cannot safely support its load. When the temperature of
the steel in particular exceeds 400°C, mechanical properties such as strength and modulus of
elasticity deteriorate (Wickström, 2016).
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Carbon steel retains its full (room temperature) strength up to about 450°C. Thereafter, it drops
rapidly and at 800°C it only retains about 10% of its room temperature strength. Stainless steel
retains 90% of its room temperature strength at 200°C and 75% at 500°C. The stiffness of carbon
steel is reduced to only 13% of its room temperature value at 700% while the stainless steel retains
70% of its room temperature value at the same temperature. Both the carbon steel and the stainless
steel converge to zero stiffness at 1200°C (Gardner and Ng, 2006).
Depending on the exposed time, applied loads and support, this can lead to deformation and
failure. Even thermal expansion of the steel structure can cause damages on other members in the
building. The main factors affecting the behaviour of steel structures are:
•

The structural elevated temperatures;

•

The structural fire limit state loads;

•

The mechanical properties of the steel; and

•

The geometry and design of the structure.

The temperature increases with the severity of the fire, to what extent the steel is exposed and if
protection is applied. If the temperature does not exceed the critical temperature, unprotected
steel can survive fires. Compared to reinforced concrete and timber structures exposed to fires,
the steel constructions perform poorly, because the steel members are often thinner than concrete
and timber structures. Steel also has a higher thermal conductivity. Full scale test has shown that
well designed steel structures can resist severe fires without collapse, even when some of the
load-bearing members are unprotected. Most steel structures require some sort of protection to
achieve the required fire resistance and the protection can be either passive or active fire
protection (Buchanan et al., 2017).
According to Eurocode 3 (EN 1993-1-2:2005) the density of the steel, 𝜌𝑠𝑡 , can be assumed
independent of the temperature. A value of 7850kg/m3 may be used.
The specific heat of steel, 𝑐𝑠𝑡 , and the thermal conductivity, 𝜆𝑠𝑡 , varies with the temperature.
According to Eurocode 3 (EN 1993-1-2:2005) the specific heat can be determined as the equations
in Table 2.1. The thermal conductivity can be determined as the equations in Table 2.2. 𝑇𝑠𝑡 , is the
steel temperature. The variations are illustrated in Figure 2.3.
Table 2.1: Equations for the specific heat varying with temperature.

Temperature [°C]

Specific Heat [J/kgK]

20 ≤ 𝑇𝑠𝑡 < 600

3
2
𝑐𝑠𝑡 = 425 + 7.73 ∗ 10−1 ∗ 𝑇𝑠𝑡 − 1.69 ∗ 10−3 ∗ 𝑇𝑠𝑡
+ 2.22 ∗ 10−6 ∗ 𝑇𝑠𝑡

600 ≤ 𝑇𝑠𝑡 < 735

𝑐𝑠𝑡 = 666 +

13002
738 − 𝑇𝑠𝑡

735 ≤ 𝑇𝑠𝑡 < 900

𝑐𝑠𝑡 = 545 +

17820
𝑇𝑠𝑡 − 731

900 ≤ 𝑇𝑠𝑡 < 1200
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𝑐𝑠𝑡 = 650

Table 2.2: Equations for the thermal conductivity.

Temperature [°C]

Thermal Conductivity [W/mK]

20 ≤ 𝑇𝑠𝑡 < 800

𝜆𝑠𝑡 = 54 − 3.33 ∗ 10−2 ∗ 𝑇𝑠𝑡

800 ≤ 𝑇𝑠𝑡 < 1200

𝜆𝑠𝑡 = 27.3

Figure 2.3: Illustation of the specific heat and thermal conductivity for steel varying with temperature. (EN 1993-12:2005).

2.4.1 Protected Steel Sections
To protect the steel and prevent the temperature increase the construction can be insulated by for
example boards, concrete, insulation materials or intumescent paint (Wickström, 2016). The level
of protection needed is regulated by requirements in the BBR, depending on the building type,
construction type and the activity performed in the building (Boverket, 2017).
Since steel is a material with high conductivity, the temperature in the material can often be
assumed uniform. The heat transfer resistance between the fire gases and the protection surface
is negligible since the fire and the exposed surface temperatures are assumed equal. In addition,
the gas and radiation temperature are assumed equal to the fire temperature, i.e. 𝑇𝑔 = 𝑇𝑟 = 𝑇𝑓
(Wickström, 2016).
The temperature in the steel can be calculated according to (Wickström, 2016) by
𝑖+1
𝑖
𝑇𝑠𝑡
= 𝑇𝑠𝑡
+

𝐴𝑠𝑡
𝛥𝑡
𝑘𝑖𝑛
𝑖
∗
(
)(𝑇𝑓𝑖+1 − 𝑇𝑠𝑡
)
𝑖 𝑑
𝑉𝑠𝑡 𝜌𝑠𝑡 ∗ 𝑐𝑠𝑡
𝑖𝑛

2.5

𝑖
where 𝑇𝑠𝑡
is the steel temperature at the first time increment (°C), 𝐴𝑠𝑡 /𝑉𝑠𝑡 the section factor of the
steel column obtained from Eurocode 3 (EN 1993-1-2:2005) (m-1), 𝛥𝑡 the time increment (s), 𝜌𝑠𝑡 the
𝑖
density of the steel (kg/m3), 𝑐𝑠𝑡
the specific heat capacity varying with the temperature (J/kgK),
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𝑘𝑖𝑛 the conductivity of the insulation (W/mK), 𝑑𝑖𝑛 the thickness of the insulation (m) and 𝑇𝑓𝑖+1
the fire temperature varying with time (°C) (Wickström, 2016).

2.4.2 Unprotected Steel Sections
The temperature of unprotected steel when exposed to fire depends mostly on the heat transfer
between the fire gases and steel surfaces. The temperature can be calculated according to
(Wickström, 2016) as
𝑗+1

𝑇𝑠𝑡

𝐴𝑠𝑡

𝑗

= 𝑇𝑠𝑡 +

𝑗
𝑐𝑠𝑡

∗ 𝜌𝑠𝑡 ∗ 𝑉𝑠𝑡

𝑗4

[𝜀𝑠𝑡 ∗ 𝜎(𝑇𝑓

𝑗4

𝑗

𝑗

− 𝑇𝑠𝑡 ) + ℎ𝑐 (𝑇𝑓 − 𝑇𝑠𝑡 )] ∗ 𝛥𝑡

2.6

𝑗

where 𝑇𝑠𝑡 is the steel temperature at time increment j (°C), 𝐴𝑠𝑡 the area of the cross section of the
𝑖
steel column (m2), 𝑐𝑠𝑡
the specific heat capacity varying with the temperature (J/kgK), 𝜌𝑠𝑡 the
density of the steel (kg/m3), 𝑉𝑠𝑡 the volume of the steel column (m3), 𝜀𝑠𝑡 the emissivity of the steel,
𝑗
the Stefan Boltzmann(W/m2 K 4 ) constant, 𝑇𝑓 the fire temperature at time increment j (°C ), ℎ𝑐 the
convection heat transfer coefficient (W/m2 K) and 𝛥𝑡 the time increment (s) (Wickström, 2016).
When an I-section is exposed to fire, the flanges prevent the radiation from hitting the side of the
web, see Figure 2.4. This effect is called the shadow effect and reduces the exposed surface of the
section. When considering the shadow effect of an I-section, the exposed area is calculated as if
the section was a box, see Figure 2.5. The area per unit length Ast is thereafter replaced by the
“boxed” area, Ab (Wickström, 2016).

Figure 2.4: Illustration of the shadow effect of an I-section.

Figure 2.5: Illustration of the shadow effect of an I-section exposed to fire from four sides. (a) is Ast and (b) is the
corresponding boxed area, Ab.
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2.4.3 Steel Sections in a Void Between Two Heat Screens
A steel column ca be located between two vertical heat screens, see Figure 2.6. A gap will then
appear between the heat screens and air will flow around the column. To calculate the steel
temperature when the construction is exposed to fire, both methods described above can be used.
The choice of method depends on whether the steel is protected or not. The fire temperature is
taken as the gas temperature inside the void, which is determined experimentally (Franssen &
Real, 2012).

Figure 2.6: Steel section in a void between two heat screens exposed to fire.

2.4.4 Critical Temperatures in Steel Construction
The first step when calculating the critical temperature is to determine the cross-section class.
Thereafter, the class is used to determine the degree of buckling of loadbearing and rotation
ability for a cross section. The classification depends on the width and thickness of the pressurized
parts of the cross section. According to Eurocode 3 (EN-1993-1-1:2005) the cross-section class can
be determined by fulfilling the conditions
𝑐𝑐𝑠
2.7
≤ 𝑥 ∗ 𝜀𝑐𝑠
𝑡𝑐𝑠
where 𝑐𝑐𝑠 is the width of the web (mm) and 𝑡𝑐𝑠 is the thickness of the web (mm), see Figure 2.7. 𝑥
depends on the cross-section classes 1(𝑥=33), 2(𝑥=38) and 3(𝑥=42).

Figure 2.7: HEA Column cross-section.

At elevated temperatures, the constant 𝜀𝑐𝑠 is defined in Eurocode 3 (EN 1993-1-2:2005) as
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235
𝜀𝑐𝑠 = 0.85 ∗ √
𝑓𝑦

2.8

where fy is the yield strength (N/mm2).
The critical temperature (°C), 𝜃𝑎,𝑐𝑟 is defined in Eurocode 3 (EN-1993-1-2:2005) for cross-section
class is 1, 2 or 3 as
1
𝜃𝑎,𝑐𝑟 = 39.19 ∗ 𝑙𝑛 [
− 1] + 482
0.9674 ∗ 𝜇03.833

2.9

where 𝜇0 is the degree of utilization at t > 0.013 and defined as
𝜇0 =

𝐸𝑓𝑖,𝑑
𝑅𝑓𝑖,𝑑,0

2.10

where 𝐸𝑓𝑖,𝑑 is the dimensional fire load effect according to Eurocode 1 (EN 1991-1-2:2012) and
𝑅𝑓𝑖,𝑑,0 is the dimensions fire load bearing fire effect at time zero. Generally, in fire calculations the
degree of utilization is equal to 60 %, which will be used herein.
The reduction factor for stress and strain at increased fire temperatures for coal steel, 𝑘𝑦,𝜃 is
between 20°C – 400°C is 1. The reduction factor is defined as
𝑘𝑦,𝜃 =

𝑓𝑦,𝜃
𝑓𝑦

2.11

Where fy is the yield strength (N/mm2) and fy,θ is the effective yield strength (N/mm2).

2.5 Fire Rated Insulation Material
The most common building insulation materials are rock wool, glass wool, cellulose, gypsum and
polystyrene. Rock wool is non-combustible material with low conductivity and therefore it is a
good insulation material. It is often used in constructions due to its long-term performance during
fire exposure (Itewi, 2011). How well a material conducts heat is defined as the thermal
conductivity, W/(mK). Which is the quantity of heat conducted through materials when the
temperature difference between the surfaces equals 1 K. The conductivity also depends on the
density of the material, and in general, materials with low density have a lower conductivity and
vice versa, the lower value the better insulation property of the material (Wickström, 2016).

2.6 Temperature Measuring Devices
The equipment used for measuring temperatures during the fire test is thermocouples and plate
thermometers.

2.6.1 Thermocouples
The thermocouple type used in the fire test is a K-type, see Figure 2.8.
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Figure 2.8: Thermocouple wire with the end peeled off.

The melting point for K-type thermocouples (TC) is around 1400 °C, and the mechanical
properties and resistance to corrosion are high at this temperature. However, at temperatures
above 800 °C oxidation occurs which can lead to considerable measuring errors. TC also age and
lose their ability to measure accurate when they are used for longer times in temperatures above
500 °C, and therefore they should not be used for more than 20 hours (Wickström, 2016).
TC are sensitive to the gas temperature, 𝑇𝑔 , and the incident radiation, 𝑇𝑟 . The temperature is
measured by TC in the junction between the threads. TC adjust to temperatures depending on
the thermal response of convection and radiation. Therefore, the smaller dimensions the quicker
response to thermal changes and the more sensitive to convection (Wickström, 2016).

2.6.2 Plate Thermometer
The plate thermometer (PT) is specified in ISO-843 and EN 1363-1. It was originally developed to
measure and control the temperatures in fire resistance furnaces. The standard PT is made of a
0.7 mm thick metal plate of Inconel 600 (trade name) with a TC attached to the middle of the back
side, where the back side is insulated. The exposed face of the metal plate is 100 x 100 mm and
the insulation is 10 mm thick, see Figure 2.9 (Wickström, 2016).

Figure 2.9: Plate thermometer, (RISE Research Institute of Sweden, 2018).
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The PT measures the Adiabatic Surface Temperature (AST) which is a weighted average
temperature in between the radiation and gas temperature. When a surface no longer can absorb
heat, the temperature on the surface becomes the adiabatic surface temperature. 𝑇𝐴𝑆𝑇 , (°C), is
defined in the Eq. 2.12 and depends on the emissivity of the surface and the heat transfer by
convection (Wickström et al., 2007).
"
4
𝜀(𝑞̇ 𝑖𝑛𝑐
− 𝜎𝑇𝐴𝑆𝑇
) + ℎ𝑐 (𝑇𝑔 + 𝑇𝐴𝑆𝑇 ) = 0

2.12

"
where 𝜀 is the emissivity for the surface (-), 𝑞̇ 𝑖𝑛𝑐
the incident radiation (Ws per unit area), 𝜎 the
Stefan Boltzmann(W/m2 K 4 ) constant, 𝑇𝐴𝑆𝑇 the adiabatic surface temperature (°C), ℎ𝑐 the
convection heat transfer coefficient (W/m2 K) and 𝑇𝑔 the gas temperature (°C) (Wickström et al.,
2007).

2.7 Design Fire
According to Eurocode 1 (EN 1991-1-2:2012), temperature-time curves are divided into nominal
temperature-time curves and natural fire models.

2.7.1 Nominal Temperature -Time Curve
One of the nominal temperature-time curves is the standard temperature-time curve, also called
the ISO 834-curve. According to Eurocode 1 (EN 1991-1-2:2012) it is defined as
2.13

𝑇 = 20 + 345 ∗ log10 (8t + 1)
where 𝑇 is the temperature (°C) and t is the time (minutes).

The ISO 834-curve represents the gas temperature development over time during a post-flashover
compartment fire. It is identical for all types of scenarios and does not account the variety of
thermal exposure caused by different compartment geometries, fuel, fuel loads, opening sizes or
thermal properties of the compartment boundaries (Karlsson et al., 2000).

2.7.2 Parametric Fire Model
One of the natural fire models is the parametric temperature-time curve which, unlike the ISO
834-curve, is not only based on time and temperature but have parameters that represent
important physical phenomena that affect the fire development in a compartment. The gas
temperature during the heating phase for the parametric fire curve is defined in Eurocode 1 (EN
1991-1-2:2012)
∗

∗

∗

𝑇𝑔 = 20 + 1325 ∗ (1 − 0.324𝑒 −0.2𝑡 − 0.204𝑒 −1.7𝑡 − 0.472𝑒 −19𝑡 )

2.14

where 𝑇𝑔 is the gas temperature (℃) and 𝑡 ∗ the expanded time (hour). The expanded time 𝑡 ∗is a
product of time, 𝑡 multiplied with the expansion coefficient 𝛤and defined as
𝑡∗ = 𝛤 ∗ 𝑡
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2.15

When the expansion coefficient, 𝛤 is equal to one, the curve is similar to the standard temperaturetime curve. If 𝛤 is greater than one, the fire is fast growing and if 𝛤 is smaller than one, the fire is
slow growing. The expansion coefficient, Γ is defined as
2
𝑂⁄
𝛤 = ( 0.04 )
𝑏⁄
1160

2.16

where 𝑂 is the opening factor (m½) and b the parameter that represent the thermal properties of
the enclosure (J/(m2s1/2K)). The opening factor, 𝑂 is calculated as
𝑂=

𝐴𝑣 √ℎ𝑒𝑞
𝐴𝑡𝑜𝑡

2.17

Where, 𝐴𝑣 is the total area of vertical openings on all walls (m2), ℎ𝑒𝑞 is the weighted average of
window heights on all walls (m) and 𝐴𝑡𝑜𝑡 is the total area of enclosure (walls, ceiling and floor,
including openings) (m2). The opening factor have the following limits: 0.02 ≤ 𝑂 ≤ 0.20. When the
walls are made of a single material, 𝑏 is calculated as
2.18

𝑏 = √𝑐𝜌𝜆

where 𝑐 is the specific heat of the material forming the boundaries (J/kg), is 𝜌 the density of the
material (kg/m3) and 𝜆 is the thermal conductivity of the material (W/mK) (EN 1991-1-2:2012).
When the compartment boundary consists of several layers of different material, 𝑏 can be
calculated as
𝑏=

∑ 𝑏𝑖 ∗ 𝐴𝑖
∑ 𝐴𝑖

2.19

Where 𝑏𝑖 (-) is the value of the factor for part 𝑖 and 𝐴𝑖 (m2) is the area of part 𝑖 (EN 1991-1-2:2012).
∗
∗
When 𝑡 ∗ = 𝑡𝑚𝑎𝑥
, the maximum gas temperature of the heating phase 𝑇𝑔,𝑚𝑎𝑥 occurs. 𝑡𝑚𝑎𝑥
is
described as
∗
𝑡𝑚𝑎𝑥
= 𝑡𝑚𝑎𝑥 ∗ 𝛤

2.20

where
𝑡𝑚𝑎𝑥 = 0.0002 ∗

𝑞𝑡,𝑑
𝑂

2.21

where 𝑞𝑡,𝑑 is the fire load density (MJ/m2) related to the total surface area 𝐴𝑡 (m2) of the
compartment and expressed as
𝑞𝑡,𝑑 =
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(𝑞𝑓,𝑑 ∗ 𝐴𝑓 )
𝐴𝑡

2.22

where 𝑞𝑡,𝑑 is the fire load density (MJ/m2) related to the floor are and 𝐴𝑓 if the floor area (m2) (EN
1991-1-2:2012).
The temperature-time curve for the cooling phase is described as
∗
𝑇𝑔 = 𝑇𝑚𝑎𝑥 − 625(𝑡 ∗ − 𝑡𝑚𝑎𝑥
)

∗
𝑓𝑜𝑟 𝑡𝑚𝑎𝑥
≤ 0.5

∗
∗
𝑇𝑔 = 𝑇𝑚𝑎𝑥 − 250(3 − 𝑡𝑚𝑎𝑥
)(𝑡 ∗ − 𝑡𝑚𝑎𝑥
)

∗
𝑓𝑜𝑟 0.5 ≤ 𝑡𝑚𝑎𝑥
≤ 2.0

∗
𝑇𝑔 = 𝑇𝑚𝑎𝑥 − 250(𝑡 ∗ − 𝑡𝑚𝑎𝑥
)

∗
𝑓𝑜𝑟 2.0 ≤ 𝑡𝑚𝑎𝑥

The parametric fire curve depends on the fire load and the ventilation conditions of the
compartment, and therefore it can be applied on complex fires (EN 1991-1-2:2012).

2.8 Temperature Analysis - TASEF
TASEF calculates temperatures in structural elements exposed to fire. The program can be used
either for two-dimensional or axisymmetric structures and the temperature distribution is based
on the finite element method (Wickström et al., 1990).
TASEF specifies each scenario by defining time-temperature relationship and the thermal
properties for each material varying with temperature. The thermal properties can be defined by
the user. TASEF also allow for latent heat in the temperature calculation (Wickström et al., 1990).
The thermal conductivity of materials used in the simulations are specified at different
temperatures. Between two temperatures, the values are assumed to vary linearly. The heat
capacity is indirectly set by the specific volumetric enthalpy, 𝑒, defined as
𝑇

2.23

𝑒 = ∫ 𝑐 ∗ 𝜌 ∗ 𝑑𝑇 + ∑ 𝑙𝑖
𝑇𝑜

where 𝑇0 is the reference temperature (usually set to zero) (K), 𝑇 the temperature of interest (K),
𝑐 the specific heat capacity (J/kg*K), 𝜌 the density (kg/m3) and 𝑙𝑖 the latent heat at various
temperatures (J/m3). The latent heat varies at different temperatures for instance evaporation of
water and chemical reactions (Wickström et al., 1990).
The program models heat transfer via convection and radiation in internal voids, it also allows
for conditions where radiation and gas temperatures are different. The heat transfer across
internal voids are calculated depending on different view factors. The heat flux boundary (Ws) is
defined as
𝑞 = 𝜀𝜎(𝑇𝑔4 − 𝑇𝑔4 ) + 𝛽(𝑇𝑔 − 𝑇𝑠 )

𝛾

2.24

where 𝜀 is the resultant emissivity (-), 𝜎 the Stefan-Boltzmann constant (W/m2 K4), 𝑇𝑔 the absolute
surrounding gas temperature (e.g. fire temperature) (K), 𝑇𝑠 the absolute surface temperature (K),
𝛽 the convective heat transfer coefficient (W/m2 K) and 𝛾 the convective heat transfer power
(Wickström et al., 1990).
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3 Methodology
The following section describes the case studied in the thesis and the methodology used to
examine the object. The initial stage of the thesis was a literature study and numerical
calculations. The second part contained a fire test and the last part computer simulations in
TASEF.

3.1 Case Study
The object investigated in this thesis is a part of a building constructed by prefabricated modules.
When modules are placed side by side gaps are created between the modules. The test represents
such set up, where the origin of fire is in one of modules, see Figure 3.1.

Figure 3.1: Fire in a module of a steel framed modular building.

The object constitutes of two wall sandwich panels and a steel column. The sandwich panels are
self-standing from a structural point of view and the steel column represents the load bearing
construction of the building. All modules are built to meet the EI60 requirements for a
residential or commercial building.

3.2 Literature Studies
The literature study has been performed by reading relevant literature, previous theses and
studies to obtain knowledge and information to conduct the project.
As the focus is on modular buildings and cavity fires, a thesis where the performance of cavity
barriers exposed to fire was examined and a report from a fire in a modular building at
Klintbacken, Luleå was reviewed. Studies and literature regarding steel constructions exposed to
fire and how to calculate temperature distribution has also been studied. Users instructions to
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TASEF was also studied, to gain understanding and knowledge needed to master the program.
Relevant regulations and standards were also examined.

3.3 Numerical Calculations
In experimental studies it is common to use numerical calculations to validate the results from
the fire test. A good scientific base is achieved when comparing the test result to the calculations,
therefore it is important to include this section in the report.
The temperature in the steel column was calculated by using the Eq. 2.6 and used along with the
physical constants and the thermal properties of the different materials from Appendix A.

3.4 Fire Test
The following section describes the components, the method and the procedure used during the
fire test. The test was conducted 2017-12-19 at Complab at Luleå University of Technology (LTU)
in collaboration with Isolamin Sweden AB Part Group and LTU. The fire test constituted of an
examination of a recreation of the cavity between two models of the modular building described
under section 3.1.
The initial strategy of the specimen was to place it upright inside the furnace, to create a scenario
as close to the recreation as possible. But due to the limited area inside the furnace, the used model
was placed horizontally on top of the furnace where the air tight cavity was created with a frame
of sandwich panels. The size of the specimen is based on the dimensions of the furnace in order
to obtain full support.

3.4.1 Test Apparatus
The test apparatus included a fire resisting furnace, a specimen and measuring devices such as
thermocouples and plate thermometers. All measuring devices were connected to a data
acquisition, called MGCplus, which was linked to a computer with a program that generated
output files with all temperatures achieved during the fire test.

The Furnace
The test was performed with the fire resisting furnace at Complab at LTU. The furnace is 940 x
1340 mm with an inner depth of 900 mm, Figure 3.2. On the inside, the furnace is covered with
fire resistant insulation and has two plate thermometers installed, see Figure 3.3.
The plate thermometers are provided to control the temperature within the furnace, which are
then connected to the gas that controls the burner (temperature) in the furnace.
The test set-up was exposed to the ISO-834 fire curve.
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Figure 3.2: The furnace at Complab LTU.

PT

Figure 3.3: Inside of the furnace.
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3.4.2 Test Set Up
The following section describes the test setup, the specimen and measuring devices.

Test Rig
The specimen was placed horizontally on top of the furnace. The front view of the experimental
set-up is illustrated in Figure 3.4. Figure 3.5 illustrates the experimental set-up from above, where
the placement of the steel column is shown between the sandwich panes and the red dashed line
represents the placement of the furnace under the specimen.

Figure 3.4: Experimental set-up, front view.

Figure 3.5: Experimental set-up, top view.
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Figure 3.6 shows the specimen placed on top of the furnace, where the thermocouple wires can
be seen in the corner.

Figure 3.6: Experimental set-up at Complab.

Specimen
Two sandwich panels, a HEA 160 beam and a sandwich panel frame constituted the specimen.
The sandwich panels consisted of three layers, see Figure 3.7. The core of the sandwich panels
consisted of mineral wool with a density of 170 kg/m3. The outer layers of the sandwich panels
were made of 0.7 mm steel sheets. The total thickness of a sandwich panel was 80 mm and it
meets the EI60 requirements in BBR.

Figure 3.7: Cross section of a sandwich panel.

The sandwich panels were assembled by c-joints, see Figure 3.8.
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Figure 3.8: Sandwich panels assembled by c-joints.

Four upright sandwich panels constituted the frame which was fixed to one of the sandwich
panels by L-profiles, see Figure 3.9. This to create a cavity between the two sandwich panels.

Figure 3.9: Fixed sandwich panel frame on top of the bottom sandwich panel.

To prevent heat loss in the corners of the frame, the steel sheet on the panels were cut off
approximately 100mm into the short side panels before they were mounted on the bottom
sandwich panel. A corner on the inside of the frame can be seen in Figure 3.10.
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Figure 3.10: Corners of the sandwich panel frame.

The steel column (HEA160) was cut into a length of 1516 mm to fit the sandwich panel frame and
placed in the cavity, see Figure 3.11. Insulation was placed between the sandwich panels and the
steel beam to replicate as close as possible the actual position of the column towards the sandwich
panels. This allowed air flow around the beam and prevented heat transfer directly between the
sandwich panel and the steel beam. When the all thermocouples had been placed inside the cavity
and on the steel beam, the top sandwich panel was mounted on the frame and fixed with Lprofiles, see Figure 3.12.

Figure 3.11: Steel beam in place.
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Figure 3.12: Completely assembled specimen.

Placement of Measuring Devices
The placements of the thermocouples (TCs) were based upon where the highest temperatures of
the specimen were assumed to be. The most exposed areas were provided with three TCs and the
less affected parts with one TC.
The measuring points on the specimen were placed on the bottom sandwich panel (bottom and
top side), the steel column (bottom flange, web and top flange) and on the top sandwich panel
(bottom and top side), see Figure 3.13 to Figure 3.17. At the middle of the specimen, the TCs were
placed in a vertical line throughout the sandwich panels and the steel column.

Figure 3.13: Meauring points of the bottom side of the bottom sandwich panel.
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Figure 3.14: Measuring points on the top side of the bottom sandwich panel.

Figure 3.15: Measuring points on the steel beam.
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Figure 3.16: Measuring points on the bottom side of the top sandwich panel.

Figure 3.17: Meauring points on the top side of the top sandwich panel.

The bottom sandwich panel was provided with three TCs on each side (bottom and top) with 360
mm between the measuring points. On the top side of the bottom sandwich panel, outside the
frame, a TC was mounted to measure heat losses. The top sandwich panel was provided with a
TC at the middle on each side (bottom and top side).
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The steel column was provided with five TCs where three were placed on the flange closest to
the bottom sandwich panel, one on the web and the last one on the top flange. Finally, one TC
was placed inside the sandwich panel frame to measure the air temperature in the cavity.
The plate thermometer (PT) measures the AST, see Section 2.6.2 and were used to collect data to
use as the temperature affecting the sandwich panels when simulating in TASEF. Therefore, the
PT was placed on the fire exposed side close to the bottom side of the bottom sandwich panel.

Plate Thermometers
The PT was mounted 500 mm below the sandwich panel by a construction made of a metal strip,
a hollow steel profile and two steel screws, see Figure 3.18.

Figure 3.18: Mounted plate thermometer on the bottom side of the bottom sandwich panel.

Thermocouples
The TCs used during the fire test were of k-type with a capacity to measure temperatures up to
1200 °C. Fifteen TCs were mounted on the test assembly, see Figure 3.19.

Figure 3.19: Mounted TC on a sandwich panel and a TC connector.
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To mount TCs on the steel column, the first step was to drill two holes with one millimetre in
diameter. Thereafter the TC thread was placed in the drilled hole. A nailset was used to pinch the
steel around the thread, see Figure 3.20 for a mounted TC.

Figure 3.20: Mounted TC on the steel column.

To be able to connect the TCs inside the cavity and on the steel column to the MGCplus, the wires
were led through one of the corners of the sandwich panel frame, see Figure 3.21.

Figure 3.21: TC wires lead through the corner.
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3.4.3 Test Procedure
Test Duration
The duration of the test was 60 min and all measuring devices, PTs and TCs, were measuring
temperatures throughout the fire test. Initially, the collection of data started and after 92 seconds
the furnace was turned on. The furnace was turned off after 84 minutes.

Observations
Ocular observations were made, for example the appearance of deflections during the test was
noted at the time of occurrence. Photos were taken during and after the test to document any
visibly changes.
After the test, when the specimen had cooled completely, the specimen was lifted of the furnace.
The top sandwich panel was thereafter removed and the effects on the sandwich panels and steel
column in the cavity were noted.

3.5 Computer Simulations
In heat transfer problems it is common to use the Finite Element Method (FEM). Different
computer codes based on FEM are commercially available and can be specialized for heat transfer
problems or for general purpose. TASEF (Wickström et al., 1990) and SAFIR (Franssen et al., 2000)
are specially developed for fire engineering problems and ABAQUS is an example of an advanced
general-purpose finite element computer code. TASEF has been used during this thesis work.
For the computer simulations, five TASEF models were created, see Figure 3.22 and Table 3.1.
Each model was exposed to the temperatures measured by the PT in the fire test, referred to as
the fire test time-temperature curve. Model 1 was also exposed to the standard time temperature
curve ISO-834 and the parametric fire curve.

Figure 3.22:The five models created in TASEF.
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Table 3.1: Description of Model 1 to 5.

Model
1
2
3
4
5

Description
The steel beam is placed in contact with the mineral wool.
The steel beam is placed in contact with the mineral wool. Joints in the
sandwich panel are included.
The steel beam is placed in contact with the steel sheets of the sandwich panel.
The steel beam is placed in contact with a material with the same properties of
air, to resemble the specimen in the fire test.
The steel beam is placed in contact to a material with the same properties of
air, to resemble the specimen in the fire test.

Model 1 and 2 are simplified recreations of the fire test model. The steel beam is placed in contact
to the mineral wool. The steel sheets are not included as it is assumed that the conductivity in the
steel sheets are neglectable. Model 3 is the same model, but the steel sheets are included. The steel
beam is placed in contact to the steel sheets.
Model 4 and 5 are more similar recreations of the fire test model. The steel sheets are not included
as it is assumed that the conductivity in the steel sheets are neglectable. The steel beam is in
contact to a material with the same properties as air.
All input data correspond with the material used in the fire test and the boundary conditions take
heat transfer via radiation and convection in account. The main menu of TASEF is shown in
Figure 3.23 where the five main items are highlighted in yellow. The model has symmetry around
the y-axis, and the time unit was set to hours.

Figure 3.23: Main menu in TASEF.

30

3.5.1 Material Thermal Properties
The material used in the model are steel, mineral wool and air. The program has predefined
values for both steel (EN 1993-1-2:2005) and mineral wool (Wickström et al., 1990), where the
conductivity for mineral wool is kept constant. The material properties for air are presented in
Table 3.2.
Table 3.2: Conductivity and specific volumetric enthalpy for air.

Temp[°C]

Conductivity [W/(mK)]1

Temp[°C]

Specific Volumetric Enthalpy [kJ/m3]2

0
27
77
127
277
627
1027
-

0
0.02624
0.03003
0.03365
0.04360
0.06279
0.0837
-

0
27
47
67
87
127
527
1027

0
300.4
320.4
340.4
360.4
401.3
822.2
1636

1 (Holman

J.P, 2010)
2 (E.W. Lemmon., R.T. Jacobsen., S.G. Penoncello., and D. Friend., 2000)

3.5.2 Fire Curves
Three different fire curves were used in the computer simulations. Each model was exposed to
the temperatures measured by the PT in the fire test, referred to as the fire test time-temperature
curve. Model 1 was also exposed to the standard time temperature curve ISO-834 and the
parametric fire curve.
The parametric fire curve and the ISO-834 fire curve are calculated using Eq. 2.13 and 2.14. The
parametric fire curve used was gamma factor 20. See input data in Appendix B.

3.5.3 Geometry and Boundary Conditions
All models have a symmetry around the y – axis. The fire analysis model consists of steel, mineral
wool and air. The cavity within the model was set as a cut-out. The boundary condition in the
models are fire, ambient and void. The boundary conditions are defined as; ε, the resultant
emissivity, β, the convective heat transfer coefficient and γ, convective heat transfer power, see
Table 3.3.
Table 3.3: Boundary conditions for fire, ambient and void.

ε
Material
resultant
emissivity [-] 1
Fire
0.8
Ambient
0.8
Void
0.8
1 (Häggkvist et al., 2013)
2 (EN 1991-1-2:2012)
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β
convective heat transfer
coefficient [W/m2 K] 2
25
4.0
4.0

γ
convective heat transfer
power [-]
1.0
1.0
1.0

The geometry and boundary conditions for Model 1 to 5 are presented in Appendix C. For Model
5 the geometry and boundary conditions are presented in Figure 3.24. The white area in the centre
represent the cut-out, the air tight void in the fire test. The blue area is half of the steel column
and the grey is the sandwich panels. The fire exposed side is the bottom part where the top- and
right side are ambient, and the cut-out is defined as a void. The green area represents the material
air.

Figure 3.24: Geometry of the model with grid lines and boundaries.

3.5.4 Time Control and Physical Constant
The time of the simulations was set to one hour, which represents the fire test duration and the
required time according to BBR (2018). The output data was set to be created every sixth minute
and the remaining data was kept as default.
The physical constant was remaining as default, as all input values were adopted with the correct
units during the creation of the TASEF model. The initial temperature and the ambient
temperature were set to 17°C since that was the initial temperature of the structure during the
fire test. The physical constants adopted in the simulations are shown in Figure 3.25.
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Figure 3.25: Physical constants used in the simulations.

3.5.5 Performing the Simulations
When the input data was set the simulations were performed with each fire curve. The output of
the temperature distribution was created for all time steps generated to show the distribution.
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4 Results and Analysis
The following section includes results and analysis of the numerical calculations, the fire test and
the TASEF simulations. Furthermore, a comparison between the fire test and the TASEF
simulations is presented.

4.1 Numerical Calculations
This section describes the numerical calculations for the steel column, the critical temperature
and the temperature received when exposed to fire.

4.1.1 Temperature in Steel Column
The temperature in the steel column was calculated in MS-Excel using Eq. 2.6 with the boxed
area of the cross section. The fire temperature was set to the air temperature measured inside
the specimen, TC_9, during the fire test, see Figure 3.14. The temperature in the steel column
after 60 minutes was calculated to 36°C, the complete calculations are presented in Appendix A.

4.1.2 Critical Steel Temperature
The critical temperature of the steel column was estimated by using Eq. 2.7 to 2.11 and
calculated to 506 °C, the complete calculations are presented in Appendix D.

4.1 Fire Test
The following sections include presentation and analysis of the measured data received during
the fire test performed 2017-12-19.

4.1.3 Test Data
The fire test was performed for totally 60 minutes. The furnace temperature was set to correspond
to the ISO 834 curve. To control the furnace temperature during the test, a PT was placed inside
the furnace. A second PT was placed next to the specimen to measure the incoming adiabatic
surface temperature, see Figure 3.13. In Figure 4.1, a comparison between the ISO 834 curve and
the incoming adiabatic surface temperature is presented.
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Figure 4.1: Comparison between PT and ISO curve.

The PT curve do not correspond exactly to the ISO 834 curve due to the 4-steps regulator of the
furnace. The regulators program the temperature curve in four intervals which corresponds to
the ISO 834 curve as close as possible. In the figure, these four intervals are shown as the PT
curves.

4.1.4 Measured data
Overview
The temperature distribution throughout the middle of the specimen after 60 min is presented in
Table 4.1. The numbers of the thermocouples are corresponding to the placements of the TCs in
Figure 4.2. The exact positions of the TCs are presented in Figure 3.13-3.17. The temperatures
presented in Table 4.1 are the highest temperatures achieved on each side of the sandwich panels.
TC 3 presents the average temperature of the three measuring points on the bottom flange of the
steel beam.
The temperature distribution in the specimen shows that most of the incoming heat are sealed
into the mineral wool on the bottom sandwich panel. This is shown by the large difference in
temperature between the thermocouple 1-2 and 2-3. The further into the specimen the heat
transfers, the lower the temperature becomes due to the isolation capacity of the materials in the
specimen.
Table 4.1: Temperatures in the specimen after 60 minutes.

Thermocouple
Temperature [°C]

35

1

2

3

4

5

6

7

928

144

40

41

36

50

20

Figure 4.2: Placements of the thermocouples measuring the temperature throughout the middle of the specimen.

Temperature in the Sandwich Panels
Figure 4.3 presents the measured temperatures on the exposed an unexposed side of the bottom
sandwich panel. After 60 minutes, the difference between the exposed and unexposed side is
approximately 800°C. This is due to the insulation layer. The difference between the three
temperatures on the exposed side respectively the unexposed side are small, especially closed to
60 minutes. Therefore, an average value of the three temperatures can be used in further
calculations.

Temperature [°C]

Temperatures at the Exposed and Unexposed Side of the
Bottom Sandwich Panel
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Figure 4.3: Temperatures at exposed (TC_1) and unexposed (TC_2) side of the bottom sandwich panel where the
placement of the measuring points is shown as red dots in the drawing of the specimen.

Figure 4.4 presents the bottom and top side of the top sandwich panel. TC_7 is the measuring
point at the top side of the top sandwich panel and only increases 3 °C during the test. TC_6 is
the measuring point at the bottom side of the top sandwich panel which have a significantly
higher temperature than the top side due to that the heat is sealed into the mineral wool.
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Temperatures at the Top Sandwich Panel
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Figure 4.4: Temperatures in the bottom and top side of the top sandwich panel where the placement of the measuring
points is shown as red dots in the drawing of the specimen.

Air Temperatures Inside the Specimen
A thermocouple (TC_9) was placed inside the air tight frame to measure the air temperature. The
measured temperatures are shown in Figure 4.5. Due to only one measuring point in the frame
and the uncertainty of the placement height, this graph only gives a brief view of the air
temperature.

Air Temperature Inside the Specimen
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Figure 4.5: Air temperature inside the frame.

37

60

Heat Losses
Figure 4.6 shows the temperature increase for TC_8 during the test. After 60 minutes the
temperature had increased with approximately 5 °C.

Temperature Increase at the Frame of the Specimen
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Figure 4.6: Temperature increments at the top side of the bottom sandwich panel, outside of the frame.

Temperature in the Steel Column
Figure 4.7 presents the temperature distribution of the bottom flange of the beam. The
thermocouples are placed along with the beam, see Figure 3.15. The temperature on the bottom
flange varies due to that the furnace is asymmetric in the heat distribution throughout the volume
and due to the air movements inside the frame. At around 52 minutes, a gap is shown on the
curve of TC_3. This is due to that an error occurred in the measuring device. However, the error
is not assumed to have a significantly impact on the result since the measuring continued after a
few minutes.
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Temperatures at the Bottom Flange of the Steel Beam
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Figure 4.7: Temperatures on the bottom flange of the steel column, where the red dot on the drawing of the steel
column shows the placement of the measuring points (into the paper), see Figure 3.15.

Figure 4.8 presents the temperature distribution at the middle of the beam. The figure shows that
the highest temperatures are received at the bottom flange of the beam (TC_3). This is due to that
the botttom flange is closest to the exposed sandwich panel. The lowest temperatures are received
at the top flange of the beam (TC_5) since it is furthest away from the exposed sandwich panel.

Temperatures at the Flanges and Web of the Steel Beam
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Figure 4.8: Temperature distribution in the steel column where the placements of measuring points are shown as red
dots in the drawing of the steel column.
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Temperatures Throughout the Specimen
The temperature distribution throughout the specimen, along a line at the middle, after 60
minutes is presented in the Table 4.2.
Table 4.2: Temperature distribution throughout the specimen fter 60 minutes of exposure.

Element of the specimen

Temperature [°C] after 60 minutes

Bottom side, bottom sandwich panel

928

Top side, bottom sandwich panel

144

Bottom flange, steel beam

40

Web, steel beam

41

Top flange, steel beam

36

Air inside the specimen

57

Bottom side, top sandwich panel

50

Top side, top sandwich panel

20

The air temperature inside the specimen frame and at the bottom side of the top sandwich panel
is higher than the temperature in the steel column. The steel sheet at the top sandwich panel is
thinner than the steel column and therefore its conduction is higher and reaches higher
temperatures faster than the steel column. The reason that the steel column does not absorb all
the heat is due to conduction and some of the absorbed heat is transferred by convection which
also occurs in the steel sheets.

4.1.5 Observations
All ocular observations during the test are summarized in Table 4.3, noted at the time of
occurrence.
Table 4.3: Observations during the fire test.

Time [min]

40

Observations

32

Steam was noted, assumed to come from moist in the mineral wool.

37

Deflection started to show on the bottom side of the bottom sandwich
panel around the furnace upper edge, see Figure 4.9

57

Decreasing temperature on TC_2 and increasing temperature on TC_3.

59

Decreasing temperature on TC_3.

Deflection

Figure 4.9: Deflection around the furnace upper edge.

Observations After the Test
To cool down the specimen it was left on the furnace for approximately seventeen hours. The
specimen was then removed from the furnace and an ocular inspection was made.
The bottom side of the specimen, which had been exposed to the fire, can be seen in Figure 4.10.
Areas where the galvanized top layer was grinded off is shown as darker spots and marked with
yellow circles. The brown-yellow coloured area is untouched and coloured due to the heat
generated in the furnace. Stripes and pieces of insulation are remaining from the insulation on
the furnace and can be seen outside of the brown-yellow coloured area. Deflection occurred
during the test can also be seen.
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Figure 4.10: Bottom side of the bottom sandwich panel after the fire test, yellow circles marks the areas grinded off.

The column was turned over to the side to observe the thermocouples located below the column,
see Figure 4.11.

Figure 4.11: Thermocouples after the test on the top side of the bottom sandwich panel.
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4.2 TASEF Simulations
This section presents the results and analysis, for each model, from the simulations in TASEF.
The different models created in TASEF are presented in Section 3.5 in Figure 3.22.

Model 1
The temperature distribution throughout Model 1, along a line at the middle, after 60 minutes is
presented in Table 4.4 Three fire curves are tested on Model 1 to demonstrate for all models that
the fire test time-temperature curve achieve the most similar temperature for the steel section
compared to the temperatures measured in the fire test. The gamma factor for the parametric fire
curve is calculated by using eq 2.16. The opening factor is set to the lowest recommended value,
0.02 and b is calculated by using eq 2.18 to:
𝑏 = √𝑐𝜌𝜆 = √840 ∗ 170 ∗ 0.1 = 129.61

4.1

2
0.02⁄
0.04 ) = 20
𝛤=(
129.61⁄
1160

4.2

Table 4.4: Temperature distribution throughout Model 1 after 60 minutes.

Temperatures [°C] after 60 minutes
Element of the specimen

Measured
in fire
test

From TASEF
Fire test timetemperature
curve

ISO - 834

Parametric
𝛤 = 20

Bottom side, bottom sandwich
panel

928

923

937

1334

Top side, bottom sandwich panel

144

77

82

127

Bottom flange, steel beam

40

46

51

75

Web, steel beam

41

40

45

68

Top flange, steel beam

36

36

39

57

Bottom side, top sandwich panel

50

36

39

56

Top side, top sandwich panel

20

17

17

18

Due to no openings within the enclosed area the opening factor is set to the lower limit 0.02,
which results in a gamma value of 20. Therefore, the temperature of the simulation with the
parametric fire curve is higher than both ISO-834 and the fire test time-temperature curve. The
temperature contour for the different fire curves are illustrated in Figure 4.12-14.
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Figure 4.12: Temperature contour of Model 1 after 60 min simulated with the fire test time-temperature curve.

Figure 4.13: Temperature contour of Model 1 after 60 min simulated with the ISO-834 curve.

Figure 4.14: Temperature contour of Model 1 after 60 min simulated with the parametric fire curve.
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Model 2
The temperature distribution throughout Model 2, along a line at the middle, after 60 minutes is
presented in Table 4.5 The simulation is performed with the fire test time-temperature curve. The
temperature contour after 60 min are illustrated in Figure 4.15.
Table 4.5: Temperature distribution throughout Model 2 after 60 minutes.

Temperatures [°C] after 60 minutes
Element of the specimen

Measured in fire test

From TASEF

Bottom side, bottom sandwich panel

928

922

Top side, bottom sandwich panel

144

104

Bottom flange, steel beam

40

58

Web, steel beam

41

53

Top flange, steel beam

36

48

Bottom side, top sandwich panel

50

47

Top side, top sandwich panel

20

17

Figure 4.15: Temperature contour of Model 2 after 60 min simulation with the fire test time-temperature curve.

This model included joints in the sandwich panels. The temperatures in the joints obtained after
60 minutes are presented in Table 4.6.
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Table 4.6: Temperature in the joints after 60 minutes.

Placement of the joint

Temperatures [°C] after 60 minutes

Bottom side, bottom sandwich panel

908

Top side, bottom sandwich panel

108

Bottom side, top sandwich panel

53

Top side, top sandwich panel

18

Model 3
The temperature distribution throughout Model 2, along a line at the middle, after 60 minutes is
presented in Table 4.7. The simulation is performed with the fire test time-temperature curve. The
temperature contour after 60 min is illustrated in Figure 4.16.
Table 4.7: Temperature distribution throughout Model 3 after 60 minutes.

Temperatures [°C] after 60 minutes
Element of the specimen

Measured in fire test

From TASEF

Bottom side, bottom sandwich panel

928

919

Top side, bottom sandwich panel

144

128

Bottom flange, steel beam

40

53

Web, steel beam

41

48

Top flange, steel beam

36

41

Bottom side, top sandwich panel

50

35

Top side, top sandwich panel

20

17

Figure 4.16: Temperature contour of Model 3 after 60 min simulation with the fire test time-temperature curve.
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Model 4
The temperature distribution throughout Model 4, along a line at the middle, after 60 minutes is
presented in Table 4.8. The simulation is performed with the fire test time-temperature curve. The
temperature contour after 60 min is illustrated in Figure 4.17.
Table 4.8: Temperature distribution throughout Model 4 after 60 minutes.

Temperatures [°C] after 60 minutes
Element of the specimen

Measured in fire test

From TASEF

Bottom side, bottom sandwich panel

928

923

Top side, bottom sandwich panel

144

158

Bottom flange, steel beam

40

29

Web, steel beam

41

28

Top flange, steel beam

36

26

Bottom side, top sandwich panel

50

17

Top side, top sandwich panel

20

17

Figure 4.17: Temperature contour of Model 4 after 60 min simulation with the fire test time-temperature curve.
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Model 5
The temperature distribution throughout Model 5, along a line at the middle, after 60 minutes is
presented in Table 4.9. The simulation is performed with the fire test time-temperature curve. The
temperature contour after 60 min is illustrated in Figure 4.18.
Table 4.9: Temperature distribution throughout Model 5 after 60 minutes.

Temperatures [°C] after 60 minutes
Element of the specimen

Measured in fire test

From TASEF

Bottom side, bottom sandwich panel

928

921

Top side, bottom sandwich panel

144

109

Bottom flange, steel beam

40

34

Web, steel beam

41

38

Top flange, steel beam

36

34

Bottom side, top sandwich panel

50

57

Top side, top sandwich panel

20

17

Figure 4.18: Temperature contour of Model 5 after 60 min simulation with the fire test time-temperature curve.
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Comparison all models
The temperature distribution for all models along a line at the middle, after 60 minutes is
presented in the Table 4.10. The simulations are performed with the fire test time-temperature
curve. The deviation from the temperatures measured in the fire test is presented in Table 4.11.
Table 4.10: Temperature distribution comparison between all models after 60 minutes in TASEF.

Element of the
specimen

Temperatures [°C] from TASEF

Measured
in fire test

Model 1

Model 2

Model 3

Model 4

Model 5

Bottom side,
bottom sandwich
panel

928

923

922

919

923

923

Top side, bottom
sandwich panel

144

77

104

128

158

116

Bottom flange,
steel beam

40

46

58

53

29

37

Web, steel beam

41

42

54

45

28

41

Top flange, steel
beam

36

36

48

41

26

37

Bottom side, top
sandwich panel

50

36

47

41

17

61

Top side, top
sandwich panel

20

17

17

17

17

17

Table 4.11: Deviation of the temperatures achieved in TASEF from the temperatures measured during the fire test.

Element of the specimen
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Deviations
Model 1

Model 2

Model 3

Model 4

Model 5

Bottom side, bottom sandwich
panel

0.99

0.99

0.99

0.99

0.99

Top side, bottom sandwich
panel

0.53

0.72

0.89

1.10

0.81

Bottom flange, steel beam

1.15

1.45

1.33

0.73

0.93

Web, steel beam

1.02

1.32

1.10

0.68

1.00

Top flange, steel beam

1.00

1.33

1.14

0.72

1.03

Bottom side, top sandwich
panel

0.72

0.94

0.82

0.34

1.22

Top side, top sandwich panel

0.85

0.85

0.85

0.85

0.85

Model 1, 2 and 3 are not including the material air. Model 2 and 3 are a variation of Model 1.
Therefore, these three models can be compared. For all three models, the temperatures of the steel
beam obtained in TASEF are higher than the temperatures measured at the fire test. TASEF
obtains therefore a result on the safe side for the steel beam.
The temperatures in the sandwich panels are however lower in TASEF compared to the fire test,
except for the temperatures on the bottom side of the bottom sandwich panel. These temperatures
are very similar due to that the fire temperatures in both cases are equal. For the top side of the
bottom sandwich panel, model 3 corresponds closest to the temperatures measured in the fire
test. This means that the steel sheets have an impact on the simulation and that they are important
when creating a model similar to the specimen used in the fire test. The deviation of the models
on the top sandwich panel is not as much different and therefore the impact of the steel sheets
and joints are not as high. Model 1 shows the lowest deviation value which means that the steel
sheets and steel joints can not be fully neglected in order to be similar to the specimen.
Model 4 and 5 are more similar to the specimen used in the fire test than Model 1, 2 and 3. Both
models contain the material air. The shape of the void does not allow cuts inward the area it is
surrounding. Therefore, the void in Model 4 cuts over both flanges of the steel beam. In Model 5
the voids cuts across the steel beam, see Appendix C.
Model 1 and 5 correspond the best to the measured fire test temperatures. The temperatures of
the steel beam and the sandwich panel are most accurate for Model 5. Model 5 are slightly more
similar to the measured fire test temperatures than Model 1. The temperature distribution of the
steel beam in Model 1 and 5 is presented in Figure 4.19-14. The diagrams illustrate that Model 5
is closer to the measured fire test temperatures for the bottom flange and web, and Model 1 is
closer to the measured fire test temperature for the top flange.
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Figure 4.19: Temperatures at the bottom flange Model 1 and 5.
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Figure 4.20: Temperatures at the web Model 1 and 5.
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Figure 4.21: Temperatures at the top flange Model 1 and 5.
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5 Discussion
The following section includes a discussion from the result and analysis of the temperature
simulations and the performed fire test.

5.1 Methodology
The case study intended to evaluate the temperature distribution in a part of a building
constructed by prefabricated modules made of sandwich panels. The specimen represented a part
between two modules where a cavity forms around the load bearing construction. In the building
the sandwich panels were self-standing from a structural point of view and the load bearing
construction made of steel columns. The actual test set up used in the fire test needed to be
reconstructed to achieve a construction as similar as possible to the part of the building
investigated. Limitations to consider when constructing the specimen were for example the area
of the furnace used during the fire test and how the cavities were going to be constructed. The
final specimen was based on the area of the furnace and the cavities were formed by creating a
frame of vertically placed sandwich panels. This was considered to be a construction most similar
to the building. The cavities could however not be considered completely air tight since the frame
was assembled only by screwing but the heat loss through the frame was assumed to be very
small and not impact significantly on the result. To proceed a more credibly result for the part of
the building, a full-scale test could be performed and evaluated.

5.2 Numerical Calculations
The calculated uniform steel temperature (36°C) and the average temperature measured at the
fire test (39°C) correspond to each other and have a difference of approximately 3°C after 60
minutes. This difference is very low and indicates a good result. The steel sheets are neglected in
the numerical calculations due to the assumption that they will not have a significantly impact
on the result since the steel adopts the same temperature as the insulation material.

5.3 TASEF Simulations
The main reason why TASEF was used to conduct the computer simulations, is due to the short
simulation time. However, the program does not allow objects to be surrounded by “air”. To
solve this problem, a model was created where the air gap was neglected, and the mineral wool
was placed in direct contact with the steel column. Another model was created and a material
with the properties of air was placed between the mineral wool and steel column. Both models
have a similar end-temperature compared to the temperatures measured in the fire test.
Model 1 and 5 from the TASEF simulations have overall a similar steel temperature distribution
throughout the specimen compared to the temperatures measured in the fire test. The result from
the fire test reaches in general higher temperatures than in TASEF. The greatest differences in
temperatures are noticed on the top side of the bottom sandwich panel where the fire test
temperature is approximately 11-47% higher than the simulations. This can depend on that in
TASEF, the conductivity is kept constant in the predefined value for mineral wool. This may not
represent the reality since the conductivity varies with temperature. However, the temperature
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on the top side of the sandwich panel is higher in the models including steel sheet or joints. Model
5 also achieves higher temperatures on the top side of the sandwich panel compared to Model 1.
The heat transfer through the air gap can behave differently in the simulations and the fire test
and may therefore not correspond.
Another error of the results is the choice of predefined properties of the materials in TASEF and
the physical constants. Errors can occur due to that the properties and constants may vary more
in the reality while they were kept constant in the simulations. However, this is a problem to
consider for all computer codes. The most equivalent steel temperatures compared to measured
temperatures in the fire test are for Model 5. The temperature difference is very low and indicates
a good result for the models. However, due to the god results in Model 1 this is also an accepted
model of the fire test.

5.4 Fire Test
The fire test was performed with the ISO 834-curve as this was the fire curve calibrated to the
furnace and the standard fire curve used in fire protection engineering problems. The ISO 834curve is a simplification of a real fire where several parameters like fuel and opening factors are
not included. The temperatures obtained in the fire test is therefore not directly applicable on a
real fire scenario but gives an indication of expected temperatures.

5.4.1 Measuring Devices and Measuring Points
The reliability of the result is not necessarily based upon the number of measuring points. Too
many measuring points can lead to redundant and unmanageable output data. When choosing
the amount and placement of the measuring devices, considerations were made based on
limitations. Two limitations were the available input connectors in the MGCplus and how
affected the different parts in the specimen were assumed to be. The most affected sides
deepening on the heat exposure were provided with three measuring devices and the less heat
affected parts with one measuring device. Due to the limited input connectors on the MGCplus
the heat loss through the frame was only measured on the top side of the bottom sandwich panel.
Since the cavity in the fire test correspond to an airtight cavity in the case study, the heat loss
through the frame is a relevant parameter. If another thermocouple had been placed on the
bottom side of the bottom sandwich panel, the heat losses from the furnace could have been
measured. and evaluated and a more accurate result of the heat losses had been obtained.
The fire exposed side of the specimen was originally planned to be equipped with two plate
thermometers. One of the PTs broke during the mounting, therefore only one PT was used on the
fire exposed side. If two PTs would have been used during the fire test. The temperatures
measured on the fire exposed side would have been more accurate, due to the furnace
temperature not being completely uniform. However, the furnace contains one pre-installed PT
to control the temperature within the furnace and when comparing the PT-furnace and the PT
mounted on the sandwich panel these two graphs corresponds. The PT on the fire exposed side
is mounted on the opposite side as the pre-installed PT. Therefore, the PT mounted on the fire
exposed side is assumed to have measured accurate temperatures.
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5.4.2 Heat Losses
The performed fire test was constructed to be a replica of a fire exposed wall in a modular
building. As this thesis does not concern the structural behaviours the current test setup was
assumed to be the best way to resemble the reality. However, there were some difficulties with
the setup regarding to achieve a non-ventilated, airtight cavity and to reduce the heat losses. To
reduce the heat losses through the frame the steel sheets was cut to reduce the possible heat
transfer through the corners. The frame was also mounted with L-profiles, which caused the
frame to be not completely air tight and in contact with the sandwich panels. This could have
been avoided by adding insulation between the frame and the sandwich panels before assembling
it. The heat loss through the frame is however not assumed to impact on the achieved
temperatures significantly.
When using the furnace in general, the test specimen is placed inside the furnace and covered by
a large steel lid to reduce any heat losses. This procedure was not feasible during this specific fire
test since the specimen consisted of several large parts and the steel column was too heavy to be
supported only by the sandwich panels. Therefor the specimen was dimensioned to be placed on
top of the furnace where the steel column could be supported by the furnace walls. Insulation
material was placed in every gap between the specimen and the furnace, however it could not be
assumed completely insulated and some heat losses had to be considered in the results.

5.4.3 Air Temperature and Movement
The air temperature inside the specimen respond to the temperature in the cavity in the case
study. During the fire test the temperature inside the specimen is only measured at one point due
to the limited amount of measuring points. Since air is constantly moving, especially at higher
temperature, this does not give an accurate temperature of the temperature distribution inside
the cavity. Hot gases rise which creates a circulation of air and so as in the cavity. Although the
result of the air temperature does give a hint of the temperature affecting the steel column. The
result shows that the air temperature is in general 20 °C higher than the temperature in the steel
which is reliable since it is the heat transfer through convection that is dominant. Radiation from
the steel sheets of the sandwich panels could impact the heating of the steel column although the
convection is the major heat transfer.

5.4.4 Steel Column Temperature and Critical Temperature
The calculated critical temperature of the steel (506 °C), see Appendix D is never reached during
the fire test. Even when the test is kept running past one hour, the temperature of the steel column
never reached a temperature close to the critical temperature. This is due to the insulation
material and the insulating properties of the air gap between the sandwich panels and the steel
column.
The insulation material and the air gap between the steel column and the sandwich panels creates,
as discussed above, the air needs to be heated before the steel column will absorb any heat. This
and the good insulation properties are the reasons why the steel column achieves such a satisfying
low temperature. The supporting insulation placed under the steel column to create the air flow
around the steel column could not have been avoided and it is assumed that the small area of the
insulation that removed some of the heating area had not affected the result.
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6 Conclusions and Further Investigation
The steel column reaches a highest temperature of 41 °C after one hour in the fire test. Since this
is not close to the critical temperature of the steel (506 °C) the EI60 requirements from BBR is
considered to be fulfilled. Further, the steel column of this modular building does not need to be
fire protected based upon the results of this thesis.
The temperature distribution throughout the specimen depends on several parameters, for
example the properties of the materials such as conductivity and specific volumetric enthalpy.
Furthur, the air flow inside the cavity, the time exposed to fire and the surrounding fire
temperatures affects the temperature distribution.
The differences in the temperatures measured in the fire test, the calculated and the result from
TASEF is mainly based upon different input values and assumptions made to be able to calculate
more easily. However, the obtained results correspond and show similar steel temperatures.
Further investigation of the fire test could be a full-scale test of the wall construction to evaluate
and receive a more credibly result for the part of the building for both the temperature
distribution and the structural point of view.
The fire test conducted could also be performed in a similar way but with different fire curves to
compare the differences and to receive a more widespread result.
To examine and evaluate the properties of the steel column during a longer time period, a fire
test could be performed where the steel column is exposed to fire for more than one hour.
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Appendices
Appendix A – Numerical Calculation
Calculations of the temperature in the steel column during one hour of fire exposure is presented
𝑗
below. The temperature inside the void, 𝑇𝑔 , is the temperature measured by TC_9 during the fire
test.
The steel temperature is calculated at the different time steps as
j+1

Ast

j

Tst = Tst +

j
cst

∗ ρst ∗ Vst

j4

j4

j

j

A.1

[εst ∗ σ (Tf − Tst ) + hc (Tf − Tst )] ∗ Δt

where:
𝐴𝑠𝑡 = 𝐴𝑏 = 2 ∗ 0.152 + 2 ∗ 0.16 = 0.624 𝑚2
𝜌𝑠𝑡 = 7850 𝑘𝑔/𝑚3
𝑚𝑠𝑡
45.6
𝑉𝑠𝑡 =
=
= 0.005809 𝑚3
𝜌𝑠𝑡
7850
𝜀𝑠𝑡 = 0.8
𝜎 = 5.67 ∗ 10−8 𝑊/(𝑚2 𝐾 4 )
𝑗

𝑗

𝑇𝑓 = 𝑇𝑔

hc = 25 𝑊/(𝑚2 𝐾)
𝛥𝑡 = 1 𝑠𝑒𝑐
The specific heat capacity is calculated as
A.2

3
i
2
cst
= 425 + 0.773 ∗ Tst − 1.69 ∗ 10−3 ∗ Tst
+ 2.22 ∗ 10−6 ∗ Tst

where the numerical values, together with the values for the different temperatures are presented
in Table A.1.
Table A.1: Numerical calculations.

Time [min]

𝒋+𝟏

0
1
2
3
4
5
6
7
8
9

i

𝒋

𝑻𝒔𝒕 [°C]

𝑻𝒔𝒕 [°C]

16.99988468
16.99320587
16.98720797
16.9816964
16.97660964
16.97180062
16.96751865
16.96377623
16.96065349
16.95876687

17
16.99331112
16.98730376
16.98178319
16.97669567
16.97187829
16.96758452
16.96383473
16.96069732
16.95878932

𝒋

𝒄𝒔𝒕 [J/(kg*K)]
437.6634969
437.6586978
437.6543875
437.6504264
437.646776
437.6433193
437.6402382
437.6375475
437.6352961
437.633927

𝒋

𝑻𝒈 [°C]
16.87466685
16.87893352
16.88320019
16.88746685
16.88320019
16.88746685
16.89600019
16.90026685
16.91306685
16.93440019

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

ii

16.95810218
16.95915023
16.96185102
16.96562771
16.97016864
16.97621831
16.98463145
16.9971302
17.01632214
17.04317673
17.07725554
17.12558023
17.18170688
17.24763229
17.32550503
17.41646834
17.51788174
17.63092036
17.74957784
17.8816211
18.01891781
18.16138867
18.30408805
18.4561832
18.61697796
18.80408378
19.01283951
19.23865802
19.49528281
19.78040407
20.09648907
20.45295446
20.84949266
21.30376473
21.79685029
22.35029312
22.94575629
23.59637555
24.28303853
25.01889779
25.79146758
26.60462139
27.48639247

16.95810043
16.959118
16.96179377
16.96555822
16.97008368
16.97609961
16.98445762
16.99687746
17.015918
17.04269116
17.0766047
17.12471426
17.18072344
17.24644196
17.32412272
17.41482725
17.51617276
17.62895315
17.74746004
17.87940846
18.01664277
18.15894948
18.30169799
18.45361812
18.61404843
18.80077444
19.00915039
19.23469966
19.49067584
19.77560627
20.09106128
20.44669126
20.84262902
21.29564481
21.78819014
22.34059323
22.93532223
23.58500536
24.27122201
25.00611391
25.77797041
26.59050032
27.47115368

437.6334326
437.6341628
437.6360829
437.6387842
437.6420315
437.6463483
437.6523454
437.6612565
437.6749171
437.6941234
437.7184488
437.7529504
437.7931081
437.8402145
437.8958779
437.9608496
438.0334128
438.1141254
438.1988931
438.2932235
438.3912748
438.4928878
438.5947524
438.7030917
438.8174213
438.9503888
439.0986445
439.2589656
439.4407218
439.6427965
439.8662243
440.1177356
440.3972912
440.7165509
441.0629477
441.4505495
441.8667986
442.3202671
442.7978303
443.3076723
443.8413874
444.4012724
445.0058431

16.96000019
16.99413352
17.02400019
17.04106686
17.06240019
17.10506686
17.17333352
17.27146686
17.45493353
17.57013353
17.78346686
18.06506687
18.24853354
18.53866687
18.82453354
19.19573355
19.37066688
19.76320022
20.04480022
20.27946689
20.48426689
20.8042669
20.8938669
21.23520024
21.78986691
22.38720025
23.00586692
23.52213359
24.47786694
24.96853361
25.96266696
27.21706697
28.25813365
30.058667
31.12960035
32.79360036
34.17173371
35.81866706
36.97920041
38.74133376
40.26880045
41.74080046
43.80160049

53
54
55
56
57
58
59
60

iii

28.41051838
29.36784851
30.34916468
31.37195905
32.42261715
33.50388706
34.62851758
35.79276083

28.39492763
29.35175433
30.33228052
31.35446861
32.40479365
33.4856366
34.60901117
35.77281331

445.6375043
446.2890658
446.9539268
447.6439914
448.3498267
449.072775
449.8205394
450.5913293

45.0944005
46.57920052
48.3882672
50.04373389
51.43893391
52.96213392
55.39413395
57.01120063

Appendix B – Parametric Fire Input
This section illustrates the parametric fire curve with the gamma value of 20 used in the TASEF
simulation for Model 1. The fire curve is presented in Figure B.1.

Figure B.1: Input for the parametric fire curve with an opening factor of 0.02 m½.

i

Appendix C – TASEF Models
This section illustrates the different models created in TASEF, see Figure C.1-5.

Model 1 - The steel beam is placed in contact with the mineral wool.

Figure C.1: Geometry of the model with grid lines and boundaries, Model 1.

Model 2 - The steel beam is placed in contact with the mineral wool. Joints in the sandwich
panel are included.

Figure C.2: Geometry of the model with grid lines and boundaries, Model 2.

i

Model 3 - The steel beam is placed in contact with the steel sheets of the sandwich panel.

Figure C.3: Geometry of the model with grid lines and boundaries, Model 3.

Model 4 - The steel beam is placed in contact to a material with the same properties of air, to
resemble the specimen in the fire test.

Figure C.4: Geometry of the model with grid lines and boundaries, Model 4.

ii

Model 5 - The steel beam is placed in contact with a material with the same properties of air, to
resemble the specimen in the fire test.

Figure C.5: Geometry of the model with grid lines and boundaries, Model 5.

iii

Appendix D – Critical Temperature in the Steel Column
This section describes the calculation steps on how to calculate the critical temperature in a steel
member.
First, the cross-section class needs to be determined. Here, the steel member is a HEA 160 steel
column. The cross-section class is determined via equations given in Table D.1.
Table D.1: Cross-section class equation.

Class

Equation

1

𝑐𝑐𝑠
≤ 33𝜀𝑐𝑠
𝑡𝑐𝑠

2

𝑐𝑐𝑠
≤ 38𝜀𝑐𝑠
𝑡𝑐𝑠

3

𝑐𝑐𝑠
≤ 42𝜀𝑐𝑠
𝑡𝑐𝑠

The constant, 𝜀𝑐𝑠 is the defined as
235
𝜀𝑐𝑠 = √
𝑓𝑦

E.1

where 𝑐𝑐𝑠 , 𝑡𝑐𝑠 and fy can be seen in Table D.2.
Table D.2: c, t and fy for HEA-160

𝑐𝑐𝑠

134 mm

𝑡𝑐𝑠

6 mm

fy

355 MPa

Calculate:
𝑐𝑐𝑠 134
=
= 22.33
𝑡𝑐𝑠
6
33𝜀𝑐𝑠

235
235
= 33 ∗ √
= 33 ∗ √
= 26.85
𝑓𝑦
355

E.2

E.3

Thereby the used steel column is classified as class 1.
The result from the fire test shows that the steel column has a temperature of 41°C after a 60
minutes fire. The reduction factor for stress and strain at increased fire temperatures, 𝑘𝑦,𝜃 for coal
steel, is between 20°C – 400°C is 1. Therefore 𝑘𝑦,𝜃 = 1.
i

The critical temperature is defined as:
1
𝜃𝑎,𝑐𝑟 = 39.19𝑙𝑛 [
− 1] + 482
0.9674𝜇03.833

E.4

Where μ0 is the degree of utilization at t > 0.013, defined as
𝜇0 =

𝐸𝑓𝑖,𝑑
𝑅𝑓𝑖,𝑑,0

Generally, the degree of utilization is equal to 60 %, which will be used herein. 𝜇0 = 0.6
𝜃𝑎,𝑐𝑟 = 39.19𝑙𝑛 [
The critical temperature is 506°C.

ii

1
− 1] + 482 = 505.98°C
0.9674 ∗ 0.63.833

E.5

